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Abstract

Abstract

Osteoarthritis (OA) is a common disease related to the joints. Millions of patients
especially the elderly in the world are suffering both physically and economically
from this disease. Cartilage is one of the main tissues that are significantly affected by
this disease. Traditionally, plain X-ray radiography and arthroscopy can be used for
the diagnosis of cartilage degeneration. However, significant thinning and erosion
observed in X-ray imaging and arthroscopy are symptoms of the cartilage
degeneration at an advanced stage when currently no effective treatment is available.
In contrast, it is much more potential to treat the cartilage degeneration diagnosed at
the early stage. Therefore, detection of the early cartilage degeneration is of critical

importance but related instruments are still lacking in the field.

The water-jet ultrasound indentation test is a specific technique that has been
developed to use an ultrasound-based measurement to obtain morphological, acoustic
and mechanical properties from the articular cartilage. These properties are potential
indicators of the degeneration of cartilage with osteoarthritic change. In order to make
this technique available for clinical applications, this study targets at developing an
arthroscopy-based water-jet ultrasound indentation system, mainly a new arthroscopic
probe, and corresponding measurement procedure for the purpose of quantitative
assessment of the cartilage degeneration in intra-articular measurement. To achieve
this goal, a two-step realization scheme was adopted in the study and corresponding
experiments were conducted on phantom and cartilage samples to test the utility of

the newly developed probe and measurement technique.

For the first step development, a miniaturized probe was realized in an aluminous
rod of 12 mm in diameter with the use of a small single element ultrasound transducer.
At the second step, a real arthroscopy channel-based probe was successfully designed
and fabricated with the aid of intra-articular ultrasound (IAUS) catheter transducer.
The main design was realized at the tip of an arthroscopic trochar of 5.5 mm in
diameter so that an intra-articular operation is possible for its operation in intact knee

joints.

Validation experiments were conducted on 28 silicone phantoms, 40 bovine

patellar cartilage samples before and after enzymatic digestions, 40 opened rabbit
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knees sacrificed at different time points after the anterior cruciate ligament (ACL)
transection surgery and 10 intact porcine knees before and after enzymatic digestion.
The measured parameters mainly included the thickness, surface roughness,
integrated reflection coefficient (IRC), stiffness and energy dissipation ratio (EDR) of
the cartilage. These parameters were compared between normal and degenerated
groups or among different groups with different severity of degeneration. Results
from the validation experiments showed that the developed probe could be
successfully applied in an intra-articular operation with the guide of arthroscopy and
the ultrasound-based measurement was effective to differentiate the degeneration of

articular cartilage.

In conclusion, in this study an arthroscopy-based water-jet ultrasound indentation
probe has been successfully designed and fabricated through a two-step development
scheme. This newly developed probe could be used to detect the degeneration of
articular cartilage in different models of cartilage degeneration. Future research may
include the optimization of the probe design, tests on human cadaver cartilage

samples in vitro and clinical trials on human subjects in vivo.
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Chapter 1 Introduction — Osteoarthritis and cartilage

1. Introduction

1.1. Osteoarthritis and cartilage

Arthritis is a common disease affecting the joints in the musculoskeletal system of
the human body. According to previous epidemiological survey and prediction, the
number of persons associated with arthritis would rise from 40 million (15% of the
total population) in 1995, to 59 million (18% of the population) by 2020 in the United
States (Lawrence et al. 1998). Osteoarthritis (OA) is the most common type of
arthritis and the number of people who have clinical signs and symptoms of OA was
conservatively estimated to be as large as nearly 21 million (12% of the population)
in the late 1990s in USA (Lawrence et al. 1998). According to a study conducted in
France, the cost for OA in 2002 was about 1.6 billion Euros, which contributed about
1.7% of expense of the French health insurance system (Le Pen et al. 2005). In Hong
Kong, according to a survey conducted by the Chinese University of Hong Kong in
2000 (http://www.cuhk.edu.hk/ipro/010306e.htm, successfully accessed on Apr 4,
2012), for Hong Kong Chinese over 50 years old, 7% men and 13% women could be
diagnosed to have knee OA. The annual direct cost (excluding joint replacement) for
treating OA for Hong Kong Chinese was from HK$ 11,690 to 40,180, with an
indirect cost being HK$ 3,300-6,640. The total cost is about 0.28% of gross national
product (GNP) of Hong Kong (Woo et al. 2003). The annual cost is also increasing
with an increasing number of aging people and with the increased prevalence of risk
factors such as obesity. Therefore, OA has brought a big financial burden to both
society and individuals. It deserves special efforts to have systematic and complete
management of this disease, which can reduce the social and economic burden
through studying the epidemiology, risk factors and developing new diagnostic and

intervention methods for this disease (Sharma et al. 2006).

Osteoarthritis, according to the American College of Rheumatology (ACR), is
defined as “a heterogeneous group of conditions that lead to joint symptoms and signs
which are associated with defective integrity of articular cartilage, in addition to
related changes in the underlying bone and at the joint margins” (Altman et al. 1986).

Another consensus definition of OA was “a result of both mechanical and biologic
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events that destabilize the normal coupling of degradation and synthesis of articular
cartilage chondrocytes and extracellular matrix, and subchondral bone...Ultimately,
OA diseases are manifested by morphological, biochemical, molecular, and
biomechanical changes of both cells and matrix which lead to softening, fibrillation,
ulceration, loss of articular cartilage, sclerosis and eburnation of subchondral bone,
osteophytes, and subchondral cysts...” (Kuettner and Goldberg 1995). From the
above descriptions, it can be seen that one significant change associated with OA is

related to a thin, but very important tissue — articular cartilage.

Articular surface

__4 | Superficial zone
’ I - Middle zone

- Deep zone

Calcified zone

Tide mark

Chondrocyte

Figure 1-1 Zonal structure of the articular cartilage (Herzog 2006).

Articular cartilage is a mechanically functional and lubricative fibrous connective
tissue covering the bone surface in the joint, acting as a cushion during the joint
movement. In normal status, the tissue will look bluish white and glistening. For its
chemical compositions, it mainly includes a large portion (> 90%) of water, collagen,
proteoglycans, and non-collagenous protein (Buckwalter and Mankin 1997). The
articular cartilage is structurally composed of extracellular matrix and only a sparse
portion of special cell — chondrocytes. No vasculature, nerve and lymph tissue exists
in articular cartilage. Although the density of chondrocytes is low, they play an
important role in establishing the balance between matrix degradation and synthesis,
thus maintaining the function of the articular cartilage. With aging, the capability of

the chondrocytes to synthesize the matrix macromolecule and their response to
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stimuli, including growth factors, will decrease and this has been thought to
contribute to the articular cartilage degeneration. The extracellular matrix is a
collagenous fibril network that includes macromolecular aggregates of proteoglycans.
It is the collagen fibrils, proteoglycan network, their interactions and water that
mainly contribute to the mechanical properties of the cartilage. According to the
morphology and distribution of the collagen fibrils and chondrocytes, articular
cartilage is normally divided into four layers, i.e., starting from the surface, the
superficial zone, middle zone, deep zone and the calcified zone (Figure 1-1) (Herzog

2006).

Complete reasons for the initiation of osteoarthritis are not so clear yet. However,
risk factors that have been proposed include the generic factors, injury, occupational
physical activities, aging and obesity (Sharma et al. 2006). Early changes in the OA
process may include the cartilage swelling, chondrocyte proliferation and surface
fibrillation. Then the cartilage becomes softened with proteoglycan degradation.
Associated with the progression of OA, clefts develop deep into the cartilage.
Ultimately, total erosion of the cartilage may ensue (Pelletier et al. 2001).
Conventional methods and some recently proposed approaches for the diagnosis of

the articular cartilage degeneration are introduced as in the following subsections.

The Introduction part is organized as follows. Firstly in Subsection 1.2, clinical
methods for diagnosis of cartilage degeneration are given. Currently these methods
are used routinely in clinics but they are either inappropriate or impossible for the
early detection of cartilage degeneration in vivo. Then potential methods for the early
detection of cartilage degeneration or for assessment of cartilage treatment efficacy
are introduced in Subsection 1.3. They include the mechanical testing methods, MRI
and CT methods, optical methods, except that the ultrasound-based method which is
described separately in Subsection 1.4 as the most pertinent part of the current study.
Then, some techniques related to the arthroscopic instrumentation are briefly
introduced in Subsection 1.5 because the goal of the current study is to develop such
an arthroscopic probe. Finally the objectives of my study are summarized in

Subsection 1.6.
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1.2. Clinical methods for diagnosis of cartilage degeneration

The degeneration of articular cartilage can be classified into different stages.
However, different classification schemes are existent up to date and there is no
consensus on selecting a universal scheme for the purpose of degeneration
classification. In general, the grading system can be divided into the following

categories according to the sample preparation methods and techniques used.

1.2.1. Histological and histochemical grading schemes

When histology is available, the lesion of cartilage can be classified based on the
examination of several histological and histochemical factors, which mainly include
structure, cell, staining and tidemark integrity, as used in one of the most famous
grading systems - the Mankin scoring system (Mankin et al. 1971). A grade ranging
from 0 to 6 can be given to rate the condition of each factor and a summation of the
marks for each factor will be used to represent the overall cartilage degeneration.
Although the histological and histochemical grading systems have been demonstrated
to be significantly correlated with the tissue physiology such as the content of
polysaccharide of cartilage and can be effectively used to grade the severity of
cartilage lesions, they can never be used for the assessment of living tissues because
thin and regular sections of samples should be prepared for microscopic analysis.

Therefore, non-dissection grading schemes are necessary for clinical applications.

1.2.2. Radiographic assessment

Radiographic assessment through the X-ray imaging has been used as a
conventional method to confirm the severe degeneration of articular cartilage.
Normally the cartilage cannot be seen in the radiographic image but a thin and dark
space with a universal thickness between the femoral condyles and the tibial plateaus
will indicate a normal cartilage. In the situation of osteoarthritis, the degeneration of
cartilage makes the joint space become narrower and therefore a phenomenon of joint
space narrowing may indicate the existence of cartilage degeneration. Figure 1-2
shows the typical X-ray photograph of normal knee and knee with obvious joint space

narrowing due to cartilage degeneration. Grading scales were also suggested to
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differentiate the severity of osteoarthritis based on the condition of joint space. For
example, Scott et al. used a four-point scale from 0 to 3 to define the severity of joint
space narrowing and studied the measurement reliability (Scott et al. 1993). The
problem of this kind of grading based on joint space width is that it is hard to detect
the early degeneration of articular cartilage, because the width is just an indirect
reflection of the cartilage thickness. Furthermore, the X-ray radiograph is just a plane
projection of mainly the bone structure, and therefore the results can be easily
affected by the angle of projection in real practice (Le Graverand et al. 2006), which
may increase the variation of measurement and reduce the reliability of results. In
general, the plane radiography is not enough to specifically detect the lesion of
articular cartilage in the joint. Even when the cartilage degeneration is detected by the
radiographic method, it is usually at the very late stage and the degeneration at this
stage is nearly impossible to be cured. Therefore, it is necessary to seek the help of

other techniques for the specific detection of cartilage lesions.

Normal Natrow;

knee joint
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\

http://www.webmd.com/osteoarthritis/
x-ray-of-osteoarthritis-of-the-knee

Figure 1-2 X-ray of normal knee (left) and knee with cartilage degeneration as
showed by narrowed joint space (right).
1.2.3. Arthroscopic diagnosis

Arthroscopy is a specific type of endoscopy used for the inspection of joint

situation. The use of arthroscopy for the assessment of articular cartilage is mainly
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based on the visual observation from the cartilage surface, i.e., the morphology of the
lesion. A typical arthroscopic operation is shown in Figure 1-3. Two to three channels
will be used in the process with one used for the injection of irrigation fluid and
observation and the other for the specific operation such as surgery. The lesion of the
cartilage can be directly observed under the arthroscopic view, which can be video-

taped for off-line processing.
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Figure 1-3  Typical arthroscopic surgery. (a) A general view of the operation and (b)

a specific view of the use of instruments (Treuting 2000).

A lot of grading methods have been developed for the arthroscopic evaluation of
cartilage lesions and have been well reviewed in past studies (Giurea et al. 1998;
Oakley and Lassere 2003). For example, the most famous and earliest grading method
— the Outerbridge scale divides the cartilage lesions into four stages as defined by: “in
grade 1 there are softening and swelling of the cartilage; in grade 2 there are
fragmentation and fissuring in an area half an inch or less in diameter; grade 3 is the
same as grade 2 but an area more than half an inch in diameter is involved; in grade 4
there is erosion of cartilage down to bone” (Outerbridge 1961). Recently the grading
method from the International Cartilage Repair Society (ICRS) has become popular
in assessing the cartilage lesion (Brittberg and Winalski 2003). The ICRS method
grades the cartilage lesion mainly based on the surface condition and the lesion depth:
grade 0 stands for the macroscopically normal cartilage without notable defects;
grade 1 means intact surface but with superficial fibrillation and slight softening;

deeper lesion that extends less than 50% of the depth is defined as grade 2; further
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lesion into larger than 50% of the cartilage depth but not in the bone is defined as
grade 3; finally, when lesion extends into the bone, grade 4 can be given (Brittberg
and Winalski 2003). Spahn et al. have demonstrated that the inter-observer reliability
of arthroscopic grading of cartilage lesion is poor (Spahn et al. 2011). A related
survey conducted by the same authors on orthopaedic surgeons shows that
arthroscopists do not regard the arthroscopy as a “gold standard” for the assessment
of cartilage lesion and feel unsure of the results in general, or at least in some cases
(Spahn et al. 2009). The poor reliability and uncertain feeling of the diagnosis for the
arthroscopic assessment of cartilage lesion mainly originates from the subjective
description of the lesion which is very dependent on personal experience of the
observer. A thorough review of the usefulness of arthroscopy for assessment of
cartilage lesion shows that it is still necessary to develop quantitative methods
associated with corresponding devices for the purpose of cartilage assessment. In the

following part, recent research in this direction is briefly introduced.

1.3. Potential methods for detecting early cartilage lesions

Several methods that are potential for quantitatively assessing the cartilage lesions
are reviewed in the following part. Target markers for assessing the lesion of cartilage
generally include the morphological properties, mechanical properties, acoustical
properties and optical properties of the cartilage. Accordingly, the methods being
investigated include the conventional mechanical tests which directly measure the
mechanical properties; the medical imaging methods including the MRI and CT-
based techniques and spectroscopic methods; and the ultrasound-based methods that

are specifically introduced in detail as it is the main method adopted in this study.

1.3.1. Conventional mechanical tests

Articular cartilage is functioning as a mechanical support tissue so the mechanical
properties of this tissue are very important for the joint activities. It is generally
recognized that the tensile strength of articular cartilage is mainly determined by the
collagen network while the compressive stiffness is mainly related to the
proteoglycan concentrations (Herzog 2006). As the concentration of collagen and

proteoglycans varies in different layers, the mechanical properties of cartilage change
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along the depth direction. This has been demonstrated by that the compressive
stiffness increased from the superficial zone to the deep zone (Chen et al. 2001;
Schinagl et al. 1997) while the tensile strength decreased along this direction
(Kempson et al. 1968). These properties were also found to decrease with the aging

process (Armstrong and Mow 1982; Kempson 1982).

Mechanical behavior of the articular cartilage is very complicated due to a
complex structure of the tissue considering the collagen network, fluid and osmotic
swelling induced by proteoglycans. Models to simulate the mechanical behavior of
the articular cartilage have also been developed from the single phase (time-
independent) to multiple-phase analysis (Hasler et al. 1999). The single phase model
assumes that the articular cartilage is a homogeneous and isotropic layer bonded to
the subchondral bone and the mechanical properties are time-independent. Young’s
modulus together with Poisson’s ratio is enough to represent the mechanical
properties of the cartilage (Hayes et al. 1972). This model is appropriate to represent
the instantaneous or equilibrium response of the cartilage under testing when no fluid
flow exists. However, this model is not enough for interpreting the viscoelastic
behavior of the cartilage in the stress relaxation or creep test. In these tests, the tissue
is observed to have strong time-dependent phenomenon which comes from the
viscoelastic properties of the cartilage. Then a biphasic model including the porous
solid phase (the extracellular matrix) and the incompressible fluid phase was
proposed to achieve a better description of the mechanical properties of the cartilage
(Mak et al. 1987; Mow et al. 1989). In this model two pairs of material properties,
one for the porous solid phase and the other for the fluid phase can be extracted from
the experimental data. These parameters are the aggregate modulus H, and Poisson’s
ratio v, for the solid phase and the permeability coefficient k for the fluid phase. The
biphasic model will coincide with the single phase model at the infinite time of the
stress-relaxation or creep tests where equilibrium status of the tissue has been reached.
Furthermore, a triphasic model was also proposed for the articular cartilage in order
to account for the mechanical effect from the third phase — ions. As the proteoglycans
are existing in the main form of glycosaminoglycans (GAG) with negative charges
and they will repel each other during the chemical or physical loading test, the third
phase is very useful for analyzing the swelling behavior and extraction of mechanical

properties of the tissues (Wang et al. 2007). Finite element method (FEM)
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incorporating these single, biphasic or triphasic theories has been developed for a
better analysis of the mechanical testing of articular cartilage (Blankevoort et al. 1991;
Simon et al. 1996; Wu et al. 1998). However, the clinical usefulness of these

multiple-phase models still needs to be demonstrated.
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Figure 1-4 Mechanical testing methods for the articular cartilage. (a) Unconfined

compression; (b) Confined compression; (c) Indentation (Knecht et al. 2006).

Conventional mechanical testing methods such as compression (both confined
and unconfined compression) and indentation as shown in Figure 1-4 have been
adopted since long ago as the most frequently used techniques for assessing the
mechanical properties of the articular cartilage (Hasler et al. 1999). Through these
testing methods, the material properties such as the Young’s modulus in the
compression test, the aggregate modulus, Poisson’s ratio and permeability in the bi-
phasic indentation test (Mow et al. 1989) can be obtained. The unconfined
compression is the most simple way to obtain the Young’s modulus and Poisson’s
ratio of the cartilage because it is a standard method for the testing the mechanical
properties of material due to its simple boundary conditions. However, unconfined
compression is only useful for obtaining the mechanical properties of the solid phase
and the bulk modulus/permeability cannot be obtained from the unconfined
compression. These properties can be extracted from the confined compression test
where the boundary of the cartilage is in contact with the wall of an impermeable
cylindrical chamber. Still, careful sample preparation is needed in the two
compression tests and the requirement of dissected regular tissue sample prevents the
application of these measurement methods on soft tissues in vivo. Among all the

testing methods, the indentation test has attracted the most intensive studies for the in
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vivo test because it doesn’t require special preparation techniques such as
microtoming precise strips required for the tensile tests or preparing precise cartilage
plugs for compression tests (Mow et al. 2005). A curve-fitting procedure has been
proposed in an algorithm to extract three material mechanical properties

simultaneously (Mak et al. 1987; Mow et al. 1989).

As discussed in the arthroscopic evaluation methods, the softening is one of the
most obvious symptoms for the cartilage degeneration. For example, in the
Outerbridge and ICRS cartilage lesion grading methods, the softening has been
recognized in both as a symptom to define the low grade degeneration (Brittberg and
Winalski 2003; Outerbridge 1961). Using an anterior cruciate ligament (ACL)
transection surgery as the canine OA model, Guilak et al. found that the tensile
stiffness of the superficial knee cartilage decreased by 44% after 16 weeks post-
surgery (Guilak et al. 1994). Setton et al. also demonstrated that after the ACL
transection in a canine OA model, the compression, tension and shear modulus of the
knee cartilage decreased significantly after 12 weeks post-surgery (Setton et al. 1994).
In human cadaveric samples, it has been demonstrated there was significant
difference of the indentation stiffness between normal and degenerated cartilages, in
both young and old patient groups (Bae et al. 2003). Therefore, the measurement of
mechanical properties is a potential method to characterize the degeneration of
articular cartilage and the most important issue is how to realize the measurement in a

practical way, which will be further discussed in detail in Subsection 1.4.3.

1.3.2. MRI and CT method

MRI is a noninvasive imaging method which is particularly useful for studying
the soft tissue in human body. The advantage of using MRI for soft tissue
investigation is its ability to scan the tissue all over the human body. Specifically, the
MRI can be used mainly for three aspects of studies on articular cartilage, i.e., the
morphological study, such as the cartilage volume, thickness, and surface area; the
compositional study, such as the proteoglycan contents; and the semi-quantitative
scoring of cartilage changes (Eckstein et al. 2006). The cartilage index achieved by
the delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) can be used to study
the glycosaminoglycan (GAG) content of the cartilage in vivo and has been

demonstrated to be related to the physiological and pathological processes of the
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tissue (Tiderius et al. 2003; Williams et al. 2004). Therefore, it has the potential to be
used for the characterization of early cartilage degeneration. Also, some scoring
methods have been proposed to assess the osteoarthritis; for example, the Whole-
organ MRI Scoring (WORMS) (Peterfy et al. 2004), the Knee Osteoarthritis Scoring
System (KOSS) (Kornaat et al. 2005) and the Boston Leeds Osteoarthritis Knee Score
(BLOKS) (Hunter et al. 2008) are three scoring methods which are specifically
proposed for assessing the severity of joint osteoarthritis. In WORMS, the articular
integrity was assessed as one part of the total scores. Like in arthroscopic assessment
of cartilage lesion, the factors in WORMS assessment include the thickness and area
of defect and an eight-point score is given for grading the severity (Peterfy et al.
2004). In KOSS, the cartilaginous defect is assessed by three aspects: the depth of
cartilaginous defect, the depth of the osteochondral defect and the surface extent of
the lesion. A maximal grade of 3 is given for each aspect of lesion and the total score
is used to indicate the integrity of the cartilage condition (Kornaat et al. 2005).
However, the MRI resolution for cartilage is still not high enough with a high
operation price and the quantitative MRI is still in its infancy with respect to its use
for cartilage assessment. Further studies are necessary to demonstrate the clinical

utility of these techniques in this specific field (Conaghan et al. 2011).

Like radiography, the computed tomography (CT) has also been used to study the
articular cartilage pathology. For normal soft tissues, the problem of using CT as an
investigation tool comes from the small signal obtained from soft tissues and the
small contrast among different soft tissues. Therefore, two specific techniques have
been proposed to improve the quality of imaging when CT is used for cartilage study:
the first technique is to decalcify the bone to enhance the signal from cartilage and the
second is to use contrast agent in the cartilage to improve the quality of imaging
(Palmer et al. 2006). Using the contrast-enhanced technique, the X-ray attenuation
has been demonstrated to be related to the proteoglycan content (Kallioniemi et al.
2007; Palmer et al. 2006) and then it can be used for the evaluation of cartilage
pathology (Piscaer et al. 2008). As the proteoglycan content is related to the
compressive stiffness in cartilage, this method can also be used to characterize the
mechanical properties of the cartilage (Bansal et al. 2010). In addition, high
resolution CT can be used to measure the 3D morphology of the articular cartilage

which is also related to the pathological condition of the tissue (Xie et al. 2009).
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However, because of the difficulty of contrast agent diffusion in cartilage and the
concern of X-ray radiation hazard in the test, further investigation is still needed to

apply this technique in real clinical settings.

1.3.3. Optical methods

The optical imaging is also widely used in biomedical field. Some optical
methods such as the infrared spectroscopy and optical coherence tomography (OCT)
have also been adopted for the characterization of articular cartilage (Herrmann et al.
1999; Spahn et al. 2004). OCT is an optical imaging modality that utilizes the
interference of the backscattered infrared light with the reference light beam reflected
from the same distance as the basic principle of imaging. It has a relatively high
resolution in the scale of microns, which can be used to identify the surface
fibrillation, fibrosis, cartilage thickness and new bone growth of the osteochondral
tissue microstructure (Herrmann et al. 1999; Rogowska et al. 2003). It has also been
implemented in an arthroscopic channel for the endoscopic observation of the
articular cartilage cross-sectional images and comparison with the histology showed
good consistency for the microstructure (Chu et al. 2004). OCT can be used for not
only qualitative study, but also quantitative study, such as the detection of cell death
caused by impact (Bear et al. 2010), change of the surface roughness and optical
reflection induced by enzymatic digestion (Saarakkala et al. 2009), and change of
refractive index after the degeneration (Wang et al. 2010b). However, further studies
are still necessary to solve the problems caused by limitations of this technique, such
as the angle dependence of measurement (Huang et al. 2011) and small penetration of

the OCT signal in opaque tissue, before it can be widely used for clinical applications.

Another big group of studies focuses on the infrared spectroscopy for cartilage
study. The general principle is to impinge the tissue using a pulse infrared light with a
broad spectral bandwidth, receive the backscattered or transmitted light and then see
how the intensity and peaks show in the absorption spectral curve (Brown et al. 2009;
Brown et al. 2011; Camacho et al. 2001; West et al. 2004). Using this technique, the
change of components such as collagen and proteoglycans has been demonstrated in
degenerated cartilage (West et al. 2004) or repaired cartilage (Bi et al. 2006). Spahn
et al. have designed an arthroscopy-based probe for the detection of early

degeneration of articular cartilage (Figure 1-5) (Spahn et al. 2007). The probe was
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designed like a clinically routine one used in conventional arthroscopy and has been
demonstrated to be capable of differentiating the severity of cartilage degeneration
using a spectral ratio factor (Spahn et al. 2007; Spahn et al. 2008). The characteristic
parameter by near infrared spectroscopy was found to be significantly correlated with
the visual macroscopic cartilage grade (ICRS grade) and biomechanical properties
(Young’s modulus) (Marticke et al. 2010) and this parameter was demonstrated to be
reliable as a quantitative parameter through a blinded inter-observer study (Spahn et
al. 2010). However, this method is not mature yet and further study is still necessary

to implement this measurement in clinical situations.

Figure 1-5 (a) The near infrared reflection spectroscopy (NIRS) system with a
conventional arthroscopic hook; (b) The operation of the probe with the arthroscopic
observation; (c) Probe under the arthroscopic view; (d) The front view of the probe
with light source fibers from the surroundings and the center fiber which can collect

the optical signal (Spahn et al. 2007).
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1.4. Potential method: ultrasound-based techniques

Ultrasound is a low-cost and widely accessible imaging modality which can
provide both qualitative and quantitative information of the detected tissues. As for
cartilage, the 2D ultrasound images can tell the morphological information of the
tissue, such as the smoothness of the cartilage surface and the depth of lesion with
respect to its surrounding normal tissue; quantitatively, the quantitative ultrasound
(QUS) has been applied for the cartilage characterization and detection of
cartilaginous change in pathology; furthermore, the incorporation of ultrasound in the
mechanical testing facilitates the measurement of mechanical properties of the
cartilage. Those specific applications of ultrasound for the study of cartilage are

introduced as follows.

1.4.1. Sonographic examination

Figure 1-6  Sonographic grading of cartilage degeneration (from grade 1 to grade 6)
using the B-mode images obtained through transcutaneous ultrasound. The grading is
made by descriptions of surface sharpness, layer clarity, thickness and uniformity of

the thickness and etc (Lee et al. 2008).
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Ultrasound imaging is a noninvasive and easily accessible modality in the study
of the musculoskeletal system (Jacobson 2008). Application of ultrasound for the in
vivo assessment of joint arthritis also began as early as in the late 1970s’ (Cooperberg
et al. 1978) and this method has been reviewed in the literature for its development,
current status and future directions (Moller et al. 2008; Wakefield et al. 1999).
Advantages of percutaneous ultrasonography of the knee include the detection of
multiple pathologies coming from various tissues of the joint including articular
cartilage, bone and joint cavity. Power Doppler is also useful for detecting the
synovial tissue vascularity (Walther et al. 2001). Similar to X-ray radiography,
ultrasound could be used to detect the joint space narrowing due to cartilage thinning
with more reliable measurement of the cartilage thickness (Castriota-Scanderbeg et al.
1996; Disler et al. 2000; Martino et al. 1993). Compared to X-ray radiography,
ultrasound directly measures the thickness of the cartilage rather than uses the joint
space as an indirect reflection of the cartilage thickness. Other features observed in
the external ultrasonography include the loss of sharpness of the synovia-cartilage
interface, cartilage layer clarity and increased intensity of the posterior bone-cartilage
interface (Aisen et al. 1984; Grassi et al. 1999; McCune et al. 1990). In vivo grading
of cartilage degeneration using ultrasonography has been proposed based on the
appearance of cartilage in the B-mode ultrasound images and compared with the in
vitro and histologic grading (Figure 1-6) (Lee et al. 2008; Tsai et al. 2007). High
frequency ultrasound imaging was also used for the grading of cartilage degeneration
with some improvement compared to the conventional one such as the higher
resolution (Spriet et al. 2005; Wang et al. 2011). Although significant correlations
were observed in the comparisons with the histological grading, the correlation was
moderate which indicated some discrepancy between the two methods. Although
clear guidelines were presented in the study to grade the level of cartilage
degeneration, the guidelines are essentially quite descriptive based on visual

observation and it is quite subjective to make those diagnoses.

Furthermore, as cartilage is a thin tissue of generally 1~3 mm in thickness, it
brings an inherent constraint between the imaging resolution and the penetration
depth to the conventional ultrasound assessment performed externally from the knee
surface. Due to the existence of superficial layers that the ultrasound needs to

penetrate before the cartilage, too high frequency cannot be chosen, thus limiting the
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accuracy of measurement. Difficulties in performing external ultrasound check also
include the restrictions in testing postures, probe positions and orientations,
considering that some of the postures such as full knee flexion may not be possible
for osteoarthritic patients with knee pain during activities (Friedman et al. 2001;
Jacobson 2008; Lee et al. 2008). These limitations have prevented the external
ultrasonography from becoming a clinically routine tool for rheumatologists. Clinical
investigation is still necessary to establish standard steps in using external
ultrasonography for the quantitative or semi-quantitative assessment of articular
cartilage, or the whole joint (Chao and Kalunian 2008; Grassi 2003; Grassi et al. 2005;
Kane et al. 2004a; Kane et al. 2004b; Meenagh et al. 2007; Moller et al. 2008). The
applicability of this method for the early detection of cartilage degeneration is not
clear yet or at least this will be difficult to be achieved due to the limited resolution of
the conventional ultrasound imaging system. This also stimulates the pursuit of more
quantitative method for the evaluation of articular cartilage degeneration associated
with OA. At the current stage of investigation, we still cannot say that the externally

performed ultrasonography of the articular cartilage is a quantitative method.

1.4.2. Quantitative ultrasound

In the last two decades, ultrasound with frequency > 15 MHz, which is higher
than that normally used in routine clinical situation, has been adopted as a new
approach to study the articular cartilage. Because of higher frequency, the penetration
depth of ultrasound has been compromised and therefore it is usually appropriate for
direct study of the cartilage. At current status, most of the high frequency ultrasound
was conducted for the in-vitro or in-situ study of articular cartilage with very few
studies conducted in vivo. In general, ultrasound has been involved in the study of

articular cartilage mainly in the following two aspects.
1.4.2.1. Morphological properties

Morphological properties are related to the physical characteristics of the tissue,
such as the volume, thickness, surface area and surface roughness. Quantitative
ultrasound can be used to study the morphological properties of the articular cartilage.
According to the pervious literature, the morphological properties studied mainly

include the cartilage thickness and surface roughness.
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To measure the thickness of cartilage, there should be a precise estimation of the
speed of sound (SOS) in tissue. How to obtain a precise value of SOS will be
discussed in the next section with measurement of acoustical properties of the tissue.
A general way to obtain the thickness of articular cartilage is to assume a constant
SOS in the tissue and then estimate the thickness by the propagation time, 1.e., time of
flight. Before measuring the thickness, it should be noted that the two ultrasonic
interface reflections normally seen in the ultrasound signals are from the solution-
cartilage and tidemark interface (Modest et al. 1989). By assuming a constant SOS,
Jurvelin et al. demonstrated that there was a high correlation among the values of
thickness measured from needle probe, optical and ultrasonic methods (Jurvelin et al.
1995), although the precision could still be improved by using a higher frequency and
more collimated ultrasonic beam to reduce the effect of geometrical heterogeneity.
Special attention should be paid to the experimental setup for the extraction of SOS,
otherwise incorrect conclusion might be drawn for the use of ultrasound for the
measurement of cartilage thickness (Mann 2001; Yao and Seedhom 1999). The
affecting factors might include the perpendicularity of the ultrasound beam into the
tissue, localization of the testing point (thickness heterogeneity) and precision of the
data collection system (Mann 2001). The high frequency ultrasound is useful to study
the site dependence of the cartilage thickness (Adam et al. 1998) or other pathological
conditions such as the swelling in the early stage of OA and the thinning of the
cartilage at late stage of OA (Calvo et al. 2001; Cherin et al. 1998; Karvonen et al.
1994; Myers et al. 1995; Watson et al. 1996). Thickness is also a key parameter for
the mechanical testing such as the indentation test (Hayes et al. 1972; Jurvelin et al.
1995; Laasanen et al. 2002; Zheng and Mak 1996). As another related application of
the high frequency ultrasound, it could be applied to monitor the digestion of cartilage
induced by the enzyme treatments (Wang et al. 2008). In this process, the digestion
speed could be observed with real-time imaging and this was useful for us to know
how the enzymes would digest the cartilage progressively. Furthermore, 3D
ultrasonic imaging and related signal processing has been applied in the
morphological study of OA, partially because of its flexibility in image slicing at
different cross-sections (Ju et al. 2008; Landes et al. 2006). With the advantages of
high frequency ultrasound imaging, this technique could potentially be applied for the
quantitative assessment of cartilage morphology involved in pathologies such as OA

(Lefebvre et al. 1998).
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Ultrasound could be also used to detect the surface roughness of the cartilage.
Surface fibrillation is one of the symptoms in the early stage of degeneration of
cartilage and the fibrillation will cause the exposure of fibrils on the cartilage surface
leading to an increase of the surface roughness. Therefore, methods that can
quantitatively detect this change would be useful for the early diagnosis of OA.
Traditionally, these changes could be only demonstrated by microscopic methods
with enough magnification when viewing the tissue (Gardner et al. 1997). However,
some investigators have made efforts in using the high frequency ultrasound to
quantify the tissue roughness (Adler et al. 1992; Saarakkala et al. 2006; Saarakkala et
al. 2004). Two methods were developed for this purpose. Alder et al. (1992) utilized
an indirect method to measure the angle dependence of the reflected ultrasound
intensity with respect to the surface roughness. Assuming the reflected ultrasound
intensity could be fit using a Gaussian profile, the width of the Gaussian curve was a
relative reflection of the surface roughness. The capability of this method was
demonstrated in emery papers with different grit size as well as cartilages with
different visional levels of roughness. When a curvature of the specimen exists, the
sensitivity of detection could be improved by using a focused transducer (Chiang et al.
1994). This detection technique was also validated by the confocal microscopy
(Chiang et al. 1997). The second approach to measure the surface roughness was a
more direct method for which the roughness was defined as ultrasound roughness
index (URI) (Saarakkala et al. 2006; Saarakkala et al. 2004). This method first uses
ultrasound transducer to have a lateral scanning along the tissue surface and then the
tissue surface line profile was extracted from the ultrasound signal. After a high-pass
filtering of the signal to remove the tissue curvature effect with a low frequency
change, the parameter URI is extracted by calculating the variation of the surface
profile, which is used similarly in the definition of “roughness” (Ateshian and Mow
2005). This method was firstly demonstrated with sandpaper abraded cartilage
samples in vitro (Saarakkala et al. 2004). Then subsequently in cartilages with
enzyme digestions, only the group with collagenase treatment had a significant
increase of the surface roughness, indicating that collagen fibrils might act as the
main factor in affecting the surface roughness. The URI was then applied in normal
bovine and repaired porcine cartilages to demonstrate the spatial variability of the
surface roughness and the defect of the repaired cartilages compared to the intact

normal ones (Laasanen et al. 2005; Laasanen et al. 2006). Interestingly, it was found

18



Chapter 1 Introduction — Ultrasound methods for diagnosis of cartilage degeneration

the surface reflection had a significantly negative correlation with the URI (Laasanen
et al. 2005). This was actually understandable that a rougher surface would cause a
more random scattering of the ultrasound energy so the backscattered part would be
significantly reduced. Study on spontaneously degenerated bovine cartilages using
URI associated with other quantitative ultrasound parameters showed that the surface
URI was sensitive to the cartilage degeneration (Saarakkala et al. 2006). In summary,
the first method of indirect measurement of the surface roughness, where a precise
control of the rotation of the probe is necessary, is not appropriate for clinical
arthroscopic situations where space is limited, while the second method is more
practical if 1-D or 2-D array high frequency ultrasound imaging transducers with

small profiles can be provided and applied in this situation.
1.4.2.2. Acoustical properties

The second type of properties that can be measured from quantitative ultrasound
for characterizing the articular cartilage is the acoustical properties. As ultrasound is a
specific kind of mechanical wave induced by the vibration of the propagation medium,
those properties that are characteristic of the sound can also be used to characterize
the status of the tissues. Generally speaking, conventional B-mode ultrasound images
are also reflections of the acoustical properties of the detected object as the image is
constructed from the magnitude of reflected ultrasound waves, which represents the
capabilities of the tissue to backscatter the incident ultrasound energy. The acoustical
properties that have been adopted for the study of OA in articular cartilage mainly
include the speed of sound (SOS), acoustical reflection amplitude (cartilage surface
reflection, cartilage-bone interface reflection), frequency-dependent backscattering

and attenuation of the internal layer of the cartilage.

One of the most important parameters in acoustical properties is the speed of
sound (SOS). It can be used not only to characterize the change of the tissue status,
but also to gain another intrinsic parameter: the tissue thickness (through the
calculation of propagation distance). The thickness can be measured from SOS based
on the time of flight technique. This technique has already been used broadly for the
non-destructive detection of material flaws in industries and material science
(Mouritz et al. 2000). As long as we have an accurate SOS, the thickness of the tissue

can be measured. In the literature mainly three methods were proposed to measure the
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SOS in articular cartilage: reference thickness measurement method (Ling et al. 2007;
Toyras et al. 2003; Toyras et al. 1999), partial compression method (Suh et al. 2001)
and the specimen insertion method (Hsu and Hughes 1992; Patil et al. 2004). The
reference thickness method means that a reference value of the thickness is measured
from another approach, for example the optical method or needle probe penetration
technique. Then this referenced thickness will be used as one of the two known
parameters in the propagation equation d = v * t to extract the SOS. This method is
relatively straightforward but usually suffers from the invasive nature during the
process to get the true tissue thickness. For example, the histological method for
measuring the thickness needs tissue dissection and the needle probe penetration for
this purpose needs to insert a needle in the cartilage. The second method uses an
indentation method to calibrate the SOS in articular cartilage (Suh et al. 2001).
Specifically, a known indentation of tissue would cause the reduction of the
propagation time. The extent of indentation is registered by micrometer or a
displacement measurement sensor such as linear variable differential transformer
(LVDT). The decreased time of flight plus the known indentation depth will be used
together to calculate the SOS. This method is thought to be an improvement from the
first method because no direct measurement of the initial cartilage thickness is
necessary. However, the compression during the indentation of the tissue may itself
induce some change to the SOS in articular cartilage because it has been
demonstrated that the SOS was strain-dependent (Ling et al. 2007; Nieminen et al.
2007). Then the a-prior assumption of a constant speed will be violated which makes
the measurement results not so accurate. The third method can simultaneously
measure the speed and thickness of the cartilage without a change of the tissue status.
The propagation time between an ultrasound transducer and a reflection plate is
measured before and after the insertion of the tested tissue. In this situation, change of
the propagation time is assumed to be caused by the difference between the SOS of
the solution and that of the cartilage specimen. As SOS in solution can be measured
and known before the experiment, the SOS of cartilage can be measured in relation to
that of the immersing solution. This method has been applied to measure the depth-
dependence and anisotropy of the SOS in cartilage (Patil et al. 2004). The limitation
of this method is that the specimen inserted between the transducer and the reflection
plate should be a pure cartilage without the subchondral bone; otherwise, the

difference of the propagation time would be attributed to two different tissues
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(cartilage and bone) and no separate SOS of the cartilaginous layer can be extracted.
From the methodological point of view, all the three aforementioned methods are not
appropriate to be applied for the in vivo measurement: a reference thickness cannot
be measured noninvasively during an in vivo test; it is difficult to have a precise
control of the small indentation without the motion of the diarthrodial tissues in vivo;
and in the third case, pure cartilage layer cannot be obtained separately in vivo for the
simultaneous measurement of SOS and thickness of cartilage. Therefore, it is still a
quite challenging problem to get an accurate measure of SOS in vivo in clinical
operations and therefore, most of the time, a constant value of SOS needs to be
assumed for calculating the thickness of cartilage (Adam et al. 1998). A simultaneous
measurement of SOS and thickness on one side of the tissue was proposed using two
laterally displaced ultrasound transducers (Kim et al. 2003), which may be useful in
the future applications where two or more elements can be laterally displaced in array

transducers for in vivo measurement.

According to the literature study, normal cartilage has a speed of 1520~1750 m/s
(Nieminen et al. 2009). Based Jurvelin’s study (1995) with a 10 MHz transducer, the
accuracy is about 0.127 mm for thickness measurement. Toyras et al. (2003) reported
that using a constant velocity of 1627 m/s for speed of sound in articular cartilage, it
induced an error of 2.9 + 3.8 % for cartilage thickness, and 0.9 = 1.3% for dynamic
modulus. Therefore, generally a constant SOS can be used to measure the cartilage
thickness and further used to calculate the mechanical properties where needed. As
SOS of articular cartilage was demonstrated to be dependent on a lot of tissue
components such as water, uronic acid and hydroxyproline contents and these
components are all involved in the osteoarthritic process, SOS could be potentially

used as an indicator of the cartilage degenerations.

Another parameter that has been used frequently is the acoustical reflection from
the cartilage surface. Consistent with early investigation of the B-mode
ultrasonography of articular cartilage, the surface reflection showed a significant
change after enzyme digestions, especially for the collagenase treatment (Nieminen et
al. 2002; Toyras et al. 1999). Therefore, the surface reflection is a good indicator of
the surface collagen network integrity. Recent study showed that the surface
reflection was more affected by the surface roughness and the content of collagen

might play a less important role in contributing to the surface reflection amplitude
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(Laasanen et al. 2005). Smoother surface, just like a mirror, will produce a larger
reflection of the ultrasound as energy is more uniformly reflected back to its incident
direction. However, it should be noted that the ultrasound surface reflection is a
parameter that depends heavily on the system settings such as the transducer, distance
between probe and cartilage, pulser/receiver settings and a partial correction of the
effects through calibration will be preferred for its use in clinical situations. Other
reflection parameters such as the cartilage-bone interface reflection and also the
frequency domain reflection coefficient have also been proposed and used by some
investigators (Cherin et al. 1998; Laasanen et al. 2005), but the extra information
provided by these additional parameters is quite limited, due to a complicated
situation where more factors are involved in affecting the measured parameters such

as the cartilage thickness.

Another two parameters that have been used for the characterization of acoustical
properties of articular cartilage are the attenuation and backscatter coefficients
(Cherin et al. 1998; Nieminen et al. 2004). Attenuation represents the extent of signal
reduction in a unit length of tissue due to absorption and scattering. Backscattering is
a measurement of the capability of the tissue to scatter the ultrasound energy back to
its incident direction. Both the two parameters can be measured in the time domain
and frequency domain. Cherin et al. (1998) used apparently integrated backscatter
(AIB) to quantify the aging and osteoarthritic changes associated with the rat articular
cartilage. Nieminen et al. (2004) studied the relationship between attenuation and
histological, histochemical, and biomechanical properties of the cartilage and found
the attenuation was sensitive to the degenerations. There were also authors trying to
analyze the frequency profile of the reflected ultrasound signals (Brown et al. 2007)

but the validity and utility of this method needs further investigation.

In summary, the acoustical properties provide an indirect way to reflect the
change of tissue compositions and microstructure and special attention should be paid
to explain those quantitative results, although some parameters such as the surface
reflection has been broadly used in the literature (Saarakkala et al. 2007). Intrinsically
physical properties should be preferred as long as they are possible in the

measurement (Zheng and Huang 2008).
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1.4.3. Ultrasound indentation and water-jet ultrasound indentation

As mentioned in Subsection 1.3.1, indentation is nowadays one of the most
frequently used methods for the mechanical testing of biological soft tissues due to its
less restricted requirement for tissue preparation therefore making it possible for
measurement in living tissues (Gefen et al. 2001; Kim et al. 2008; Klaesner et al.
2002; Lu et al. 2004; Pailler-Mattei et al. 2008; Samani and Plewes 2004; Vannah
and Childress 1996). The indentation test has been successfully applied to a lot of
tissues including skin (Pailler-Mattei et al. 2008), liver (Kerdok et al. 2006), muscle
(Vannah and Childress 1996), breast (Samani and Plewes 2004), lower limb (Silver-
Thorn 1999) and heel pad (Hsu et al. 1998; Rome et al. 2001). Most of the studies
adopted a stiffness index directly obtained from the force/deformation relationship or
extracted essential material properties such as Young’s modulus based on a
theoretical analysis of the indentation (Hayes et al. 1972) or through the inversion
solution with the finite element (FE) method. Linear elasticity was usually assumed in
the studies and there were also a small number of investigations on studying the
nonlinear aspect of the mechanical properties using indentation (Huang et al. 2005;

Rome et al. 2001; Tonuk and Silver-Thorn 2003; Vannah and Childress 1996).

Ultrasound has been proposed as an alternative method to measure the
deformation during the indentation test, being so called “ultrasound indentation” in
the last two decades (Han et al. 2003; Hsu et al. 1998; Kawchuk and Elliott 1998;
Zheng and Mak 1996). As discussed in the above section, ultrasound has the
capability of measuring the tissue thickness as well as quantifying the dynamic
change of the thickness (deformation) without causing damage to the tissue, which
are the advantages of using this modality. Therefore, it is very appropriate for the
testing of biological soft tissues in vivo. A tissue ultrasound palpation system (TUPS)
was developed for the indentation of soft tissues to extract their mechanical properties
(Figure 1-7) (Zheng and Mak 1996). In this method, the ultrasound transducer serves
both as the displacement sensor and as the indenter. A load cell is connected in series
with the ultrasound transducer for recording the force response of the indentation.
The ultrasound signals as well as the indentation force will be recorded during the
indentation process for offline processing. This system has several advantages
including, for example, a thickness measurement, a small profile and insensitivity to

the subject motion during test. As long as an obvious reflection from bony interface
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can be obtained, this system can be used for the mechanical testing of the targeted
soft tissue. Up to now, quite a lot of soft tissues have been successfully tested by
using this portable ultrasound indentation system. It has been used for the assessment
of the stiffness of the neck soft tissues after radiotherapy (Leung et al. 2002; Zheng et
al. 2000b), for the differentiation of the mechanical properties of normal and diabetic
plantar tissues (Zheng et al. 2000a; Zheng et al. 2012) and for the effect of chronic
spinal cord injury on soft tissue stiffness (Makhsous et al. 2008). Trials have also
been conducted for other tissue pathologies such as healing scars and carpal tunnel

syndrome (Lau et al. 2005; Zheng et al. 2006).
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Figure 1-7 (a) The compact tissue ultrasound palpation system with a probe and the
main control box; (b) A typical indentation process and the load/indentation, i.e.,

force/deformation, curve for calculating the tissue stiffness.

Ult (D) . ———— -

®) ,. ®) : PC system g
Ultrasound| 1|High A-mode :

Receiver [{Speed A/DppUltrasound) |

||Converter| [Echoes |

i "

------- ANt [Pata Pressure | n

[ ___:.—l : 1lAcquisition "

----- - Amplifier trcqpq 'i| Force :
RS o Y

Figure 1-8 The water-jet ultrasound indentation system developed for measuring
the mechanical properties of soft tissues. (a) The probe for water-jet indentation and

(b) the data collection schematics of the system (Lu et al. 2005).

In situations where the acoustical properties are to be measured, the rigid
ultrasound transducer in contact with the tissue surface is unable to collect the

reflection from the surface. A certain distance between the tissue and ultrasound
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transducer will be a better choice in this situation. This is also true for the focused
transducer where tissue should be put in the focus point for a better signal-to-noise
ratio (SNR). Furthermore, for focused transducers, the concave surface will be
troublesome for the conduct of indentation. Targeting at these shortcomings of the
rigid indentation method, a water-jet ultrasound indentation system has been
developed for measurement and fast scanning of the mechanical properties of soft
tissues (Figure 1-8) (Lu et al. 2005). Water-jet technology has been among the
choices of armamentarium in medical applications such as lavage and surgery (Byrick
et al. 1989; Honl et al. 2000; Loehne 2007). Low pressure pulsatile water-jet can be
used to remove the debris and bacteria from the trauma site and help improve the
healing of the wound (Bhandari et al. 1998; Caprise et al. 2002). Very high pressure
water-jet can even be applied as a surgery tool in operation. In order to cut the tissue
in surgical operations, water-jet with pressure as large as hundreds of bars has been
applied with a small nozzle of ~100 um (Honl et al. 2000). Within the water-jet
ultrasound indentation technique, small pressure water-jet is used as a method to

compress/indent rather than destroy the soft tissue.

Briefly, this system incorporates a nozzle to produce a water-jet and then makes
an indentation on the specimen which is just placed under the nozzle. The water-jet
serves both as the indentation tool and as the coupling media for the ultrasound
propagation. The ultrasound signal will be used as a method to measure the initial
thickness before indentation and also the tissue deformation during indentation.
However, as a difference from the contact indentation, the water-jet indentation force
will be calculated from the pressure of the water-jet. Corresponding relationship
between the pressure of the water-jet and its force on the tissue is established by a
calibration process. Preliminary tests on phantoms showed that the system was able to
measure the elastic properties of soft tissues and had the capability for an elasticity
mapping of the tissue in a C-scan test (Lu et al. 2005; Lu et al. 2007). The system has
also been demonstrated to be capable of detecting the articular cartilage degeneration
induced by trypsin digestions in vitro (Lu et al. 2009). However, no experiment has
been conducted in animal model of osteoarthritis with the natural degeneration of
cartilage for this system. Further development for this water-jet ultrasound
indentation system includes its miniaturization and adopting it for arthroscopic

operation, which is discussed subsequently.
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1.5. Arthroscopic instrumentation

A minimally invasive operation is preferred nowadays in comparison with
traditional open surgeries because of its reduced surgical trauma and shorter
hospitalization time for the patient (Fuchs 2002). Arthroscopic operation has become
popular for the surgeries of various joints for various purposes, which mainly include,
for example in knee, the partial meniscectomy, chondroplasty/arthroplasty, ACL and
PCL reconstruction, lose body removal, synovectomy and etc (Treuting 2000). On the
other hand, diagnostic exam through arthroscopy is also a very good approach to
examine the condition of the joint situation for making follow-up decisions (Treuting
2000). Therefore, it is very useful to develop arthroscopy-based diagnostic procedures
if a new technique is considered to be appropriate for test on intra-articular tissues

such as articular cartilage.

In the last two decades, quantitative arthroscopic evaluation of the articular
cartilage has attracted a lot of attention from the research societies due to an
acceptable balance between the invasiveness of the arthroscopic operation and the
advantage of an in-situ and direct inspection of the intact cartilage (Oakley and
Lassere 2003). In addition to the mechanical testing, a lot of related techniques were
proposed for the diagnostic purpose. Optical coherence tomography (OCT), as briefly
introduced in Subsection 1.3.3, has been proposed as a new imaging facility for the
arthroscopic evaluation of cartilage and handheld probe has been developed for this
purpose (Herrmann et al. 1999; Pan et al. 2003). Berkenblit et al. proposed the
electromechanical surface spectroscopy to detect the compositional and chemical
changes of the cartilage and this technique could be designed with arthroscopy
(Berkenblit et al. 1994; Sachs and Grodzinsky 1995). They used a sinusoidal current
to excite the cartilage and then observed the response of stress of the tissue to
quantify the change or vice versa, using the periodical mechanical stimulation as the
source of excitation and observing the electric current response. Ishihara et al. (2006)
incorporated a photoacoustic method to measure the change of mechanical properties
of the cartilage by measuring the relaxation time of the optical intensity change which
was related to the ratio of viscosity and elasticity of the tissue (Ishihara et al. 2006).
In this system, the acoustic wave was produced by an optical irradiation pulse and the

whole system was easy to be incorporated in an arthroscopic system. Spahn et al.
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(2007, 2008) proposed the near-infrared (NIR) spectroscopy for the evaluation of low
grade degenerated cartilage lesions and found the measured parameter was sensitive
to early degeneration due to the correlation of the measured parameter (two band
absorption ratio) to the water content of the tissue (Spahn et al. 2007; Spahn et al.
2008). This system is also potential to be incorporated in arthroscopic device due to
an optic fiber operation of the measurement. All these measurements are still quite
preliminary and have not been used and practiced routinely in clinics. A Japanese
group incorporated the ultrasound sensor into an arthroscopic probe and then detected
the change of the acoustic properties of the cartilage surface. However, the acoustic
properties alone were not intrinsic properties of the cartilage and more parameters
were necessary to characterize the intrinsic properties for the quantitative assessment

of cartilage degeneration (Hattori et al. 2004; Zheng and Huang 2008).

Indentation is the only mechanical testing method that can be applied to the intact
articular cartilage in situ or in vivo as described in Subsection 1.3.1. Since the
possibility of being incorporated in arthroscopic applications for in vivo test, efforts
have been made to develop miniaturized probe in this direction. Dashefsky (1987)
developed probably the first arthroscopic indentation probe to detect the softening of
the articular cartilage in chondromalacia (Dashefsky 1987). They produced a constant
amplitude of indentation by a silastic tip and then measured the responsive pressure
with an in-series pressure sensor. It should be noted the reading was just an indicator
of the stiffness but not intrinsic elastic material properties of the articular cartilage
(Dashefsky 1987). This system was improved by adopting the strain gauge to
measure the force response with a constant indentation of the cartilage (Figure 1-9a)
(Lyyra et al. 1995). The device has been developed to a CE-marked commercial

product ArtScan (http://luotain.uku.fi/bbc/equipment/biomechanics/, successfully

accessed on Sep 12, 2012) (Figure 1-9b). The constant indentation was produced by
the cylindrical or spherical indentation tip and the corresponding force was picked up
by a pair of strain gauges attached in series with the probe tip (Figure 1-9a). The
constant indentation was ascertained by the use of a larger plate surrounding the
indentation tip. Indentation force of the external socket and the internal indenter was
recorded by two pairs of strain gauges for the ease of applying the constant

indentation. Although the resulting parameter — the reaction force of the tissue is still
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not intrinsic, but it can be used to obtain elastic properties such as the Young’s

modulus based on theoretical indentation models (Hayes et al. 1972).

(a)

Strain gauge Reference plate (c)

Reference =~
plate

Figure 1-9 (a) A schematics showing the principle of an arthroscopic indentation
device for the testing of articular cartilage stiffness; (b) The ArtScan probe; (c) A side
view and bottom view of the head of the indentation probe (Lyyra et al. 1995).

Quite a variety of investigations have been conducted since the introduction of
this arthroscopic indentation system. These included the improvement of the design
of the indentation tip from a cylindrical to a spherical shape (Korhonen et al. 2003b;
Lyyra-Laitinen et al. 1999) and the coating of the reference plate for a better
operation on the cartilage surface (Toyras et al. 2005). Finite element analysis as well
as experiment was used to demonstrate the advantages from the new design
(Korhonen et al. 2003b; Lyyra-Laitinen et al. 1999; Lyyra et al. 1999a; Toyras et al.
2005). Among the techniques of improvement, the use of the ultrasound transducer
for performing the ultrasound indentation has led to a lot of new research with the
mechano-acoustical measurement of the cartilage (Figure 1-10) (Laasanen et al.
2002). This system can not only perform mechanical testing, but also measure the
acoustic properties of the cartilage thus demonstrating its functional versatility. A lot
of parameters can be measured from the system, for example, the instantaneous and
equilibrium modulus, the creep rate, the surface reflection, and the tissue thickness.
With the capability of performing arthroscopic operations, the system has been
applied to study the site dependence of the mechanical properties within the joint
cartilage (Laasanen et al. 2003a; Lyyra et al. 1999b), the correlation of mechanical
properties and tissue compositions (Kiviranta et al. 2008; Lyyra et al. 1999a), the
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change of mechanical properties in repaired cartilage (Laasanen et al. 2003b), and

the effect of spontaneous OA on cartilage properties (Saarakkala et al. 2003).

(a) Main modifications over the indentation tip

Technical Ultras ound signal ™ 2 mm bolster

. . | - for transducer
prln(:lple _fﬁ - (& 6 mm, & 3.5 mm)
of the prototype
10mm | g/ Gitrasound —&:) s
HHHH | measurement (@55 mm, 3.5 mm) [:‘.rr:rgs?l;‘r::r;j
(b) Ultrasound indentation (c) Ultrasound reflection
measurement j >
Cartilage Fa i oa oobo L Cartilage [ /0
9 % E’M%@% ] J .?;-%-%
- a = o

Bone ‘;”g’ R

o e

=y e

Figure 1-10 Improved arthroscopic indentation system for mechano-acoustical

measurement of articular cartilage. (a) Principle (b) Indentation operation and (c)

acoustical reflection measurement (Laasanen et al. 2002).

However, it should be noted that this system needs a special mechanism (insertion
of bolster, Figure 1-10b) to switch between two modes: the mechanical testing and
surface acoustical reflection measurement, which is quite inconvenient especially in
clinical operations. Furthermore, the problems with the concave surface of a high
frequency transducer are also present when the rigid ultrasound indentation is

performed.

A water-jet indentation system utilizing an optical method to detect the cartilage
deformation has also been proposed by a German group (Figure 1-11) (Duda et al.
2004). A pulses water-jet was used to compress the targeted tissue and the pressure of
the water jet was registered by a pressure sensor. A simple photoacoustic intensity
detection approach was adopted in this system to detect the surface displacement of
the cartilage during water pulsation. To simplify the detection of deformation, it was

assumed the optical intensity was proportional to the distance between the detected
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surface and the probe tip in a certain range of deformation. By combining the
deformation detected from the displacement of the tissue surface and the water
pressure, the hardness of the tissue could be quantified. One limitation of the system
is the assumption of linear relationship between the optical intensity and cartilage
deformation, which may be easily affected by the real situations such as the color of

the cartilage surface.
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Figure 1-11 A water-jet indentation system incorporating an optical measurement for

the measurement of mechanical properties of cartilage (Duda et al. 2004).

1.6. Objectives of the current study

We have reviewed the state-of-the-art new approaches using various modalities
including optical, MRI, CT, ultrasound and arthroscopy-based indentation tests that
may be potential for the mechano-acoustic assessment of articular cartilage
degeneration at the early stage. The shortcomings of these approaches are briefly
summarized as follows: for the radiographic diagnosis of OA and -cartilage
degeneration, it is still not sensitive enough for the early detection and usually too late
for a preventive treatment when significant joint space narrowing is found in
radiographic images; for the MRI technique, clinical routine use for articular cartilage
diagnosis is still not so feasible as its resolution is not so high, the results are
indirectly related to intrinsic properties and the cost is too high; for the optical
methods, the investigation is still at its infancy stage and more research is necessary

before these methods can become clinical tools. Therefore, high frequency ultrasound,
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as an easily accessible modality with acceptable cost, is quite a preferable tool
warranting much more future research for the quantitative assessment of articular

cartilage.

Traditional ultrasonography of cartilage performed on the joint surface requires
good posture of the subject, correct orientation of the probe and does not have high
enough resolution for studying the articular cartilage. Direct observation through pure
arthroscopy is not sensitive enough to detect the changes undertaken within the
cartilage when low-grade degeneration happens. The arthroscopy-based indentation
system Artscan (Figure 1-9) was developed to characterize the change of mechanical
properties in articular cartilage. However, for this probe with a rigid indenter, it
cannot measure the initial thickness of the cartilage, which is a very important
parameter for calculating the stiffness of the cartilage in the indentation test,
especially when the indenter diameter is comparable to the thickness of the tissue
(Hayes et al. 1972). Furthermore, it is not so easy to reliably define the preset loading
level on the reference plate without inducing significant deformation on the part of
the cartilage under the reference plate. A constant loading on the reference plate
induces a second level of indentation on the cartilage, which makes the test become
more complicated and renders the analysis of the standard indentation model void. To
introduce an ultrasound transducer at the tip of this probe was a good idea to solve the
problem of measuring the initial thickness. However, for situations where higher
frequency is a better choice, the concave shape at the tip of the focused transducer
might hinder its use as a rigid contact indenter. In this situation, the water-jet
ultrasound indentation is a better solution as a type of non-contact indentation. The
use of a non-contact water-jet indentation will ensure the measurement of surface
acoustic reflections without the necessity to add a bolster in the ultrasound
indentation as developed by Laasasnen et al. (2002). On the other hand, the capability
of the water-jet indentation system developed by Duda et al. (2004) is limited by the
use of light intensity photo-detector for the measurement of the indentation depth,
because it is based on the principle that the light intensity received by the photo
detector is proportional to the distance between the probe and the cartilage surface in
a certain range. However, the relationship between received light intensity and the
distance is essentially nonlinear, and it may also depend on the color of the cartilage

surface, which may change with the condition of the cartilage. Therefore, this method
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may be difficult to be generalized as a reliable and systematic approach to measure
the tissue deformation. Because no signal is present in the intensity photodetector for
the cartilage-bone interface, the deformation can only be extracted from the surface
displacement, i.e., the distance between the cartilage surface and the probe tip.
Therefore, this method is also incapable of measuring the initial thickness of the
tissue, which is an important parameter for calculating the Young’s modulus of the

cartilage in an indentation model (Hayes et al. 1972).

For the water-jet ultrasound indentation system (Lu et al. 2005; Lu et al. 2007; Lu
et al. 2009), it has several advantages compared to previous systems: the first one is
that it can provide a non-contact indentation, which is not limited by the concave
shape of the ultrasound transducer or too small transducer as in the intravascular
ultrasound (IVUS) system with catheter transducer; the second is that the indentation
force induced can be measured from the water pressure, which is easy to be
quantified by a pressure sensor not necessarily installed at the water-jet tip, where the
space may be quite limited in arthroscopic applications; the third is the easier
sterilization and disinfection because the indentation is induced by a fluid-jet but not
rigid contact indenter, which may induce negative reactions of the tissue such as
inflammation or even damage the tissue. The water-jet can be produced by a
commercial medical pump and the coupling medium can be replaced by the
physiological saline solution when used in clinical applications. Therefore, it is
recognized very meaningful to further develop the water-jet ultrasound indentation
system into a miniaturized one for the arthroscopic use which may lead to a lot of
further research through using the developed probe for the quantitative assessment of
articular cartilage. Furthermore, most previous work on study of articular cartilage
degeneration used the enzymatic digestion as a model to induce the degeneration of
cartilage. No study was conducted on cartilage sample with natural degeneration such
as that in the animal model of osteoarthritis. In this study, the ultrasound-based
measurement (Please be noted that the measurement based on the water-jet ultrasound
indentation probe is also called “ultrasound-based measurement” in this study as
ultrasound is the uniquely essential element in this technique) was also applied to the
naturally degenerated cartilage samples to evaluate its usefulness. In summary, the

objectives of the current study can be described as follows:
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1. To develop an arthroscopy-based water-jet ultrasound indentation system,
mainly the probe, which is potential for the intra-articular ultrasound-based
measurement of cartilage degeneration;

2. To demonstrate the feasibility of using the developed system for the
morphological, acoustic and mechanical assessment of early cartilage
degeneration induced by enzymatic digestion or surgery in an animal model of

osteoarthritis.
The ultimate goal of this project is to provide the related society a clinically

potential tool for quantifying the changes in the early degeneration of the articular

cartilage for the diagnosis of osteoarthritis and assessment of the treatment efficacies.
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2. Methodology

2.1. Development of arthroscopy-based water-jet indentation probe

A two-step scheme was arranged for the development of the arthroscopy-based
water-jet ultrasound indentation probe. The first step of miniaturization was realized
by incorporation of a small metal rod (12 mm in diameter) and a small profile single
element ultrasound transducer, which significantly reduced the size of the probe
compared to the prototype; at the second step, a real arthroscopic version of the
water-jet ultrasound indentation system was designed based on a realistic arthroscopic
channel (5.5 mm in diameter) which adopted an intra-articular ultrasound (IAUS)

catheter. Details of the probe design are presented as follows.

2.1.1. Miniaturized probe with a single-element ultrasound transducer

The miniaturized probe in Step-1 was constructed as shown in Figure 2-1, which
also shows the comparison with the prototype probe (Lu et al. 2005). In the previous
design, the prototype probe used a focused high frequency ultrasound transducer
(Model V316B, Olympus Panametrics, Olympus NDT Inc., Waltham, MA, USA)
which was about the size of 20 mm in diameter (bubbler included). Thanks to the
incorporation of a small ultrasound transducer, the current miniaturization of probe
was obvious compared to the prototype. The current probe was mainly consisted of a
pen-sized aluminum rod with a diameter (®) of 12 mm. The length of aluminum rod
was arbitrarily set as 11 cm for a convenient operation. A central channel with a
diameter of ®; =3 mm was excavated in the rod and a 10 MHz unfocused
ultrasound transducer (XMS-310-B, Olympus Panametrics, Olympus NDT Inc.,
Waltham, MA, USA) with a diameter of 3 mm was installed at the tip of this probe. A
smaller channel with a diameter of ®, =2 mm was drilled on one side of the
transducer as the exit of water-jet, which also served as the passage of ultrasound
signal propagation. A water pipe was connected at the other side of the aluminum rod
for input of the water-jet. During test, the water-jet is input from the pipeline at the

left of the rod and then exits before the ultrasound transducer at the right side of the
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rod. The water-jet serves both as the indenter and the coupling media for ultrasound

propagation.

Ultrasound signal line Ultrasound transducer

@) $2=2mm —’| I‘—

Water pipe

, — Prototype probe

Current probe

(c)

Figure 2-1 (a) A schematic diagram of the probe in Step-1 design; (b) A real
picture of the probe. “1” and “2” indicate rotation or orientation of the probe for an
optimal reception of the ultrasound signal during operation; (c) A comparison with

the previous prototype of the water-jet ultrasound indentation probe.

In addition to the schematics of the miniaturized probe as shown in Figure 2-1,
the schematics of the data collection system is shown in Figure 2-2. It mainly
consisted of a control part and a data collection part. For the control part, the power of
the water-jet was adjusted by an electronic proportional hydraulic valve (2835-A-04,
Christian Burkert GmbH & Co. KG, Ingelfingen, Germany). A signal generator was
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used to generate a cyclic sawtooth voltage signal in the range of 0~10 V to control the
orifice size of the hydraulic valve in order to adjust the water pressure provided by
normal tap water. For the data collection part, two signals, i.e. A-mode ultrasound
signal and water pressure signal were recorded in the test. The ultrasound transducer
was excited by an ultrasound pulser/receiver (Panametrics 5601A, Olympus NDT Inc.,
Waltham, MA, USA), which also received the ultrasound signal before it was
transferred to personal computer for digitization by a 500 MHz sampling frequency 8-
bit A/D converter (CS8500, Gage Applied Technologies Inc., Lockport, IL, USA).
Ultrasound signals were sampled in the form of A-mode line with a fixed number of
4096 points, corresponding to a distance of about 6.3 mm using a 1540 m/s speed of
sound assumed in soft tissues. The water pressure was recorded by a pressure sensor
(PMP 1400, GE Druck Ltd., Leicester, UK) outside the probe and the signal was
digitized by a 12-bit DAQ card (PCI 6024E, National Instruments Co., Austin, TX,
USA). The ultrasound A-line signal and the pressure signal were synchronically
sampled with a frame rate of 10 Hz and saved during a test for later offline analysis.
A software program written in Microsoft C++ was used for the data collection and the
offline processing (Figure 2-3). The initial thickness of the cartilage was measured by
the time of flight from the two interfaces of the cartilage (surface and subchondral
bone). The deformation during indentation was calculated by tracking the movement
of the interface reflections from the upper surface of the tested specimen using a

cross-correlation algorithm. In order to track the displacement, a small window was

0O O | PC system
o O o | Signal
Pressure sensor S0 S | senerator ey
0 = : Ultrasound signal
| H
Tested specimen Ultrasound  |,| High speed A'D

pulser/receiver converter PC Software
1y DAQcard H

Pressure signal

Electronically controlled valve

Figure 2-2 A schematics of the data collection system for the miniaturized

water-jet ultrasound indentation probe.

chosen at the first frame and then it was used as a reference signal to search the
interface movement during the indentation. As a linear relationship was established
for the water pressure and the water-jet indentation force (Lu et al. 2005), the force of

indentation was obtained from the water pressure through a calibration process and a
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linear coefficient was used to convert the water pressure into the indentation force

used for parameter calculation.

K ] “

CAo+d g KO R a

info | a/0 | image | Scan | ShG | ¢[ >

Data type to b
1D wave

Parameters

Time Range:

Bmp Fiow:

Bmp Column:

Curient Line:
Bmp2D SLine
BmpZDDLine:
Arrow Pos:
Spec Add Hum

Replay rate:

teasure Point:

e processed

= L =
o = Tofae =

Freq Range(tHz]: |0 3: To:| 250 JZZI

T ol =
T Hrofen =
0 =
=

=
i =
D=

A Framers

10 Paints
Submit

Search Range:

Maruial rack

¢ Control pane

Farce Angle Toque Temperature

Force
Curen Force:
Maimum
Minimu
cur1/1
TL B4
Intervat 140
Triddle: 711

3D Sean
*

Change

0151

3168
0128

TR: 781
Displacement. 5.60
-0.400

v

z

1

16632

11083

Displacement[um]
=
B

=
=]

300

230

Foree (V)

=
E]

Deformation

Water pressure

<250

RVAVAVIVIVE

1

Arplitude

1228

76 151 226
Measure Points

0oge
1 1

301 0 L] 120 120

Measure Points

300

A-line ultrasound signal

T S

Operaling Optians
[V futo-Track I Auto-Segment
[V MonConnective [ HistComect -1z

[~ Precise Measwe ™ Max Show Brmp 0
I~ MoveSingiedmow [~ 2D Track
r ionéngle [~ Abs Distancs

=]

Readv

1024 2048

Tirme [2ns per wnit]

256 512 68 1220 1536 1792

UM

Figure 2-3  Software interface for the data collection of the water-jet ultrasound
indentation system. The main two parameters acquired in the software are
ultrasound A-line signal from the tissue and the water pressure signal. A-line

signals were further processed to obtain the deformation.

2.1.2. Arthroscopy-based probe with IAUS catheter

Although the miniaturization was achieved using the single element ultrasound
design as described in Subsection 2.1.1, the size of the probe was yet not small
enough for an arthroscopic operation. Therefore, further miniaturization was still
necessary for making a real arthroscopic measurement of the cartilage within an intact
joint. The intravascular ultrasound (IVUS) transducer is a potential intra-articular
ultrasound (IAUS) imaging device that can be directly adopted for the design. In the
following sections, IAUS was generally used to indicate the use of IVUS catheter for
the imaging of cartilage in the current study. Firstly, in order to verify the usefulness

of IAUS, experiment was conducted to demonstrate that IAUS could be used to detect
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the early degeneration of articular cartilage as described later in Subsection 2.2.4.1.
Then after the verification experiment, the IAUS was adopted in the arthroscopic
design (Step-2) to realize a real endoscopic version of the water-jet ultrasound

indentation system. Details of the design are described as follows.

TAUS catheter
b IAUS transducer
(b) ©) ®; =4 mm
[ || i 1
—>  |—

Aluminous adaptor
®,=2mm  Channel for water-jet

Figure 2-4 (a) A real picture of the IAUS probe; (b) An overall view of the
aluminous adaptor for incorporation of the IAUS transducer used in arthroscopic
channel; (c¢) A sectioned view of the internal structure of the adaptor. The black
part of the IAUS transducer indicates the active elements which transmit and
receive ultrasound signals; (d) A real picture of the arthroscopy channel-based

water-jet ultrasound indentation probe.

In order to include the IAUS transducer in the probe, a small adaptor was
fabricated. The schematics of the adaptor is shown in Figure 2-4 (b) and (c). It is
made of aluminum with a diameter of ®; = 4 mm and a length of 20 mm. Two
channels were excavated in the aluminous adaptor. One with a diameter of 1.5 mm
was used for the installation of the IAUS catheter and the other with a diameter of 2
mm was used for the passage of the water-jet. An opening orifice of ®, = 2 mm was

designed at one side of the adaptor for producing the water-jet. A real-time
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intravascular ultrasound imaging system (In-Vision Gold, Volcano Inc., San Diego,
CA, USA) with a catheter of 3.5 F (~1.2 mm) (Ref 85900, Eagle Eye Gold, Volcano
Inc., San Diego, CA, USA) and frequency of 20 MHz was used for the system setup.
A real picture of the small catheter of the IAUS system is shown in Figure 2-4 (a). In
order not to block the reception of IAUS signal from the detected object, the part of
the TAUS catheter which included the active elements for transmitting and receiving
acoustic wave was just installed on top of the open orifice as shown in Figure 2-4 (c).
After the IAUS transducer was fixed inside the adaptor, it was further installed at the

tip of the working channel of an arthroscopic cannula with an internal diameter of 4.7
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Figure 2-5 A schematics showing the main components of the arthroscopy-based

water-jet ultrasound indentation system.

mm and an external diameter of 5.5 mm (Stryker arthroscopy, Stryker Inc.,
Kalamazoo, MI, USA) as shown in Figure 2-4 (d). The IAUS catheter passed through
the channel and then left at the back of the cannula before it was connected to the
main unit of the IAUS imaging system. The back of the cannula where the IAUS
catheter went out was then sealed by adhesive tape to prevent the leakage of water.

The prevention was effective with the current design but it should be carefully
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reconsidered if this probe will be marketed as a commercial device later. The water
was input from the two side inlets of the cannula as shown in Figure 2-4 (d). When
one inlet was used for input of water-jet, the other one was closed for preventing

water leakage during water-jet indentation.
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Figure 2-6  Software interface for the data collection of the arthroscopy-based
water-jet ultrasound indentation system. The two parameters acquired in the
software are ultrasound A-line signal from the cartilage tissue and the water
pressure signal Compared to the software version of the single element transducer-
based miniaturized probe, a B-mode image is shown in this software interface and

a target line is selected for the signal display and data storage.

Figure 2-5 shows the main components of the arthroscopic water-jet ultrasound
indentation system. The IAUS system basically provided a high frequency ultrasound
imaging for the cartilage and the radiofrequency (RF) signal could be separately
output in real time for the custom use. A custom-designed PCI card was used to input
the ultrasound RF signal into a personal computer for display and storage. For the RF
signals, it was sampled at 100 MHz at a frame rate of ~30 Hz. In each frame, it

included 512 A-lines forming a 360° view of the object surrounding the catheter.
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Each A-line consisted of 1024 points for analysis. Custom-designed software
programmed using C++ was used to control the data collection and processing as
shown in Figure 2-6. For simplicity, a single A-line passing the center of the water-jet
channel was selected for the data storage and analysis. The specific angle could be
adjusted in the range of 0~360° in the software. For the water-jet production and
water pressure data collection, it was similar to that part as described in Subsection
2.1.1. In brief, a sawtooth voltage was generated by a signal generator to control the
orifice size of the proportional valve and consequently control the power of the water-
jet. The water pressure was sampled by a pressure sensor and was connected to the
personal computer using a DAQ card (NI USB-6211, National Instruments Co.,
Austin, TX, USA). The RF A-line ultrasound signal and pressure signal were
synchronically collected by the software and then saved for off-line analysis. When
the probe was applied to the intra-articular measurement of intact joint, the view

arthroscopy can be incorporated to guide its operation.

2.2. Experimental validation studies

D—»“—» F —>:a

Phantom ; ;
Bovine cartilage  gappit cartilage Cartilage in intact

Invitro in situ porcine knee

Figure 2-7 A flowchart of the experimental validation studies for the developed

arthroscopy-based water-jet ultrasound indentation system.

The experimental studies were divided into four parts as shown in Figure 2-7.
The first part validated the performance of the miniaturized probe using silicone
phantoms. The second part validated the developed system on in-vitro bovine
cartilage samples using the enzymatic digestion as a model to induce cartilage
degeneration. The third part validated the ultrasound-based measurement on the in-
situ rabbit knee cartilages in an animal study of OA. As the previous studies were all

based on the degeneration model using the enzymatic digestion, this was the first time
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that the ultrasound-based measurement technique was applied to naturally
degenerated articular cartilage. In the fourth part, preliminary pre-clinical experiment
was performed to demonstrate the potential of the developed arthroscopy-based probe
for practical assessment of cartilage located in intact unopened porcine knee joints.
For all the experimental studies, the details were all presented in the order of
specimen preparation, experimental test, extraction of parameters and statistical
analysis. It should be noted that when similar parameters were used in different
experimental studies, the details for extraction of these parameters were given when

they first appeared and only brief description was given subsequently.

2.2.1. Experiments on silicone phantoms
2.2.1.1. Phantoms preparation

Totally 28 silicone phantoms with a diameter of 4 cm were fabricated to test the
feasibility of the Step-1 miniaturized water-jet ultrasound indentation probe for the
measurement of soft tissue elasticity. The phantoms were made of mixture of silicone
and softening oil and the stiffness was controlled by mixing different proportions of
the two components, with increased proportion of oil rendering a decreased stiffness
of the phantom. The speed of sound (SOS) and the thickness of these phantoms were
simultaneously measured using an object insertion method. This method was
described in detail in a previous publication for the simultaneous measurement of
SOS and thickness for articular cartilage (Patil et al. 2004). In brief, the ultrasound
signals reflected from the interval between the ultrasound transducer and an
underlying metal plate were recorded with and without the insertion of the phantom
to be measured. The change of propagation time before and after the insertion of
object was used to calculate the SOS and then the thickness of phantom based on a

constant SOS of the immersing solution.
2.2.1.2. Phantom tests

The indentation was performed on the phantoms with a manual operation using
the miniaturized water-jet indentation probe (Figure 2-8a). The silicone phantom was
fixed on a steel plate. A cyclic indentation was conducted with the whole probe
immersed in water. A typical cyclic indentation included two cycles of loading and

unloading processes which were completed in approximately 10 s. A maximum
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pressure of 200 kPa was used for the water-jet which was supplied directly from the
tap water system. The phantoms were also tested using a rigid indentation in order to
validate the results of the water-jet indentation. The rigid indentation system was a
custom-designed testing machine used for convenient mechanical test on small
specimens (Figure 2-8b). Briefly, an LVDT displacement sensor (stroke: £15 mm)
and a force sensor with a capacity of 10 N were installed at the tip of a stepper motor
with a maximum travel range of 8§ mm and a minimum motion step of 0.03 mm. A
custom-designed program in LabWindows/CVI (National Instruments Co., Austin,
TX, USA) with a graphic user interface (GUI) was employed to control and collect
data from the system. An indentation process with similar maximal indentation force
and indentation speed to that conducted by the water-jet probe was performed on the
phantoms with a metal cylindrical indenter of ® = 2 mm. Three repeated tests were

conducted for each phantom under the two types of indentation test.

Displacement transducer,

Stepper motor

Water-jet probe

\

L. ]

: __—~ Phantom

Load cell

(a) (b)
Figure 2-8  The test of phantom under (a) the miniaturized water-jet indentation

probe and (b) a custom-designed indentation device.

2.2.1.3. Extraction of parameters

An f/d coefficient indicating the force/deformation was extracted from the water-
jet indentation test to demonstrate the effectiveness of mechanical properties
measurement using the newly developed probe on silicone phantoms. The averaged
SOS measured from the abovementioned object insertion experiment was used for
calculating the deformation of the phantom. For the data processing, a pre-load force

of 0.05 N was applied for calculating the f/d coefficient:
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k=f/d E2.1

where f is the indentation force and d is the deformation. When the tissue thickness
becomes large enough compared to the radius of the indenter, the defined f/d
coefficient is a good indicator of the Young’s modulus of the tested samples (Huang
et al. 2009). The f/d coefficient was calculated within a 10% deformation of the initial
thickness. Only the loading phase was adopted for the data extraction. The averaged
value of the three repeated tests was used for each phantom for final comparison

between the water-jet and contact indentation.
2.2.1.4. Statistical analysis

For the phantom test, the two f/d coefficients obtained from the water-jet
indentation test and contact indentation test were correlated to see whether they were
high-correlated as a parameter to indicate the stiffness of the silicone phantom. The
Pearson correlation coefficient was used to indicate the level of correlation with

p < 0.05 used as the level for judging the significance of correlation.

2.2.2. Experiments on bovine cartilage in vitro
2.2.2.1. Cartilage specimen preparation and histology

For the cartilage test, mature fresh bovine patellae with a normal color without
surface disruption, trauma or erosion were obtained from a local market within six
hour of sacrifice. A total of 50 osteochondral disks (16 mm in diameter and ~15 mm
in height) were prepared from the upper lateral quadrant of the patella (Figure 2-9a).
Among them, 10 were used for measurement reliability study and the remained 40
were used for enzymatic digestion study. These osteochondral disks were made by
drilling from the patellar surface using a hole-saw and then prying using a screw
driver. During the preparation process, physiological saline solution was added
occasionally in order to keep a good hydration of the specimens. The osteochondral
disks were then embedded in a sample holder using epoxy putty (Figure 2-9b). Then
the specimen was steadily fixed in the sample holder during the experiment for a
reliable test. After preparation, the specimens were stored at -20°C in a refrigerator.
On the experimental day, the disk was thawed in physiological saline for at least two

hours under a room temperature of 24 + 1°C before the test. Two enzymes, i.e.,
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collagenase and trypsin were used to digest the cartilage samples to introduce a
simulated degeneration of the cartilage, typically inducing the breakdown of its
collagen network and depletion of PGs, respectively. Collagenase is used to mainly
digest the collagen network (Shingleton et al. 1996), and trypsin has the most
significant effect on PG depletion with some minor effect on the collagen network
(Harris et al. 1972). The disks for testing (n = 40) were divided equally into two
groups: collagenase (n = 20) and trypsin (n = 20) treatment groups. For the
collagenase treatment group, disks were immersed in 30 U/ml collagenase (GIBCO,
Invitrogen Corporation, Carlsbad, CA, USA) solutions and kept in an incubator
(Incucell-V111; MMM Medcenter Einrichtungen GmbH, Munich, Germany) at 37 °C
for 24 h (Wang et al. 2010a). For the trypsin treatment group, disks were placed in
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) solution (GIBCO, Invitrogen
Corporation, Carlsbad, CA, USA) and kept in the incubator at 37 °C for 4 h (Wang et
al. 2010a). After the digestion, the disks were rinsed and submerged in the

physiological saline solution for one hour before retest.

Osteochondral disk

Epoxy putty

Figure 2-9 (a) A typical picture of a bovine patella; (b) Embedding of an

osteochondral disk in a sample holder.

After all the tests were conducted, six normal cartilage samples from the
reproducibility study, six samples from the trypsin-digested group, and six samples
from the collagenase-digested group were randomly selected from each group for
histological evaluation of proteoglycan content according to the protocol used in an
earlier study (Wang et al. 2010a). In brief, the cartilage samples went through the

procedures of fixation, decalcification, dehydration and sectioning, before the 6-pm
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tissue sections were stained and contra-stained by the Safranin O red and fast green,
respectively, to observe the change of PG contents in cartilage samples. After staining,
the region stained with Safranin O red showed where PG existed while that with
green color indicated the depletion of PG in the histological image (Leung et al.

1999).
2.2.2.2. Cartilage tests

The cartilage specimens were also tested to study the feasibility of using the
currently developed miniaturized probe to detect the early degeneration of articular
cartilage. During the test, the probe was installed horizontally with a maneuverable
arm which could be translated in a vertical direction using a manual micrometer-
driven linear stage (Figure 2-10). The probe could also be rotated along its long axis
to adjust the acoustic beam direction so that a maximum signal could be obtained
from the cartilage surface to ensure a perpendicularity of the incident ultrasound into
the cartilage. The sample holder with the osteochondral disk was installed in a heavy
base stage for a steady fixation of the cartilage during test. The probe was just placed
over the center of the osteochondral disk and in the experiment the distance between
the cartilage surface and the probe was set to be fixed at I mm. Both the probe and
the base stage were immersed in a water tank during the measurement (Figure 2-10a).
Acoustic signal and indentation test data were collected during the experiment. The
experiment procedure is described as follows: firstly, the cartilage was measured for
the thickness and the acoustic parameter, i.e. the surface reflection. In detail, the
ultrasound A-line signals reflected from the center of the disk were measured for
three repeated times. Between two consequent tests, the specimen as taken away and
then relocated, and the orientation of the probe would be readjusted to get the
maximal reflected signal for each measurement. Secondly, after data collection for
the morphological and acoustic parameters, a cyclic water-jet ultrasound indentation
test was then conducted on the osteochondral disk. Cyclic indentation was performed
on the cartilage. Totally 4 cycles of loading and unloading with a period of 10 s were
conducted in the indentation test. During the indentation, the maximum pressure of
the water-jet was set to be 330 kPa, which equaled to a maximal indentation force of
0.5 N on the cartilage surface. A typical indentation curve along with time is shown
in Figure 2-10 (b). A typical indentation test was completed in less than three minutes.

The water-jet indentation test was also repeated for three times for one specimen.
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Between two indentation tests, the sample was placed back into physiological saline

solution for full recovery for at least half an hour (Bae et al. 2006; Wang et al. 2010a).
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Figure 2-10 (a) The experimental setup for the miniaturized water-jet indentation
probe. “1” indicates the flexible adjustment for the distance between probe and
sample, and “2” indicates adjustment of orientation of the probe; (b) A typical loading

profile as shown by the force and deformation curves along with time
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Figure 2-11 Mechanical indentation test for the articular cartilage. Details of the

indenter on the specimen are enlarged as shown on the right side.

As reference, the osteochondral disk was also tested using a traditional rigid
indentation under a standard mechanical testing machine (Instron 5569, Instron Co.,
Norwood, MA, USA) after the water-jet indentation (Figure 2-11). A stainless steel
cylindrical indenter with a plane surface of 2 mm in diameter was used and similar
indentation protocols were adopted in this test: a maximum indentation force of 0.6 N
(slightly larger than that of water-jet indentation, but was truncated in data
processing), an indentation speed of 1 mm/min and a total of 4 indentation cycles for
each test. Between two indentation tests, the cartilage specimen was immersed in
physiological saline solution for half an hour for full recovery. The averaged value of
those three repeated tests was used to represent the properties of each disk. For the
reproducibility test, six tests were conducted for each disk and the value of each of
the 6 tests was used to analyze the measurement reproducibility, as described in

Subsection 2.2.2.4.
2.2.2.3. Extraction of parameters

In this part, three types of parameters were used to demonstrate the capability of
the current developed probe to detect the degeneration of articular cartilage. These
parameters included the morphological (thickness), acoustic (integrated reflection

coefficient, IRC) and mechanical properties (stiffness and energy dissipation ratio -
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EDR) of the cartilage. The methods to extract these parameters are described as
follows.
50

Cartilage surface Cartilage-bone interface

40

20 Time of flight

10

Amplitude (Arb)

Time (ps)

-20 U

-30

Figure 2-12 The measurement of cartilage thickness by the time of flight calculated
from the two reflections indicating the cartilage surface and cartilage-bone interface.
The red rectangular window indicates where to apply the Hamming windowing in

order to calculate the integrated reflection coefficient (IRC) of the cartilage surface.

The thickness of cartilage was calculated by the time of flight from the cartilage
surface to the subchondral bone multiplied by the speed of sound. The time of flight
was measured from the distance of the peaks of two echoes observed in the
ultrasound A-line, representing the reflections from the water-cartilage interface and
cartilage-bone interface, respectively (Figure 2-12). A speed of sound value of 1610,
1595 and 1580 m/s was used in calculating the cartilage thickness in normal, trypsin-
digested and collagenase-digested situations (Laasanen et al. 2002; Wang et al.

20104a).

The integrated reflection coefficient (IRC) was used to represent the strength of
ultrasound reflection from the cartilage surface, showing the difference of acoustic
impedance between the superficial layer of the cartilage and the water. The IRC was
calculated after calibration based on the reference signal received from a stainless
steel plate immersed in physiological saline solution placed at the same distance

between transducer and target (Cherin et al. 1998; Saarakkala et al. 2004; Wang et al.

49



Chapter 2 Methodology — Experimental validation studies

2010a). In details, the surface reflection signal was obtained by applying a Hamming
window of 140 points in length which was centered at the peak value (Figure 2-12).
The windowed signal was then zero-padded to 1024 points and FFT-transform was
used to get its frequency spectrum S.(f,d) (f is frequency and d is the distance
between transducer and cartilage surface). The frequency dependent reflection

coefficient was then obtained by:

Sc(f, d)

5., d) £z

Rc(f) =

where S,.(f, d) is the reference spectrum from a steel plate placed at the same distance
with respect to the cartilage surface. The distance d was neglected in R.(f) because
the distance effect was eliminated after this calibration for the system-dependent
effect. The reflection coefficient was then translated into a decibel unit and the

integrated reflection coefficient (IRC) was calculated as:
IRC—if R4B(f)d E23
- A fl Afy € f f .

where RIB(f) is the frequency-dependent reflection coefficient in unit of dB and Af;
is the -6 dB bandwidth of the ultrasound transducer, which was 4 to 18 MHz as

measured in the current study.

The mechanical parameters of the cartilage were obtained from the indentation
curve, which is typically shown in Figure 2-13 for a specimen before and after trypsin
digestion. For the elasticity, a stiffness coefficient (SC) was obtained using the
following equation:

/A _f Ly L

_ _J fo_, .20 E2.4
A, d A "7

SC

where k = f/d in a unit of N/mm is the curve slope from a regression of the
indentation force and deformation, L, is the initial thickness of the cartilage as
measured by ultrasound and A = wD?/4 is the indentation area, which is assumed to
be circular having the same size with the water-jet beam, i.e. D = 2 mm as a diameter.
The loading phase of the three indentation cycles from two to four was used to
calculate the stiffness, regarding the first cycle as a preconditioning for the

indentation test, as it was observed the preconditioning effect was most significant for
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the first cycle. During the calculation, a minimal indentation force of 0.05 N was used
and the deformation was controlled to be within 3% of initial thickness to assure a
good linear relationship of stress and strain (Nitta and Shiina 2002), macroscopically,
force and deformation. Cartilage is a viscoelastic, inhomogeneous and anisotropic
tissue and the stiffness in the current study was obtained under specific experimental
conditions, i.e. selected indentation speed at certain deformation range and a specific
water-jet diameter, and reflecting the mechanical properties of the whole cartilage
layer. Therefore, the stiffness should be called as “apparent stiffness”. For simplicity,
“stiffness” was still used throughout this thesis. For the contact indentation test, a
Young’s modulus E was calculated to represent the stiffness of the cartilage based on

previous studies (Hayes et al. 1972; Lu et al. 2009):

1-— 2
v ! E2.5
d

E= 2a K(a/h,v)'

where a = 1 mm is the radius of the indenter, v is the Poisson’s ratio of the cartilage,
f/d is defined as force/deformation ratio which has the same meaning with that of E
2.4, and « is a scaling factor which is related to the aspect ratio a/h and the Poisson’s
ratio v. A constant Poisson’s ratio of 0.45 was used in the current study, assuming a
large incompressibility of the cartilage (Lu et al. 2009). The x value can be obtained
from a table disclosed in a previous study (Hayes et al. 1972). To reduce the effect of
cycle-dependence such as preconditioning typically shown in the degenerated
cartilage, the stiffness or £ was calculated for each indentation cycle separately and
then averaged among cycles. The same protocols (preload of 0.05 N and 3% maximal
deformation of the initial thickness) were used to calculate f/d for the contact
indentation method as to the water-jet ultrasound indentation. For the viscous
parameter, an energy dissipation ratio (EDR) was used by calculating the percentage
of energy dissipated in each indentation cycle. Energy dissipation is a general
phenomenon induced by hysteresis which can be typically observed in a mechanical
test of soft tissues (Han et al. 2003; Hsu et al. 2005), which also exists for articular
cartilage (Varga et al. 2007). The loading and unloading curves in an indentation
cycle form a closed area which represents the dissipated energy. If the closed area is
X and the area under the unloading curve is Y (see the symbolic illustration in Figure

2-13), then EDR is defined as:
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Figure 2-13 Typical force/deformation curves for the cartilage specimen before
and after the trypsin digestion. A symbolic curve is also shown on the right to
indicate how to calculate the energy dissipation ratio (EDR) from one cycle of

loading and unloading.

EDR is a percentage value calculated by a numerical integration based on the
trapezoid rule. All the data points were used in each indentation cycle for calculating
EDR. All the extractions of acoustic and mechanical parameters were conducted
using graphic user interface (GUI) scripts of Matlab (Mathworks Inc., Natick, MA,

USA) using data files saved from the water-jet ultrasound indentation system.

2.2.2.4. Statistical analysis

For reproducibility study, a standardized coefficient of variation (SCV) was used.

In detail, the measurement coefficient of variation (CV) is:

vy =—2 E2.7
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where pt; is the mean and SD; is the standard deviation of the six measurements on

specimen j. For all the samples, the global measurement CV is calculated as (Gluer et

al. 1995):
\]Z;'n:lSsz/m E2.8

jeiky/m

CV =

where m = 10, representing the total number of cartilage specimens. To compare the
variation induced by measurement with that induced among samples without the

effect of mean, SCV is defined as (Fournier et al. 2001):
cv -
SCV=—— E2.9

where p;5: and SD; ¢ represent the mean and standard deviation of the specimens

when only the first measurement of each specimen was used for the calculation.

For the degeneration study, other statistical tests were performed to evaluate the
change of tissue properties induced by the enzyme digestions. The parameters before
and after each enzyme treatment were compared using the paired-¢ test and
comparison between effects of trypsin and collagenase was conducted using the
unpaired ¢-test. For comparison between the effects of trypsin and collagenase, a

percentage value is calculated for the treatment effect using the following equation:

Voost — V,
Ve =225 P . 100% E2.10

[Vorel

where V; 1s the percentage change for each parameter VV and the subscript indicates
whether it is pre- or post-digestion value. The percentage change was calculated for
the parameters of thickness, IRC and stiffness. For EDR, a direct difference between
post-digestion and pre-digestion was adopted as it was already a percentage value. To
compare the results of viscoelastic parameters with the reference indentation method,
the Pearson correlation coefficient was calculated. A level of p < 0.05 was used to
indicate a significant difference or the existence of a significant correlation. All the
statistical tests were performed using the SPSS software (SPSS Inc., Chicago, IL,
USA).
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2.2.3. Experiments on rabbit cartilage in situ
2.2.3.1. Animal model and specimen preparation

Forty normal adult New Zealand White female rabbits weighing from 2.5 to 3.8
kg (mean, 3.2 + 0.3 kg) were used in this study. These animals breeding and surgeries
were conducted in the Beijing 301 Hospital through collaboration and specimens
were the measured in Hong Kong. Surgical transection of the anterior cruciate
ligament in the right femorotibial joint was performed in 30 rabbits under general
anesthesia to induce osteoarthritis (OA). Medial arthrotomy was performed on the
right femoropatellar joint to permit the transection of the anterior cruciate ligament. A
routine procedure for skin incision closure was performed after the surgery.
Antibiotics (penicillin 20,000 IU) were injected intramuscularly twice a day
preoperatively and for 2 days postoperatively in the operated rabbits. Following
surgery, free movement was allowed in separate cages for the duration of the
experimental period. The control group consisted of 10 unoperated rabbits.
Experiments on the rabbits were approved by the institutional animal care and use
committee of the Beijing 301 Hospital and performed under the guidelines of the
National Institutes of Health for the care of laboratory animals.

Tibial medial al medial

Tibial la tészr v Femoral lateral !
5

>

Figure 2-14 Preparation of the rabbit knee samples for the test of cartilage. Left: the
tibial side; Right: the femoral side. Typical positions for the assessment arevindiacted

by arrows.

At 3, 6, and 9 weeks after surgery, every 10 experimental animals were
euthanized, respectively. The 10 animals in control group were euthanized after 1
week of breeding in the animal experimental center. Each of the right knees was

dissected and sectioned with a band saw to expose the four surfaces: medial and

54



Chapter 2 Methodology — Experimental validation studies

lateral femoral condyle and medial and lateral tibial plateau. A total of 80 cartilage
samples, with size of about 10 mm x10 mm %15 mm in terms of width X length x
height, including 40 from the femoral side and 40 from the tibial side (Figure 2-14),
were obtained, wrapped with saline solution gauze and frozen at -20° C in a
refrigerator before the test. The test positions included two sites from the femoral side

and another two from the tibial side as shown in Figure 2-14.
2.2.3.2. Experimental tests

Samples were taken out from the refrigerator and then thawed in physiological
saline solution for at least 2 hours before the test under a room temperature of 24 +
1°C. The assessment mainly included two parts: the high frequency ultrasound
assessment for acquiring the morphological and acoustic properties and the tests of
water-jet indentation and contact indentation for extracting the mechanical properties
of the cartilage. The assessment points were selected as the center of the lateral and
medial plateau and the apex of the lateral and medial condyles. After ultrasound and
mechanical test, the samples were then sectioned for the histology study. The details

of the procedure for the assessment were described as follows.
2.2.3.2.1. High frequency ultrasound measurement

A high frequency ultrasound imaging system (Vevo 770, VisualSonics Inc.,
Toronto, Canada) and a high frequency ultrasound transducer (Scanhead RMV708,
VisualSonics Inc., Toronto, Canada) with a diameter of 4.5 mm and a central
frequency of 40 MHz (Figure 2-15), were adopted for the imaging of rabbit articular
cartilage. The 2D ultrasound imaging was achieved by a mechanical linear scanning
of the ultrasound transducer. The -6 dB bandwidth of the transducer was 18 MHz to
55 MHz, which was experimentally determined for the reflected ultrasound pulse
from a polished steel plate positioned at the focal point and immersed in saline
solution. The lateral resolution of this transducer was approximately 70 um. The
focus length of the transducer was 4.5 mm in saline solution, counting from the

surface of the transducer.
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Figure 2-15 (a) The high frequency ultrasound imaging system (Vevo 770); (b)
The RMV708 ultrasound probe.

The measurement setup is shown in Figure 2-16 (a). The sample was fixed on the
bottom of a container in physiological saline solution using the Blu-Tack (Bostik,
Thomastown, Australia). The ultrasound probe was fixed in by a cantilever of a frame
and it could be moved in the vertical direction to set a proper distance between
transducer and the cartilage surface. The container can be rotated during the
measurement to scan the targeted region in different directions as shown in Figure
2-16 (b). A four-direction scan with an interval of 45° was arranged for each sample.
The focus of the ultrasound transducer was placed at the surface of the articular
cartilage during the measurement. The ultrasound scan included the measurement of
B-mode images for the measurement of cartilage thickness and the collection of
radiofrequency (RF) signals for the quantitative analysis as described in the following
section. Typical pictures of the software interface for B-mode image and RF data
collection are shown in Figure 2-17. The RF signals were obtained by entering the RF
signal collection mode of the ultrasound imaging system. In this mode, a region of
interest (ROI) with the size of 1.4 mm % 3.9 mm was selected on the guided B-mode
image. 100 lines were sampled in an A/D sampling frequency of 420 MHz and these
RF signals were used for the data analysis (Figure 2-17b).
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Figure 2-16 (a) The scanning of the rabbit cartilage using the high frequency

ultrasound; (b) The patter of the scanning directions for the ultrasound measurement

at one point. The scanning width is ~ 1.5 mm for each direction.

For the data collection process, the cartilage sample was firstly fixed, and then

the ultrasound transducer was placed at a proper position on top of the sample. Then

B-mode images and RF signals were collected at one scanning direction before the

container was rotated to scan the next direction following the pattern as shown in

Figure 2-16 (b). For each rabbit knee, ultrasound scanning was conducted

consequently at the femoral lateral, femoral medial, tibial lateral and tibial medial

sites as shown in Figure 2-14. The position of the sample was finely adjusted before

the test to assure that the right region of cartilage surface was scanned by the

ultrasound imaging system. During the scanning, the cartilage surface was adjusted to

be perpendicular to the ultrasound transducer in order to obtain maximal signal from

the cartilage surface (Kaleva et al. 2009).
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Figure 2-17 (a) A typical software interface showing the B-mode image for the
knee rabbit cartilage at the femoral lateral condyle. The cartilage layer can be seen
where two bright lines indicate the cartilage surface and the cartilage-bone interface;
(b) A typical software interface showing the collection of RF signals. A region of
interest (ROI) was selected at the B-mode images where 100 RF lines were collected
without saturation of the amplitude. The single line RF signal and its spectrum

coming from the dotted line are shown on the right lower corner of the image.

2.2.3.2.2. Water-jet indentation and contact indentation test

A water-jet ultrasound indentation was conducted on the cartilage to measure
their mechanical properties. Firstly, the sample was fixed in a custom-designed
sample holder as shown in Figure 2-18. Then it was placed under the water-jet

ultrasound indentation probe. Fine adjustment of the sample holder was also
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conducted to assure the right region of the cartilage was tested. When optimal signal
was obtained from the cartilage surface, the indentation test was conducted. Similar
indentation parameters as set in the previous Subsection 2.2.1.2 were used in the
rabbit indentation test. In brief, a cyclic indentation with 4 cycles of loading and
unloading was conducted on the cartilage. The period of one indentation cycle was 10

s and the maximum loading pressure was 330 kPa in each cycle.

Knee sample

Figure 2-18 (a) The fixation of the knee sample for an indentation test in a sample
holder. The two white arrows indicate the two arms can be adjusted by the knob to
clamp the sample for a firm fixation; (b) The indentation test of cartilage sample with

the water-jet ultrasound indentation probe.

As reference, the sample was also tested by the Instron mechanical testing
machine as shown in Figure 2-19. A similar indentation protocol was adopted as
described in Subsection 2.2.2.2. In brief, a maximum indentation force of 0.6 N was
set for the cyclic indentation with a speed of 1 mm/min. Four cycles of indentation
were performed for each test site and the average of the 4 tests was used to represent

the mechanical properties of the tested tissue.
2.2.3.2.3. Histology and grading

After the acoustic and mechanical measurement, the femoral and tibial articular
cartilage samples were fixed in 10% neutral buffered formalin. Tissue blocks were
decalcified with 14% ethylenediaminetetraacetic acid (EDTA), dehydrated through

graded alcohols, cleared with toluene, and embedded in paraffin. Six-micrometer (6-
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= INSTRON ——————— 5569 —

Figure 2-19 The fixation of the rabbit knee sample for an indentation test using

the Instron mechanical testing machine.

um) thickness sections were cut at the selected site centrally in the articular cartilage
where acoustic and mechanical measurement was conducted. The sections were then
stained with Safranin O, fast green and toluidine blue. Two histological sections from
each site were evaluated by one certified pathologist blinded with regard to the
surfaces studied. According to Osteoarthritis Research Society International (OARSI)
grading, all the lesions of the samples were divided into five grades (Pritzker et al.
2006; Wang et al. 2011): Grade-0: normal; Grade-1 = uneven surface that can
demonstrate superficial fibrillation; Grade-2 = surface discontinuity that may be
accompanied by cell proliferation, increased or decreased matrix staining in the
middle zone; Grade-3 = vertical fissures extending into the mid zone or erosion; and
Grade-4 = denudation (the unmineralized hyaline cartilage is completely eroded); and
Grade-5 = deformation. Samples were also further divided into three stages: normal
(OARSI Grade-0), early OA (OARSI Grade-1 and Grade-2), and advanced OA
(OARSI Grade-3 to Grade-5), for comparison of different stages.

2.2.3.3. Extraction of parameters

The parameters used here were similar to those described the Subsection 2.2.2.3,
except an ultrasound roughness index (URI) was used here for representing the

surface condition of the cartilage. In brief, the morphological, acoustic and
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mechanical parameters were obtained to compare the difference among cartilage
samples from different time points after surgery or among groups with different

histological grades.
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Figure 2-20 Matlab GUI interface for processing the data from the acoustic
measurement. Thickness, roughness index and acoustic parameters were calculated
in this GUI. For thickness, two cursors were used to indicate the two interfaces of
the cartilage layer; For URI, a cartilage surface region was selected to indicate where
to extract the surface profile and then the roughness index; for integrated reflection

coefficient, the cartilage surface region was also used.

The morphological parameters included the thickness and surface roughness
index of the cartilage (Wang et al. 2010a). The thickness could be measured from
three different sources: Vevo 770 B-mode image, Vevo 770 RF signal and the water-
jet probe ultrasound signal. For the first measurement from the B-mode image,
measurement tool in the software was used as shown in Figure 2-17 (a). A line of
which the two ends indicated the cartilage surface and cartilage-bone interface,

respectively, was manually added in the image and then the thickness easily showed
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up in the software. The second method utilized the high frequency RF signals for the
measurement of cartilage thickness. A custom-designed graphic user interface (GUI)
was programmed to calculate the cartilage thickness as shown in Figure 2-20. An
amplitude signal which was an overall average of the signals in ROI was displayed in
the GUI and two cursors were added in the peaks of the two interface signals to
obtain the average time of flight for the ultrasound to propagate through the cartilage
layer. Then based on constant speed of sound, the cartilage thickness was calculated
according to the measured time of flight. The third method to measure the thickness
of the cartilage was based on the ultrasound signal from the water-jet probe. This
method was similar to that reported in previous Subsection 2.2.2.3 and thus not
repeated here. The results from the three methods were all obtained and from the
comparison, it was found that they were very similar. The result from the second
method was used in this report. However, when the cartilage thickness was used for
the calculation of mechanical parameters, the result from the third method was

adopted because the thickness was directly obtained under the mechanical test.

For the surface roughness, a small region was selected in the image to indicate
where the surface was located. Then for each line, the exact position of the surface
was detected where 80% of the maximum amplitude of the surface region was met,
counting in the direction from the surface to the bone. In order to exclude the effect of
nature fluctuation of the surface profile on calculating URI, a nature surface profile
was also calculated by a smoothing technique. The root-mean-square of the surface
profile was defined as the ultrasound roughness index (URI) of the cartilage which is

calculated according to the following equation:

URI = j =1 (5 — 5i)” E2.11
100

where s;, is the originally extracted surface profile and 5 is the smoothed surface

profile at line k between 1 and 100. URI was defined in the unit of um in this study

and it was potential to reflect the change of cartilage surface due to the fibrillation at

the early stage of degeneration (Saarakkala et al. 2004).

For the acoustic parameters, the integrated reflection coefficient (IRC) was also
adopted in this part of study. The basic steps to calculate IRC were similar to that

reported in Subsection 2.2.2.3. In brief, frequency-dependent reflection coefficients
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R.(f) were obtained after the spectrum calibration process and then IRC was

calculated by:

1
—_ dB
IRC = A% fAszc (Hdf E2.12

where in this case, Af, is the -6dB bandwidth of the ultrasound transducer RMV708,

and it was 18~55 MHz based on experimental measurement.

For the mechanical parameters, the stiffness coefficient (SC) and Young’s
modulus were calculated in a similar way as reported in Subsection 2.2.2.3. In brief,
water pressure and deformation with cartilage initial thickness were obtained from the
original software interface as shown in Figure 2-3. Then custom-programmed Matlab
GUI was used to extract SC and YM using Equations E 2.4 and E 2.5, respectively.

The similar protocols were applied in calculating the mechanical parameters.
2.2.3.4. Statistical analysis

Three types of comparisons were conducted for the results of this part of study.
Firstly, different groups were formed according to the time after the ACL transection
surgery (Week-0, Week-3, Week-6, and Week-9). The parameters were then
compared among different groups to see the longitudinal effect of the surgery.
Secondly, the cartilage samples were divided into different groups according to their
histological grades and then the various parameters were compared according to
different groups (from Grade-0 to Grade-5). Comparisons were conducted separately
at the femoral side and the tibial side because significant differences such as the
thickness and stiffness existed for the two sides. For comparison among groups, one-
way ANOVA was used firstly to detect the existence of significant differences and
then unpaired t-test was employed for further comparison of two groups if significant
difference was found in the first step. Finally, the inter-correlations of the parameters
obtained from the rabbit knee cartilage were analyzed to see whether some correlation
relationship existed for these parameters. The Pearson correlation coefficient was
adopted for the correlation analysis. In all the statistical analyses, SPSS (SPSS Inc.,
Chicago, IL, USA) was used and p < 0.05 was set as a level to indicate the existence

of significant correlation or significant difference.
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2.2.4. Experiments on cartilage in intact porcine knees

The intravascular ultrasound (IVUS) transducer is with a small profile which can
be used for the intra-articular ultrasound (IAUS) measurement of cartilage. Therefore,
in this part of study, the IAUS catheter was adopted for the design of a real
arthroscopic channel-based water-jet ultrasound indentation transducer. Firstly, the
feasibility of using IAUS for the detection of cartilage degeneration was tested using
the enzymatic digestion as a model. Then the arthroscopic water-jet ultrasound
indentation probe developed based in the IAUS was applied to the in-situ cartilage in

intact porcine knees to demonstrate the utility of the developed probe.
2.2.4.1. Feasibility of IAUS for detection of cartilage degeneration

2.2.4.1.1. Measurement system
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Figure 2-21 (a) The catheter tip which included the ultrasound array elements in
the IAUS system. The diameter of the catheter is about 1.2 mm. The core part of
the ultrasound transducer is shown as the yellow part of the catheter tip; (b) A
typical IAUS B-mode image of articular cartilage. The two interfaces of the
cartilage are shown. Arrowhead: the cartilage-saline solution interface; arrow: the
cartilage-subchondral bone interface. The rectangular window shows where the
average was taken (~ 1 mm in width) for obtaining the parameters of the articular
cartilage; (c) Typical interface echoes after spatial averaging in the selected
rectangular region. Arrowhead: the cartilage-saline solution interface; arrow: the

cartilage-subchondral bone interface; diamond: the center of the image.

As described in Subsection 2.1.2, an IVUS real-time imaging system (In-Vision
Gold, Volcano, San Diego, CA, USA) with a catheter of 3.5F (~1.2 mm, Figure 2-21a)
(REF 85900, Eagle Eye Gold, Volcano) was used as a method of IAUS in the current

study. A multi-element (64) solid-state cylindrical array transducer was installed at
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the tip of the catheter providing a 360° view of the surrounding tissue (Figure 2-21).
The central frequency of the ultrasound transducer was 20 MHz with a spatial peak
temporal average (SPTA) derated intensity of 0.354 mW /cm?. Usable length of the
catheter was 150 cm, which was far enough for the current study. A surrounding
circular area could be imaged by the catheter and the diameter was adjustable
between 8 mm and 16 mm. A viewing diameter of 10 mm was used in the current
study because it optimized the spatial resolution in the B-mode image while capable
of imaging the whole thickness of the cartilage (Figure 2-21b). Cross-sectional image
data with 8-bit storage precision were recorded for off-line analysis of the cartilage. It
should be noted that the data used in the current study were the amplitude image data

but not the radiofrequency signal as shown in Figure 2-21 (c).

RF signals were also collected by another high frequency ultrasound system -
Vevo 770 (VisualSonics, Toronto, Ontario, Canada) using a scanhead RMV708
(VisualSonics, Figure 2-15a), in order to compare with the measurement results from
IAUS image. The basic information of the system has been described in Subsection
2.2.3.2.1. In brief, the diameter of the probe was about 45 mm with a cover at the tip
where a single element ultrasound transducer was installed (Figure 2-15b).
Ultrasound images were acquired by fast lateral mechanical scanning of the
ultrasound transducer within the cover. The cover was firmly attached to the probe
with a thin film just installed in front of the ultrasound transducer, serving as a
window for passing through the ultrasound beam. The cover was injected with
deionized water serving as the coupling media for ultrasound. The axial and lateral
resolutions of the transducer were about 30 and 70 pm, respectively. The focus of the
probe was 4.5 mm in front of the transducer surface. A digital radio-frequency (RF)
mode with 12-bit data precision was used in the Vevo system for collecting the raw
RF data in order to increase the measurement sensitivity. A rectangular window could
be selected in the B-mode ultrasound image for collecting the RF data (Figure 2-17b,
Figure 2-22). For this window, the location, size and the number of A-lines could be
set before data collection. For the current RF setting, a lateral interval of 110 um was
used for each A-line collection and also for subsequent spatial averaging to measure
the thickness and acoustic parameters. The location of the window was selected to

include both the reflections from the surface and the bone-cartilage interface.
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Figure 2-22 (a) A typical B-mode image of articular cartilage obtained from the Vevo
ultrasound imaging system. The two interfaces of the cartilage are shown. Arrowhead:
the cartilage-saline solution interface; arrow: the cartilage-subchondral bone interface.
The rectangular window shows where the average was taken (~ 1 mm in width) for
calculating the parameters of the articular cartilage; (b) Typical interface echoes after
spatial averaging in the selected region. Arrowhead: the cartilage-saline solution

interface; arrow: the cartilage-subchondral bone interface.

2.2.4.1.2. Specimens and experimental tests

Experiment was conducted on two groups of samples (Group 1 and Group 2),
each group containing 8 cartilage specimens. Each specimen was a disk of cylindrical
articular cartilage (® = 6.35 mm) attached to its subchondral bone excised from
various quadrants of 5 bovine patellae (Patil et al. 2004). The patellaec were obtained
from a local market within 6 hours of sacrifice of the animal and those without
obvious visual lesions were selected for preparing the disk samples. In brief,
osteochondral slabs were prepared from the patella and an osteochondral disk of
about 5 mm in thickness was cored out from the flat area of the slabs for experiment.
After preparation, the specimens were wrapped in gauze soaked with physiological
saline solution (0.15 M/L in concentration) and stored at -20°C before testing. On the
day of testing, the specimens were first thawed in physiological saline solution for 1.5
hour before the ultrasound experiments. Each specimen was fixed using plasticine

(Blu-Tack) in a container to ensure a horizontal surface for performing the scanning.
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During the scanning process, the sample was also immersed in physiological saline
solution to minimize the effect of shrinking and swelling of the cartilage and the
IAUS catheter tip was placed manually over the center of the sample for the imaging.
For each sample, three repeated tests were conducted and the averaged value was
used to represent the tissue properties of the tested specimen. For the test using the
Vevo system, similar procedures were performed except that the probe was fixed
vertically by a clamp which could be adjusted in the vertical and lateral directions for
the ease of the scanning operation (Figure 2-16a). Special attention was paid to get
the maximum signal reflected from the cartilage surface in all the scans as this would
affect the amplitude of the reflection measurement. After the scanning using IAUS
and Vevo, samples in Group 1 were digested with 0.25% trypsin-EDTA solution
(GIBCO, Invitrogen, Carlsbad, CA, USA) to mainly deplete the proteoglycan (PG)
(Harris et al. 1972) for 5 h at room temperature (25 £ 1°C), while those in Group 2
were treated with 30 U/ml collagenase solution (GIBCO, Invitrogen, Carlsbad, CA,
USA) at 37 °C to mainly digest the collagen network (Shingleton et al. 1996) for the
same period of 5 h. After the enzyme digestions, the samples were then immersed in
physiological solution for 1 h in order to allow the digestion process to be stabilized.
Then the scanning process was repeated again using IAUS and Vevo. For each scan,
the distance between the ultrasound probes and the cartilage surface was kept roughly
the same by observing the location of the cartilage surface from B-mode images and
all other configurations such as gain and display settings of the device were set to be

all the same to facilitate the intra-specimen comparisons.
2.2.4.1.3. Data processing method

A program with graphic user interface (GUI) written in Matlab (MathWorks,
Natick, MA, USA) was used to extract the two parameters: the thickness of cartilage
and surface reflection amplitude of the ultrasound signals. The locations of the
cartilage surface and cartilage-bone interface could be selected from the GUI by
adding two windows to include the two interface reflections (Figure 2-23a). The
surface reflection was calculated as the maximum amplitude of the echo from the
cartilage-saline interface after averaging in the horizontal direction. The thickness
was calculated by on the interval between the two interface reflections after spatial
averaging and the speed of sound. A region with a width of 1 mm was used for the

spatial averaging to get the averaged amplitude of the interface for calculating the two
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parameters (Figure 2-21b). In this study, the speed of sound was assumed to be 1610

m/s in normal articular cartilage and be 0.988 and 0.984 of this value after trypsin and
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Figure 2-23 The processing of (a) the image data from [AUS system and (b) the

RF signals from Vevo 770 imaging system using custom-designed GUI in
Matlab.
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collagenase treatment, respectively (Laasanen et al. 2002). For the IAUS
measurement, there were 384 pixels for the width and length, which equaled to a real
width and length of 10 mm for the image. Therefore, in the B-mode image each pixel
represented a length of approximately 0.027 mm in each direction for the articular
cartilage, which determined the resolution of the measurement using IAUS images.
A-mode lines were extracted from each row data of the B-mode images. During the
experiment, the cartilage surface was also deliberately aligned to be parallel with the
vertical direction of the image so a row signal of the image would represent an A-line

signal of ultrasound waves penetrating in the depth direction of the cartilage (Figure
2-23a).
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Figure 2-24 The change of normalized factor F,. according to distance to the

transducer surface.

For the measurement using Vevo, similar procedures were applied to calculate
the surface reflection coefficient and thickness with caution that the ultrasonic signals
were without saturation which could be indicated in the software in another color.
Using a sampling frequency of 420 MHz and a constant speed of sound of 1610 m/s,
each point in the RF digital data represented a length of approximately 0.0019 mm,
which was much smaller than that of IAUS. A Hilbert transform was performed to
obtain the amplitude signal for each A-line before averaging for the selected region.

In order to compensate for the effect of focusing of the focused transducer used in the
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Vevo system, the surface reflection amplitude was corrected using a normalized

factor obtained by a perfect reflector at the same distance (Laasanen et al. 2002):

A
Acor = 7 E2.13

For this correction method, the normalized factor F. = 1 at the focus and at other
distance, it was the proportion of the amplitude compared to that at the focus. The
normalized factor according its distance to the transducer surface is plotted as follows

in Figure 2-24:
2.2.4.1.4. Statistical analysis

A coefficient of variance (CV) was used to represent the repeatability of
measurement. For the thickness measurement, the values of the 16 specimens (Group
1+Group 2) before enzyme treatments measured from IAUS were correlated using
Pearson correlation to those measured from Vevo. As the thickness from the two
measurements was both calculated based on the principle of the time-of-flight
technique, a significant correlation would suggest that the two methods were
comparable except a constant difference which might come from the discrepancy in
measuring the propagation time. For values of thickness and surface acoustical
reflection amplitude, paired 7-test was used for comparison before and after enzymatic
digestion for each cartilage disk. Paired #-test was also employed to compare the
extent of the change of the surface reflection amplitude induced by trypsin and
collagenase treatment, respectively. P < 0.05 was used as a significant level for the
analysis of correlation or group difference. All the statistical analyses were conducted

using SPSS (SPSS Inc., Chicago, IL, USA).
2.2.4.2. Arthroscopic tests on cartilage in intact porcine knees

After demonstrating of the utility of IAUS for cartilage assessment, the next step
of study was to validate the feasibility of test the newly developed arthroscopy-based
water-jet ultrasound indentation probe to characterize the cartilage degeneration. In
this part of the study, porcine knees with intact knee joint were obtained and intra-
articular measurement of the mechanical properties of the cartilage using the

developed probe was conducted before and after enzymatic digestions. Through this
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study, the potential of the developed probe to be applied in an arthroscopic operation

would be demonstrated.
2.2.4.2.1. Samples, experimental setup and tests

10 porcine knees with intact normal knee joint were obtained from a local market
within 2 hours of sacrifice for the current test. The knee capsule was maintained to be
intact by keeping most of the surrounding tissues of the joint such as the ligaments
and tendons. Muscles were partially maintained as shown in Figure 2-25 (a).
Enzymatic digestion using the 0.25% trypsin-EDTA solution (GIBCO, Invitrogen
Corporation, Carlsbad, CA, USA) for 4 hours was adopted to induce the cartilage
degeneration in the joint. This was achieved by injecting the trypsin solution into the
joint capsule continuously using a small electronic water pump during the whole
digestion process. A beaker was used to collect the leaked solution which could be
reused and pumped again into the joint. Before and after the enzymatic digestion,
measurement was conducted by the water-jet ultrasound indentation probe and the

results were compared.
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Figure 2-25 (a) The test of intra-articular cartilage using the developed water-jet
ultrasound indentation probe with the help of the arthroscopy; (b) A typical view of

the water-jet indentation probe under arthroscopy.

The newly developed arthroscopic water-jet ultrasound indentation probe could
be inserted into the inner joint by using the tubular trochar like that used with

traditional surgery instrument. Furthermore, the operation of the probe such as
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localization could be guided by an arthroscopic viewing system (Figure 2-26). The
arthroscopic viewing system consisted of a light source system (Quantum 3000,
Stryker Endoscopy, Stryker Inc., Kalamazoo, MI, USA) for lightening the inner part
of the joint and a video camera system (597T, Stryker Endoscopy, Stryker Inc.,
Kalamazoo, MI, USA) for viewing the inner joint. Then the water-jet ultrasound
indentation probe could be operated under the guidance of the arthroscopic view

(Figure 2-25b).

Developed probe

Camera tip

Figure 2-26 (a) The arthroscopic system used for guiding the tested position of the
water-jet ultrasound indentation probe; (b) Enlarged view of the camera tip and the

developed water-jet indentation probe.

In-Vision © Plus

VA2 Eagle Eye (473476)
06/12/12 17:64:09

Cartilage-bone
interface

Cartilage

Figure 2-27 (a) An IAUS imaging of the articular cartilage obtained through the
water-jet channel of the developed probe; (b) In the custom-designed software, a

typical A-line signal of the cartilage layer is shown.

During the test, the water-jet indentation probe was fixed using a mechanical
clamp (Figure 2-25a) in order to facilitate the operation. After the water-jet
indentation probe was inserted into the joint, the position and orientation of the probe
were adjusted to obtain an optimal signal from the articular cartilage. Then the water-

jet indentation was performed and data were collected for off-line processing. Similar
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protocols for the water-jet indentation test as described previously in Subsection
2.2.2.2 were used during the measurement. Six repeated tests were performed on one
site at the femoral groove before and after the enzymatic digestion and results were
averaged for characterizing the change of stiffness of the cartilage as described in the
following subsection. The typical observation of the cartilage under the IAUS and in

the custom-designed software is displayed in Figure 2-27.
2.2.4.2.2. Data processing and statistical analysis

For simplicity, only a stiffness coefficient (SC) was extracted from the water-jet
indentation test for the demonstration. The stiffness coefficient was defined very
similar to that in the Equation E 2.4. In calculating the SC, the force was obtained
from the water pressure after the force calibration process. The initial thickness and

deformation of the cartilage were calculated based on the ultrasound signals.

Paired sample #-test was used for the comparison of stiffness before and after the
enzymatic digestion. The mean percentage decrease of stiffness after the digestion
was calculated by calculating the change of stiffness divided by its initial stiffness.
P < 0.05 was employed as a level to indicate the significance of difference and all

the statistical analyses were conducted using SPSS (SPSS Inc., Chicago, IL, USA).
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3. Results

3.1. Results of experiments on phantoms

The averaged value for the speed of sound (SOS) of the phantoms was 999 + 30
m/s, which was obviously smaller than the generally accepted value of SOS for soft
tissues (1540 m/s). Due to this large difference, the SOS of phantoms was measured
firstly to accurately calculate the thickness and then the deformation of the phantom
during indentation test. The mean thickness of all the silicone phantoms was 4.61 +
1.21 mm ranging from 1.89 to 6.47 mm. The thickness could be used as a basic
parameter to extract the Young’s modulus (YM) of the phantoms based on some
known indentation models (Hayes et al. 1972; Zhang et al. 1997). The f/d coefficient
measured from the water jet indentation and the rigid indentation for each phantom
was calculated and their relationship is plotted in Figure 3-1. The mean value of the
f/d coefficient was 0.63 + 0.49 N/mm and 0.73 £+ 0.63 N/mm for the water-jet and the
rigid Instron indentation, respectively. These two values were highly correlated with a

Pearson correlation coefficient 7 > 0.95 (p < 0.001).
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Figure 3-1 The correlation between the two f/d coefficients measured from the

water-jet ultrasound indentation and the Instron indentation.
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3.2. Results of experiments on bovine cartilage in vitro

3.2.1. Reproducibility study

The measurement SCV of the four parameters obtained by the miniaturized probe
was 2.6% for thickness, 10.2% for IRC, 11.5% for SC and 12.8% for EDR. Thickness
measurement was the most highly reproducible, while that of IRC, stiffness and EDR
was similar (of ~10%). The SCV of measurement from the rigid Instron indentation
test was 6.5% and 10.0% for Young’s modulus (E) and EDR, respectively. The
reproducibility of the water-jet ultrasound indentation test was slightly lower than that
of the mechanical testing from the rigid indentation test with respect to the two

viscoelastic parameters.

3.2.2. Enzymatic digestion effect

The changes of thickness and IRC before and after enzymatic digestion are
shown in Figure 3-2 and Table 3-1. There was no significant change of the thickness
after the two enzymatic digestions (p > 0.05). For IRC, it significantly decreased
after collagenase treatment (p < 0.001) while the treatment of trypsin had no
significant effect on it (p > 0.05), which was consistent with previous results
(Laasanen et al. 2002; Wang et al. 2010a). The mean decrease of IRC was -27.7 +
16.5% induced by the collagenase treatment. The change of IRC induced by
collagenase was significantly larger than that induced by trypsin (p < 0.001, Table
3-1).

The changes of stiffness and EDR induced by the two enzymatic digestions are
also listed in Table 3-1. The compressive stiffness of the cartilage (SC) significantly
decreased after both the trypsin and collagenase digestions (Figure 3-2, both p <
0.001). As shown in Table 3-1, the decrease of SC induced by trypsin treatment was
significantly larger than that induced by collagenase treatment (66.4 % vs. 51.8 %,
p < 0.01). EDR was small in normal cartilage (~20%); however, it significantly
increased to ~60% after the trypsin and collagenase digestion (both p < 0.001). The
increase of EDR was significantly larger for the trypsin treatment than that for the

collagenase treatment (40.6% vs. 32.9%, p < 0.01). All the results demonstrated

75



Chapter 3

Results — Bovine cartilage tests in vitro

that the current probe could be used to discriminate the degeneration of articular

cartilage induced by different enzymes.
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Figure 3-2 The changes of various parameters measured by the water-jet ultrasound

indentation system after the trypsin and collagenase digestions: (a) Thickness; (b) IRC;

(c) Stiffness coefficient; (d) Young’s modulus; (¢) EDR obtained from the water-jet

indentation; and (f) EDR obtained from the Instron indentation.
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Table 3-1  Changes of various parameters after enzymatic digestions.

Parameters Enzymes Before treatment  After treatment Change

Thickness Trypsin 1.96 £0.52 1.97+£0.54 -0.2+£4.4%

(mm) Collagenase 1.73+£0.37 1.73+£0.37 0.2+3.6%
Trypsin -23.05+1.80 -23.34+£2.22 -1.6£9.1%

IRC (dB) ]***
Collagenase -24.77+1.92 -31.53+4.15 22774+ 16.5% ***
Trypsin 10.732 £5.154 3.119+£1.367 -66.4 £ 15.4% ***

SC (MPa) IS
Collagenase 11.699 + 6.426 4.679 + 1.520 -51.8 + 18.9% ***
Trypsin 1.298 £0.748 0.636 +0.351 -49.7 £+ 17.8% ***

E (MPa) ]
Collagenase 1.590 £ 0.768 1.143 £0.420 -24.6 £ 13.39% ***
Trypsin 22.7+6.9 63.2+4.5 40.6 £ 9.2% ***

EDRy; (%) ]
Collagenase 22.7+5.5 555+7.5 32.9 &+ 8.9% ***

Trypsin 45.0+5.8 75.9+5.6 31.0 £ 3.99% ***

EDRg; (%)

Collagenase 42.0+4.5 703+ 7.7 28.3 + 6.4% ***

Values are expressed as Mean + standard deviation (SD). IRC — integrated reflection
coefficient, SC — stiffness coefficient, E — Young’s modulus, EDR — energy
dissipation ratio, WJ — water-jet, RI — Rigid Instron indentation. Level of significance
of change compared to pre-treatment or comparison of changes between the two types
of enzymatic digestion: ** p < 0.001, ***p < 0.001.

3.2.3. Comparisons with reference methods

The results from the rigid Instron indentation test are also included in Table 3-1.
It was found that the Young’s modulus (E) significantly decreased after the two
enzymatic digestions (both p < 0.001), with the degree of decrease by trypsin
treatment being significantly larger than that by the collagenase treatment (49.7% vs.
24.6%, p < 0.001). For EDR, it significantly increased after both the enzymatic
digestions (both p < 0.001). The increase was slightly larger for the trypsin
digestion than that for the collagenase treatment but did not reach a significant level
(31.0% vs. 28.3%, p = 0.06). The correlation of results from the two mechanical
testing methods was analyzed. There was a significant positive correlation between
the stiffness from the water-jet indentation and E from the rigid indentation (r =
0.73, p < 0.001, Figure 3-3). EDR measured from the two methods was also
significantly correlated (r = 0.93,p < 0.001, Figure 3-4).
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Typical histological results are shown in Figure 3-5. Based on observation from

all the histological images, it was found that PG contents were not affected in the
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normal cartilage. For the trypsin treatment, almost all PGs were digested while for the
collagenase treatment, there was also partial PG loss, for which the possible reason

would be discussed in Subsection 4.2.2 of the Discussion chapter.

(a)

Figure 3-5 Typical histological pictures showing the Safranin O and fast green
staining for the (a) normal (b) collagenase-digested and (c) trypsin-digested cartilage.
It was typically observed that in collagenase-digested cartilage, there was partial loss
of proteoglycans (red color) while they were completely depleted in trypsin-digested

samples. Arrows indicate the cartilage-bone interfaces.

3.3. Results of experiments on rabbit cartilage in situ

3.3.1. Histological results

Typical histological images for the rabbit cartilage samples from Grade O to
Grade 3 are shown in Figure 3-6. The histological observations mainly included the
loss of the Safranin O red staining and fibrillation, based on which the OARSI grade
was given. The analysis of the semi-quantitative pathological grade obtained from the

histology is presented in the following subsection.
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(a)

© 4 | ) sl

Figure 3-6  Typical histological images showing the Safranin O red and fast
green staining for different cartilage samples. (a) Normal cartilage mainly stained
with Safranin O red; (b) Grade 1 with uneven surface and loss of Safranin O
staining in the superficial layer of cartilage; (c) Grade 2 with surface fibrillation
and loss of Safranin O staining in the superficial and middle layers of cartilage;
(d) Grade 3 with defect of partial cartilage thickness and loss of Safranin O
staining in the superficial and middle layers of cartilage. The arrow indicates the

cartilage-bone interface.

3.3.2. Changes of parameters with post-surgery time

The change of the measured parameters with the post-surgery time is plotted in

Figure 3-7. These results are also listed in Table 3-2 and Table 3-3. For the
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pathological grade, its distribution at different post-surgery time points is further
plotted in Figure 3-8. Along with the post-surgery time, the mean pathological grade
shifted from a low grade to a high grade due to the effect of ACL transection surgery.
There was a significant difference detected among the four groups (Kruskal-Wallis
test) both at the femoral side (p < 0.001) and at the tibial side (p < 0.001).
Therefore, further comparisons were made between the unpaired two groups (Mann-
Whitney test) and the results are shown in Table 3-2 and Table 3-3. Generally, the
pathological grade increased along with the post-surgery time indicating that the ACL
transection surgery was a proper model to induce a natural degeneration to the knee
articular cartilage. The degeneration at the femoral side seemed to be larger than that
at the tibial side but the difference did not reach the significant level (p > 0.05,
Wilcoxon signed ranks test). For the thickness, no general trend of change was found
with the post-surgery time, although significant difference was detected among the
groups (p < 0.01). The thickness at the femoral side was significantly smaller than
that at the tibial side for all the four groups (p < 0.001). For URI, a general trend of
increase with the post-surgery time was found and significant difference was detected
among the groups (p < 0.001 for the femoral side and p < 0.05 for the tibial side).
For the comparison of femoral and tibial sides, significant difference was found only
for the Week-9 group (p < 0.05). For IRC, a general trend of decrease was observed
along with the post-surgery time and significant differences were found among the
groups (both p < 0.001 for the femoral and tibial sides). No significant difference
was revealed between the femoral and tibial sides (p > 0.05) except for the Week-9
group (p < 0.01). For SC, a general trend of decrease was also found to be
associated with the post-surgery time. However, significant difference among the
groups was observed only at the tibial side (p < 0.001). A significant difference of
SC between the femoral side and the tibial side was found for all the groups (p <
0.001). Similar trend was also found for the reference parameter — the Young’s
modulus (E) and significant difference of this parameter among groups was found for
both the femoral side (p < 0.05) and the tibial side (p < 0.001). Significant
difference of E was also found between the femoral side and the tibial side for all the
groups (p < 0.01). The detailed comparisons between two different post-surgery
groups are listed in Table 3-2 and Table 3-3, for the femoral and tibial side,

respectively. It should be noted that each value of the table refers a comparison of an
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item in the row to that in the column. All the results showed that the measured

parameters could demonstrate an increase of the level of cartilage degeneration with

time.
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Figure 3-7 The change of various parameters: (a) Pathological grade, (b) thickness,
(c) URI, (d) IRC, (e) Stiffness coefficient, (f) Young’s modulus £ along with the post-

surgery time.
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Figure 3-8 Distribution of the pathological grade of cartilage lesions (a) at the
femoral side and (b) at the tibial side. An overall increase of the histological grades

from Week-0 to Week-9 for the cartilage lesion could be observed in the figure, which

indicated the progression of OA in the rabbit knee.

3.3.3. Changes of parameters with pathology

As the histological grade was a good indicator of the cartilage lesion, the
cartilage was also divided into different groups according to its histological grade.
The measured parameters were then compared among the groups and the results are
shown in Figure 3-9. The test points were n = 18, 25, 24, 9 and 4 for the five groups
at the femoral side and n = 37, 15, 17, 9, 2 at the tibial side, respectively. As the
number of test points was too small for Group Grade-4 and for a reason of mismatch
(discussed in Subsection 4.2.3.2 of the Discussion chapter), this group was not
included in the statistical analysis. Therefore, comparisons were only made in the
other four groups from Grade 0 to Grade 3. At the femoral side, significant
differences were found for URI, IRC and E (p < 0.001). The post-hoc analysis
results are shown in Table 3-4. At the tibial side, significant differences were found

only for SC and E (p < 0.01) and post-hoc analysis results are shown in Table 3-5.
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comparisons at the femoral side.
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The various parameters among different post-surgery groups and

WO (n=20) W3 (n=20) W6 (n=20) WO (n=20)
WO Path-grade 0.40 + 0.60 < * < kK < kk
Thickness (mm) 0.30+0.11
URI (pm) 39+1.2 < ok
IRC (dB) -42.1+3.8 > * > Hokk > Hokk
SC (kPa) 4570 + 999 > *
E (kPa) 590 + 222
W3 Path-grade 1.05 £ 0.69 <k
Thickness (mm) 0.24 + 0.08 < B
URI (um) 7.0£3.7 <k
IRC (dB) -46.4 +£ 3.6 > kHE
SC (kPa) 3893 + 936
E (kPa) 546 +207
W6  Path-grade 1.70 £ 0.92 <
Thickness (mm) 0.30+0.10
URI (pm) 10.8 8.4
IRC (dB) -50.0 +4.3
SC (kPa) 3815+ 1368
E (kPa) 496 + 196
W9  Path-grade 2.65+0.75
Thickness (mm) 0.38+0.15
URI (um) 179+ 152
IRC (dB) -52.7+5.8
SC (kPa) 3618 £ 1566
E (kPa) 393+ 134

Groups from “WO0” to “G9” represent the groups with different post-surgery time
from Week 0 to Week 9. “Week 0” indicates the normal group. For the post-hoc tests,
“# represents p < 0.05, “**” represents p < 0.01 and “***” represents p <

0.001.
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comparisons at the tibial side.
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The various parameters among different post-surgery groups and

WO (n=20) W3 (n=20) W6 (n=20) WO (n=20)
WO Path-grade 0.10+£0.31 < HEE < HEE
Thickness (mm) 0.70 £ 0.09 > * > 5
URI (um) 47+12 <*
IRC (dB) -43.2+2.8 > kHE >
SC (kPa) 10665 + 2723 > HAk > Hokk > kk
E (kPa) 1016 + 303 > B > W
W3  Path-grade 0.55+0.76 <k <
Thickness (mm) 0.58+0.11
URI (pm) 55+2.1
IRC (dB) -46.6 + 3.8
SC (kPa) 7194 + 3048
E (kPa) 820+ 311
W6 Path-grade 1.35+0.93
Thickness (mm) 0.65+0.12
URI (um) 12.1+13.6
IRC (dB) -48.6 £4.4
SC (kPa) 6706 £2610
E (kPa) 695 + 188
W9  Path-grade 2.20+1.20
Thickness (mm) 0.59+0.13
URI (um) 8.4+6.7
IRC (dB) 475+52
SC (kPa) 6952 + 1732
E (kPa) 626 =296

Groups from “W0” to “G9” represent the groups with different post-surgery time

from Week 0 to Week 9. “Week 0” indicates the normal group. For the post-hoc tests,

“# represents p < 0.05, “**” represents p < 0.01 and “***” represents p <

0.001.
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Figure 3-9 Comparisons of various measured parameters among groups classified

according to the pathological grade. (a) Thickness; (b) URI; (c) IRC; (d) Stiffness

coefficient and (e) Young’s modulus £. The number of tested points was 18, 25, 24, 9

and 4 for the 5 groups at the femoral side and 37, 15, 17, 9, 2 for the 5 groups at the

tibial side, respectively.
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Table 3-4

grades at the femoral side.

Results — Rabbit cartilage tests in situ

The comparison of parameters for samples with different pathological

GO (n=18) G1 (n=25) G2 (n=24) G3 (n=9)
GO  Thickness (mm) 0.31+0.11
URI (pm) 4.8+2.2 S
IRC (dB) -44.1+3.9 > ** > HAE
SC (kPa) 4357 £ 1107
E (kPa) 702 + 208 > ok > ok > ok
Gl  Thickness (mm) 0.29 + 0.09
URI (pm) 64+34 < HEE
IRC (dB) -45.6 £ 4.8 > HEE
SC (kPa) 4136 £ 1027
E (kPa) 520+ 175
G2 Thickness (mm) 0.29+0.13
URI (pm) 10.4 £ 10.0 < HEE
IRC (dB) -495+55
SC (kPa) 3965 + 1348
E (kPa) 407 £ 122
G3  Thickness (mm) 0.37£0.15
URI (um) 24.6+17.5
IRC (dB) 544459
SC (kPa) 3239 + 1763
E (kPa) 376 +200

Groups from “G0” to “G4” represent the groups with different pathological grades

from Grade 0 to Grade 4. For the post-hoc tests, “*” represents p < 0.05, “**”

represents p < 0.01 and “***” represents p < 0.001.
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Table 3-5  The comparison of parameters for samples with different pathological

grades at the tibial side.

GO (n=18)

Gl (n=25)

G2 (n=24) G3 (n=9)

GO

Gl

G2

G3

Thickness (mm)
URI (um)

IRC (dB)

SC (kPa)

E (kPa)
Thickness (mm)
URI (pm)

IRC (dB)

SC (kPa)

E (kPa)
Thickness (mm)
URI (pm)

IRC (dB)

SC (kPa)

E (kPa)
Thickness (mm)
URI (um)

IRC (dB)

SC (kPa)

E (kPa)

0.66+0.10
6.1 +4.1
45643
8967 £ 3182
1001 £ 263

> ok

0.63 +0.12
7.8 +8.6
-46.5+4.4
8049 + 2867
710 £ 178

> k%

> ok > ok

0.60+0.14

11.7+13.5

-48.0 + 4.8

5993 + 2260

607 £ 259
0.63+0.12
6.1+39
-46.5+4.8
6945 + 1783
501 + 123

Groups from “G0” to “G4” represent the groups with different pathological grades

from Grade 0 to Grade 4. For the post-hoc tests, “*” represents p < 0.05, “**”

represents p < 0.01 and “***” represents p < 0.001.
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3.3.4. Inter-correlations among measured parameters

The inter-correlations among the measured parameters are listed in Table 3-6 and
shown in Figure 3-10. There was no significant correlation between thickness and
URI (p > 0.05). Neither was the correlation significant for the relationship between
thickness and IRC (p > 0.05). Moderate correlation was found between URI and SC
(r = —0.275,p < 0.001), and between IRC and SC (r = 0.257,p < 0.01). The
highest correlation was observed between URI and IRC (r = —0.727,p < 0.001)
and between thickness and SC (r = 0.638,p < 0.001). The correlation between
SC from the water-jet indentation and E from the Instron indentation was also
analyzed and a moderate but significant correlation of r = 0.55 (p < 0.001) was
found for the two parameters (Figure 3-11). This correlation verified that the water-jet

indentation was effective to measure the stiffness of the articular cartilage.

Table 3-6  The correlations among different parameters measured in the study of

rabbit cartilage.

Correlations Thickness URI IRC SC
Thickness 1 0.011 -0.095 0.638 ***
URI 1 -0.727 *** -0.275 *#*
IRC 1 0.257 **
SC 1

The significance level of the Pearson correlation: “**” represents p < 0.01; “***”

represents p < 0.001.
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Figure 3-10 The correlations among different parameters measured in the current
study. (a) Thickness vs. URI; (b) Thickness vs. IRC; (c¢) Thickness vs. SC; (d) URI vs.
IRC; (e) SC vs. URI and (f) SC vs. IRC. “*” represents p < 0.05, “**” represents
p < 0.01 and “***” represents p < 0.001.
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Figure 3-11 The correlation between Young’s modulus (E) from the Instron
indentation and stiffness coefficient from the water-jet indentation (the total

sample number for correlation analysis: n = 160).

3.4. Results of tests using the arthroscopy-based probe

3.4.1. Results of IAUS for detection of cartilage degeneration

To have a sense of the reliability of the measurement, 8 repeated tests on one
specimen were conducted and a mean thickness of 1.90 = 0.03 mm (CV = 1.7%) was
obtained, demonstrating that the measurement of thickness was very repeatable. For
the surface reflection measurement, a similar test using 8 repeated measures on one
specimen harvested a value of 179.7 + 6.9 (arbitrary unit) with a CV of 3.9%. The
thickness values for all the 16 samples (Groups 1 and 2) before enzyme treatment
were compared between IAUS and Vevo measurements. The thickness obtained
using the two methods was highly correlated (r = 0.985,p < 0.001, Figure 3-12),
indicating that the IAUS had a comparable performance with Vevo for cartilage
thickness measurement. The mean thickness measured by IAUS and Vevo was 1.83 +

0.28 mm and 1.80 £+ 0.29 mm, respectively.
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Figure 3-12 The correlation of thickness measured from IAUS and Vevo

ultrasound imaging for cartilage specimens before enzyme digestion (n = 16).

Table 3-7 and Table 3-8 list the results of the thickness and surface reflection
amplitude obtained by the IAUS after the treatments of trypsin and collagenase
enzymes, respectively. The mean thickness value before and after treatment was 1.68
+ 0.25 mm and 1.68 + 0.23 mm for the trypsin treatment group, respectively. It was
1.98 + 0.27 mm and 1.99 + 0.26 mm for the collagenase treatment group. Statistical
analysis revealed no significant change in the sample thickness (both p > 0.05) after
both the enzymatic treatments. However, the surface reflection amplitude showed a
significant decrease for both the treatments (p < 0.01). The averaged decrease was
16.2 + 11.4% after trypsin digestion and 52.1 + 10.3% with collagenase treatment,
respectively. Collagenase treatment appeared to have exerted a more significant effect
on the surface reflection amplitude (p < 0.001). The corresponding measurement
using Vevo showed similar results: the mean pre- and post-treatment thickness for
trypsin treatment and collagenase treatment was 1.64 + 0.22 vs. 1.65 £ 0.22 mm
(p > 0.05) and 1.96 + 0.29 vs. 1.95 £ 0.25 mm (p > 0.05), respectively. The
corresponding surface reflection coefficient was 3.61 = 0.57 vs. 2.66 = 0.85 (p <
0.01) and 3.64 = 1.11 vs. 0.52 £ 0.13 (p < 0.001), respectively. The surface
reflection coefficient decreased by 26.9 + 19.5% and 84.7 + 4.1% (p < 0.001),
respectively, after trypsin and collagenase treatments according to the results obtained

by Vevo, which was consistent with the results by IAUS measurement.
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Table 3-7  Effect of trypsin treatment on cartilage measured by IAUS.

Thickness (mm)

Surface reflection amplitude

Samples =
Pre-treatment Post-treatment Pre-treatment Post-treatment

1 1.80 1.79 175.9 162.2
2 1.60 1.58 187.4 156.4
3 1.39 1.43 164.4 137.3
4 1.66 1.71 172.3 99.6
5 2.15 2.06 173.5 148.6
6 1.50 1.46 188.4 155.1
7 1.85 1.94 156.6 143.6
8 1.51 1.49 143.2 153.0
Mean 1.68 1.68 170.2 144.5
SD 0.25 0.23 15.2 19.7

**:p < 0.01 for paired t-test compared to pre-treatment value.

Table 3-8  Effect of collagenase treatment on cartilage measured by IAUS.

Thickness (mm)

Surface reflection amplitude

Samples _
Pre-treatment Post-treatment  Pre-treatment  Post-treatment

1 2.02 2.09 153.8 97.0
2 2.26 2.26 135.9 73.7
3 1.86 1.80 195.5 84.9
4 1.91 1.91 175.2 85.0
5 2.08 2.11 175.2 50.8
6 2.29 2.22 192.3 78.3
7 1.42 1.46 148.4 77.7
8 1.97 2.08 160.1 83.1
Mean 1.98 1.99 167.0 78.8
SD 0.27 0.26 21.1 13.3

k% p < 0.001 for paired t-test compared to pre-treatment value.
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3.4.2. Results of tests on cartilage in intact porcine knees

The water-jet indentation experiment was successfully conducted in the intact
porcine knee. The initial thickness and SC were measured from the cartilage of the
femoral groove and the results are shown in Figure 3-13. There was no significant
change of the cartilage thickness after the trypsin digestion (p > 0.05). However, for
the stiffness, there was a significant decrease after the trypsin digestion (p < 0.001).
Percentage change of the cartilage stiffness was also calculated and a mean decrease
of 53.6 + 18.0% was revealed after the treatment, which was similar to that disclosed
in Subsection 3.2.2. The newly developed arthroscopy-based water-jet indentation
probe was successfully applied in the intra-articular measurement of the mechanical

properties of the knee cartilage.
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Figure 3-13 A comparison of (a) thickness and (b) stiffness coefficient for the
cartilage before and after the trypsin digestion in the intact porcine knee. No
significant change of thickness (p > 0.05), but significant decrease of the
cartilage stiffness (p < 0.001) were detected after the trypsin digestion.
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4. Discussion

This thesis describes the development of an arthroscopy-based water-jet
ultrasound indentation probe and related experiments on evaluating the applicability
of the newly developed probe for the assessment of articular cartilage degeneration.
The successful design and fabrication of the probe through a two-step realization
scheme have demonstrated it is feasible to develop such an arthroscopic probe. The
results of the validation experiments have also showed that the ultrasound-based
measurement of multiple tissue properties (including morphological, acoustic and
mechanical properties) is an effective way to quantify the change of articular cartilage
in degeneration, induced either by enzymatic digestions or by surgeries in an animal
model of OA. The detailed discussion is divided into two parts: Subsection 4.1 is
related to the instrumentation side of the current study, i.e., the design of the probe; in
Subsection 4.2, discussion on the related experiment is given, for which to apply the

developed instrument for clinical diagnosis and evaluation is the final goal.

4.1. Instrumental development

4.1.1. Development of miniaturized probe

Two steps of miniaturization were used in this study to develop the arthroscopic
probe for the assessment of cartilage degeneration. At the first step, the probe was
designed in a metal rod with a diameter of 12 mm. The successful design of the probe
was mainly based on a small size single element ultrasound transducer and a compact
design of the water-jet passage. Compared with the dimensions of the previous
prototype water-jet indentation probe (Lu et al. 2005) (Figure 2-1), a significant
decrease of the profile was achieved for the current miniaturized probe. Although the
diameter of the ultrasound transducer (3 mm) was slightly larger than that of the exit
orifice (2 mm), experimental data showed that the design did not block the ultrasound
signal for the quantitative analysis. However, it was recognized that this probe was

yet not small enough for real arthroscopic measurement.
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Previous investigators have used either low or high frequency ultrasound to
assess the articular cartilage status. A low spatial resolution was inherent with the low
frequency ultrasound used externally on the skin for examining the articular cartilage
in joints. For high frequency ultrasound, in previous reports it was mostly used for the
study of articular cartilage in vitro because of a big profile of the transducer. There is
a lack of specifically designed high frequency ultrasound transducer for arthroscopic
measurement of articular cartilage in vivo. In the second step development of this
study, a mature technique from the cardiovascular field — intravascular ultrasound
was adopted as a type of intra-articular ultrasound (IAUS) for the intra-articular
measurement to acquire quantitative information of articular cartilage. IAUS catheter
has both the advantages of a small profile and the use of high frequency ultrasound.
The results demonstrated that the IAUS was capable of measuring the thickness and
surface reflection amplitude, with similar performance to those reported in the
literature using the conventional single element ultrasound transducer (Hattori et al.
2003; Laasanen et al. 2002; Toyras et al. 1999). Compared to previous arthroscopic
single ultrasound transducer measurement, the current IAUS catheter provided an
extra function of tissue imaging for the cartilage. Together with its small size, it no
doubt is advantageous to incorporate this imaging facility in the space-limited intra-

articular applications.

With the availability of small IAUS catheter, a second step of miniaturization
was conducted and a real arthroscopic probe was designed and fabricated for
preliminary experimental test. A special adaptor was designed and installed at the tip
of an arthroscopic working channel. The TAUS catheter could be fixed inside the
adaptor and an exit was excavated in front of the active ultrasonic elements for
effective data collection. At the same time, the exit was also connected to the water
pipe and could be used as the passage for water-jet. The whole design was achieved
in an arthroscopic channel with an outer diameter of 5.5 mm and therefore the probe
was possible to be used in intra-articular operation such as that in minimally invasive

surgeries.

The developed probe fulfilled the requirement of measurement of versatile tissue
properties of the articular cartilage in an arthroscopic operation. The specific
information that could be obtained from the probe was limited by the ultrasound

frequency and the orifice size. Based on the geometrical size of the adaptor and the
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position of the IAUS catheter, the angle that could be imaged for the external tissue
was 40°/360° of the IAUS catheter in the current design. The total RF line number
that can be viewed for external tissue was~6Q02/%vhich w as enough for
calculating tissue material properties. On the other hand, the spatial resolution of the
imaging was only limited by the ultrasound frequency. According to the
manufacturer’s webpage information, the frequency can be as high as 45 MHz for the
intravascular ultrasound catheter, and therefore, if higher spatial resolution is needed,
a higher frequency IAUS catheter can be adopted for the intra-articular measurement.
However, it should be noted that the penetration depth will be compensated when
higher frequency is used. Based on practical requirements of spatial resolution and
penetration depth, a proper frequency can be selected for the design of probes and for

convenient studies of cartilages from different species.

4.1.2. Limitations and future development of the arthroscopic probe

The current instrumental development has some limitations. Firstly, only A-line
signal was used for the current IAUS-based arthroscopic probe, and therefore some
morphological information of the cartilage such as the roughness cannot be obtained
directly by processing the RF signal. Although the B-mode image directly obtained
from the IAUS machine could be used for this purpose, its spatial resolution is not as
high as the raw RF signal because some spatial information has been lost during the
construction of the B-mode image based on the RF signals. The 2D imaging of the
cartilage has several advantages for the qualitative and quantitative assessment
including comparison of lesions between B-mode images and histology (Foster et al.
2000), spatial averaging of calculated parameters such as IRC to improve
measurement reliability and studying regional variation of the tissue properties such
as the surface roughness (Saarakkala et al. 2004; Wang et al. 2010a). For future
development, data collection of 2D RF signals will be considered to calculate more
material properties of the cartilage for diagnosis or to improve the measurement
reliability. The 2D RF signals are available in the current IAUS system. A real
problem that may be encountered is the massive data storage required for 2D
acquisition. This can be solved by faster hardware or recently developed data
processing method such as the graphic processing unit (GPU) computing. So the next

step of development of the probe is to integrate the 2D RF data acquisition in the
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software with appropriate resource allocation, where advanced signal processing is

possible for the cartilage characterization.

Secondly, the design of the probe tip can also be further improved in order to
provide more flexibility in adjustment when it is used in practical measurement. For
example, when the insertion direction of the whole probe is fixed, the tip can be made
in such a way that the angle of the water-jet can be adjusted in order to get better
signals from the cartilage surface. In that case, a scissor-like handle can be designed
at the proximal side of the probe to adjust the angle of the water-jet in a convenient
way. After adjustment, the optimal angle can be locked so that a reliable
measurement can still be conducted. With the adjustment flexibility of the water-jet
angle, optimal operation could be more easily achieved. Another aspect of the design
that may be optimized is the water-jet channel including the shape and size. It is
expected that nozzles with different shapes will produce different types of water-jet
so that the effect of water-jet on the tissue may be different. Under this situation, a
calibration process is necessary for a specific nozzle shape before the real clinical
measurement. Whether a nozzle shape is optimal for cartilage test depends on
conditions including the size, beam uniformity and simplificity to calculate intrinsic
material properties from the test. Therefore, optimal shape of the nozzle for producing

the water-jet should be considered in further development.

Finally, the positioning of the probe on the cartilage in the intact knee operations
was guided by an arthroscopic view in the current study. No quantitative space
information was available for analyzing the spatial distribution of the measured
parameters. In order to tackle this problem, spatial sensor may be considered in future
design to synchronize the ultrasound-based measurement with its positional
information registered so that a spatial mapping of the tissue properties could be
possible for analyzing the pattern of change of cartilaginous properties in an
osteoarthritic joint under the arthroscopic operation. Proper choice for such kind of
positional localization can be the magnetic spatial sensor with a tiny profile, which
can be installed at the end of the probe. The spatial sensor would be better to have
anti-interference capability for metal material so that accurate measurement could be
obtained. Spatial signal will be incorporated with the ultrasound-based measurement
so that the mechanical material properties could be registered with spatial positions

for a better analysis of the results.
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4.2. Experimental validation studies

In this study, the experimental validation was arranged in an order of increased
similarity with respect to a real intra-articular measurement in vivo. The silicone
phantom was assumed to be a type of simplistic mimicking material of the soft tissue
with homogeneous and isotropic material properties. However, it was recognized to
be too simple to be a realistic model of the articular cartilage. For the experiments on
real cartilage samples, the bovine cartilage sample was cored out from one quadrant
of the patella; rabbit cartilage sample was attached on intact bone but the joint was
opened; and for the porcine cartilage, it was on the intact knee but not opened. An
increased similarity to in vivo cartilage situation indicates that the operation condition
i1s more and more approaching the real situation on living cartilage and the developed

probe is ready to be extended to in vivo clinical applications in future studies.

4.2.1. Phantom tests

In the silicone phantom test, the f/d coefficient was obtained as a parameter to
compare the results from the miniaturized probe with those from the contact
indentation device. Silicone is one of the most convenient categories of material to
mimic soft tissues in the study of tissue elasticity (Lamouche et al. 2012; Lu et al.
2005; Lu et al. 2007) and therefore it was adopted in the current study as a simple
model of the soft tissue for validation study. As the SOS of silicone phantom was
significantly different from that of soft tissue, a specimen insertion method was firstly
used to measure the sound speed. As a first step of the validation study, a good
correlation of results between the water-jet ultrasound indentation method and the
contact indentation method was obtained. This relationship would not be significantly
affected by the indentation speed as the viscosity was small this silicone material.
Neither the difference of testing conditions (in water for water-jet test and in air for
contact indentation test) would affect mechanical properties of the phantoms as the
material was impermeable. The good correlation demonstrated that the developed
probe could be used to effectively quantify the stiffness of the phantoms. However,
the silicone phantom used in the current study was relatively softer than that of the

articular cartilage and the thickness was significantly larger than that of articular
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cartilage in most animals, further study was necessary for study of real articular

cartilage and its degeneration.

4.2.2. Tests on bovine cartilage in vitro

After the phantom experiment, further test was conducted on real bovine
cartilage samples in vitro using the enzymatic digestion as a model to simulate the
degeneration of articular cartilage. Disruption of collagen network and depletion of
PGs are the most significant changes of extracellular matrix firstly observed in
degenerated articular cartilage with OA (Hollander et al. 1994; LeRoux et al. 2000).
Therefore, in this study, two specific enzymes, i.e. trypsin and collagenase were used
to digest the two main components in cartilage to simulate the degeneration. The
results by Safranin O staining showed that most of the PGs had been digested in the
trypsin treatment. Only partial PGs were digested in the collagenase treated samples
and the lost might be due to the porous structure formed after collapse of the collagen
network, which was observable under SEM (Wang et al. 2010a). The histological
study confirmed that enzymatic digestion could be practically used as model to

simulate the complete or partial breakdown of the main components of cartilage.

For the specific analysis, the reproducibility study showed comparable or even
better reproducibility of the current system compared to the previous system in terms
of SCV (Wang et al. 2010a) and it was demonstrated that the quantitative parameters
obtained from the miniaturized probe could be used to characterize the morphological,
acoustic and mechanical properties of the cartilage and its change after enzymatic
degeneration. In detail, the cartilage thickness was calculated from the two peak
signals reflected from the two interfaces of the cartilage, i.e., the cartilage surface and
cartilage-bone interface, respectively. The reflection from the surface of the cartilage
originates directly from the difference of acoustic impedance between water and soft
tissue. Therefore, it serves not only as a reference for the thickness measurement but
also as a reference reflecting the acoustic impedance of the cartilage, which changes
significantly after its compositional change, such as in the collagenase digestion
process. The thickness was found to have no significant change after both enzymatic
digestions. This was expected as an in-vitro degeneration model was used in the
current study. In living cartilage, the tissue may adapt to the disruption of

extracellular matrix components exhibiting the symptom of thickness reduction.
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However, in the in-vitro model, the tissue loses the capability in adaption and
therefore, immediately after the enzymatic digestion, the change of thickness is
hardly detectable (Nieminen et al. 2002; Toyras et al. 1999). It is well known that the
cartilage may become significantly thinner with the progression of OA, showing a
significantly narrowed joint space (Agnesi et al. 2008). However, it should be noted
in the early stage of degeneration, the cartilage thickness may increase instead of
decrease because of hypertrophic repair and swelling of the cartilage (Brandt et al.
1991; Calvo et al. 2001). Therefore, the measurement of thickness will be helpful for

the differentiation between the early and late stage of the cartilage degeneration.

With regard to the amplitude of the acoustic reflection from the cartilage surface,
the results of IRC showed that the trypsin digestion induced no significant effect
while collagenase treatment significantly reduced this parameter (Nieminen et al.
2009). Collagenase digestion caused the cleavage of the superficial collagen network.
This reduced the acoustic impedance and increased the surface roughness of the
cartilage, both of which caused the decrease of the ultrasound reflection from the
cartilage surface (Chiang et al. 1994; Toyras et al. 1999). However, the PG content is
small in the superficial layer of the cartilage (Mow et al. 2005) and change of the
acoustic impedance and surface roughness is neglectable after the trypsin digestions.
Accordingly, no significant change of surface reflection was observed from the group
with the trypsin digestion. Therefore, the acoustic reflection from the cartilage surface
could be practically used as an indicator to differentiate between degenerations

induced by loss of PGs or breakdown of collagen fiber network.

The results of the water-jet ultrasound indentation test on the cartilage showed
that the cartilage stiffness significantly decreased after the two enzymatic digestions.
After trypsin digestion, the cartilage lost the PGs as shown in histology and the fixed
charge density decreased, which significantly reduced the repulsive force during the
compression and led to a much smaller stiffness (Sun et al. 2004). For the collagenase
digestion, the breakdown of collagen fibers would form pores in the cartilage and
some PGs would then easily move out of the extracellular matrix, both of which
would reduce the mechanical quality of the cartilage. However, it seemed that in the
current model the effect of collagenase digestion was smaller than that of trypsin

treatment in reducing the stiffness of the cartilage (Table 3-1), which might be due to
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the fact that most of PGs were depleted in the trypsin digestion while only partial PGs

and the superficial network were affected by the collagenase treatment.

Viscosity is another important mechanical property of the biological soft tissue
and in this study, the energy dissipation ratio (EDR) was used to investigate the
change of cartilage viscosity before and after enzymatic digestion. From the typical
indentation curve shown in Figure 2-13, the cartilage before enzymatic digestion
behaved more like an elastic material with little hysteresis and preconditioning effect.
However, the effects of hysteresis and preconditioning were more obvious after the
digestion. It is well known that the hysteresis phenomenon observed in the
mechanical testing of cartilage is mainly caused by the content of interstitial fluid.
EDR of cartilage test is shown to be loading rate dependent (Varga et al. 2007).
However, the same indentation speed was used for all the mechanical tests in the
current study, and therefore the change of EDR after enzymatic digestion was not
supposed to be caused by the difference of loading rate. The change of EDR might
come from the alteration of hydration or the solid/fluid interactions in the cartilage.
After digestion, the water content in the cartilage might become higher (Basalo et al.
2004) and the water might become easier to move with a higher permeability
(Korhonen et al. 2003a). The combination of these changes together with the PG loss

might make the tissue less capable of energy storage resulting in a larger EDR.

The combination of the parameters measured in the current study could also be
used to differentiate between normal and degenerated cartilage and also between
trypsin-digested and collagenase-digested cartilage. Figure 4-1 shows a 3D scatter
plot of the three parameters in normal and degenerated cartilage samples, where the
corresponding 2-D plots using two parameters among them are also presented. The
normal group included the cartilage samples from both the groups before the
enzymatic digestion. It can be easily observed from the figure that the three groups
were clustered at different spatial locations. As the standard deviation of stiffness in
the normal cartilage was quite large, the combination of IRC and EDR might have the
best discrimination among the three groups. Therefore, this study has demonstrated
that the multiple parameters measured by the probe could be used to discriminate
between normal and degenerated cartilage samples and also to differentiate between

trypsin and collagenase-digested cartilage samples.
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normal and degenerated cartilage before and after trypsin and collagenase
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Analysis of the results obtained from the water-jet indentation test and from the
rigid indentation test showed that the mechanical parameters were highly correlated
and the trend of change was consistent (Figure 3-3, Figure 3-4 and Table 3-1).
Therefore, using the rigid indentation as a validated reference method, the results
demonstrated that the mechanical test using the miniaturized water-jet ultrasound
indentation probe was effective to study the biomechanical properties of the articular
cartilage. Both methods showed a significantly decreased stiffness and an increased
EDR of the cartilage after enzymatic digestions. With respect to extent of change, it
was found that the decrease of Young’s modulus measured from the rigid indentation
induced by the two enzymatic digestions was smaller than that of stiffness coefficient
from the water-jet indentation, especially for the collagenase treatment. In order to
study the detailed relationship of stiffness from the two methods, the Bland-Altman
test was performed for the water-jet indentation and contact indentation tests (not
shown here). Through this test, it was found the difference of the two methods was
relatively larger for a larger stiffness value. Therefore, it was recognized there was
some nonlinearity for the relationship between the results of the two methods. With
respect to EDR, its value from the water-jet indentation was generally smaller than
that by the rigid indentation. These differences might originate from the two
intrinsically different mechanical test methods. Interactions between the cartilage and
indenter depend on the indenter material and therefore even with the same force level
of indentation, the behavior of deformation may be quite different for the two
indentation methods, which is further discussed in Subsection 4.2.5. Future
investigation using experimental or simulation methods is necessary to explain the
differences of results from the two methods and extract the intrinsic material
parameters from the water-jet indentation. For the current study, a simplistic model of
enzymatic digestion was used to simulate the cartilage degeneration. The extent of
component destruction using this model may not be so easy to control to simulate an
early degeneration of the cartilage. Furthermore, the destruction to the cartilage using
these enzymes is quite specific and the model is quite simple with respect to the very
complicated etiology and pathology of the cartilage degeneration in an osteoarthritic
change. Therefore, further study was conducted on naturally degenerated articular

cartilage in a rabbit mode of OA based on ACL transection.
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4.2.3. Tests on rabbit cartilage in situ

ACL transection is a popular model used to study the change of articular
cartilage in the knee joint in animal model studies of OA (Bendele 2001; Vignon et al.
1987). The surgery creates biomechanical instability to the joint and the varied
loading pattern progressively causes the structural changes of the tissues inside the
joint (Kaab et al. 2000), which finally lead to osteoarthritis. In this study, the
combined ultrasound-based method was introduced to study the change of various
properties in the rabbit knee cartilage using the ACL transection model of OA and to
assess the potential application of this method in quantitatively assessing the cartilage
degeneration. Matured rabbits were used in the study to assure that the degeneration
was similar to adult human model of OA and the model was not affected by the
maturation process. It should be noted that the morphological parameter URI and
acoustic parameter IRC were obtained from a separate high frequency ultrasound
imaging system, which was different from that of mechanical properties measured by
the water-jet indentation system. This is not so convenient or even impossible for
future studies in living tissues as the probe of the high frequency ultrasound system is
too big and it takes time to use multiple devices for measurement during surgical
operations. This problem can be solved by using the IAUS catheter, as used in the
arthroscopic probe design. In this situation, all the parameters can be measured
through a single device operation so that the developed device can be more attractive
for clinical applications. Detailed discussion of the related results is presented as

follows.
4.2.3.1. Change of various parameters with post-surgery time

There was a significant increase of the histological grade for the cartilage lesions
along with the post-surgery time (Figure 3-7). The distribution of histological grades
at different post-surgery time points also showed the gradual increase of the
degeneration level (Figure 3-8), which has been reported in previous studies (Batiste
et al. 2004; Yoshioka et al. 1996). The results of histological grades showed that there
was real degenerative change of the articular cartilage and the change was progressive
with time. Therefore, ACL transection model was an effective model to simulate the
degenerative change of the articular cartilage. An interesting observation of the

comparison between lesions at two sides revealed that the grade was generally higher
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at the femoral side than that at the tibial side. The possible reason might come from
the different loading pattern between the inspection sides. The average stress endured
at the femoral sites might be larger in general than that at the tibial plateau so that the
lesion at the femoral side was severer than that at the tibial side. The averaged grade
was generally less than 2 for Groups Week-0, Week-3 and Week-6, except for Week-
9, so the lesion was generally considered to be at the early stage, which served as a
proper model for the purpose of detection of early cartilage degeneration using the

ultrasound-based measurement method.

The ultrasound-based multi-modality measurement could obtain morphological,
acoustic and mechanical properties from the articular cartilage. Except the thickness,
all other parameters showed some general trend for the cartilage lesion along with the
post-surgery time. The URI generally increased along with the post-surgery time,
which was caused by fibrillation of the cartilage at the early degeneration. Fibrillation
is characterized by splitting of the cartilage surface and therefore the surface
roughness is increased after fibrillation. Yoshioka et al. (1996) also reported an
increase of the RMS roughness for the cartilage after ACL transection when
compared to the cartilage in the sham knee. The URI of cartilage with lesion at Week-
9 post surgery was about 3~4 fold larger than that of the control sample; however, the
URI had a slight decrease at the tibial side between Week-6 and Week-9, although the
difference was not significant (p > 0.05). Possible reason might be due to the non-
uniform change of the structural changes with time after the ACL transection surgery,
which should be further investigated. The results of IRC showed that the acoustic
reflection from the cartilage surface generally decreased with post-surgery time. A
general decrease of 10 dB was found for IRC between the control and samples at 9
week post surgery. The decrease was caused by both the increase of the surface
roughness and that of the cartilage physical properties including the acoustic
impedance (Adler et al. 1992). However, similar to the situation of URI, the trend of
IRC change between Week-6 and Week-9 was slightly different at the tibial side. It
slightly increased rather than decreased after Week-6, for which the reason was
uncertain and should be investigated in future studies. The stiffness of the cartilage
measured from the water-jet ultrasound indentation showed a general decrease after
the ACL transection surgery. A general difference of 20.8% was found for the

stiffness between Group Week-9 and control at the femoral side and the
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corresponding value was 34.8% at the tibial side. The decrease was generally smaller
than that induced by the enzymatic digestion (Table 3-1). Similar results on the
change of mechanical properties after ACL transection were reported in a previous
study which disclosed a decrease of 18% for the aggregate modulus at 9 weeks post
surgery (Sah et al. 1997). The decrease of the stiffness after surgery was assumed to
be caused by the material degeneration in the articular cartilage including the
breakdown of the collagen network and the loss of proteoglycans. Although there
were significant differences between control and the post-surgery groups, the
difference among the different post-surgery groups was not significant, suggesting
that the degradation of the mechanical properties in the cartilage was quite subtle. In
this situation, the change of other properties such as morphological and acoustic
properties could be complementary to the mechanical properties as reliable indicators

of early degeneration of cartilage.
4.2.3.2. Association of parameters with histology and inter-correlations

The association of the various parameters with the pathological grade was also
analyzed to see whether the measured parameters could be used as good indicators to
reflect the severity of the cartilage degeneration. The results were quite similar to
those post-surgery time related results, which might be due to a good correlation
between the histological grade and post-surgery time. A Spearman rank correlation
analysis showed that the correlation between the histological grade and post-surgery
time was 0.77 and 0.68 at the femoral side and at the tibial side (both p < 0.001),
respectively. The histological grade was given based on the OARSI grading method
and served as a gold standard for assessing the cartilage quality. The histological
scale was specifically given at the test position so that there was one-to-one
correspondence between the measured parameters and the histological grade, except
Grade 4. In Grade-4 samples, the pathological grade might not represent the real
situation of the tested cartilage because the ultrasound-based measurement could not
be conducted on bone directly. In this situation, the ultrasound measurement was
performed on the nearest position where cartilage was still there. Therefore, this part
of results with Grade 4 was not included for comparisons in the statistical analyses. In
future studies, a better control of the correspondence between sites for pathological
grading and ultrasound measurement should be planned for a better correspondence

of the results.
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No obvious association was found between the cartilage thickness and the
pathological grade. Until at the very late stage, the thickness of cartilage might not be
a reliable parameter to indicate the severity of cartilage degeneration. In order to
observe the trend of change of different parameters with respect to the pathological
grade, a linear regression of the parameters with respect to the grade was analyzed. A
general trend was significant or nearly significant for almost all the parameters except
the thickness at the femoral side: for URI, a trend of 6.3 um per one grade increase
(y = 63x—4.2,r = 0.91,p = 0.092); for IRC, a trend of -3.46 dB per one grade
increase (y = —3.46x —39.76,r = —0.98,p = 0.024); for SC, a trend of -353
kPa per one grade increase (y = —353x +4806,r = —0.94,p = 0.060) and for
E, a trend of -109 kPa per one grade increase (y = —109x + 774,r = —0.96,
p = 0.045) were obtained. At the tibial side, the trend was not obvious for the URI
and IRC; for SC, a trend of -812 kPa per one grade increase (y = —812x + 9519,
r = —0.81,p = 0.19) and for E, a trend of -160 kPa per one grade increase
(y = —160x + 1106, r = —0.96, p = 0.038) were obtained. More consistent
change along with the progression of degeneration seemed to happen at the femoral
side than at the tibial side, for which the reason should be further investigated. The
multiple parameters from the ultrasound-based measurement provide the opportunity
to study the progressive change of the cartilage in terms of change of different
material properties. How to combine these multi-modality parameters into an integral
indicator to reflect the severity of cartilage degeneration needs to be further

investigated.

The inter-correlations among the measured parameters were analyzed and the
results showed that the maximum correlation came from negative relationship
between the URI and the IRC (r = —0.73), and followed by that between the
stiffness and stiffness coefficient (r = 0.64). The high correlation between URI and
IRC was understandable, because when the surface is rougher, the energy is scattered
in a larger angle range so that the reflection at the 180° backscattering direction with
respect to the incident ultrasound beam becomes smaller. The linear relationship was
more obvious when the URI was small and it became more scattered when the URI
was large (Figure 3-10d). A more detailed explanation and theoretical models related
to ultrasound scattering can be found in previous studies (Thorsos 1988; Thorsos and

Jackson 1989; Yang and Broschat 1992). The URI was a direct physical parameter
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reflecting the cartilage surface condition while the IRC was an indirect indicator of
the cartilage surface. The correlation between the thickness and stiffness of the rabbit
cartilage was also demonstrated in a previous study (Rasanen and Messner 1996).
The correlation showed that in rabbit the elasticity of the stifle cartilage was closely
related to its thickness, which might be related to a distribution of the loading inside
the knee joint. However, it should be noted that the correlation between thickness and
cartilage stiffness was controversial as some studies denied the existence of such a
correlation (Athanasiou et al. 1991; Simon 1970; Simon 1971) and the correlation
was different among different species (Niederauer et al. 2004), which warrants further
studies. The relationship between the morphological (URI) and mechanical properties
(stiffness) was also determined. The results showed that when the surface roughness
became sufficiently large (e.g., URI > 30 pm), the stiffness was significantly reduced
because of the degradation of the collagen network. However, in a small range of URI,
the relationship between stiffness and surface roughness was not so obvious. The
situation was similar for the relationship between IRC and stiffness coefficient.
Further studies are necessary to more clearly identify the relationship between the

surface roughness and the mechanical properties of articular cartilage.

Finally, a significant correlation between the stiffness coefficient measured from
the water-jet indentation and Young’s modulus from the intact indentation
demonstrated that the water-jet indentation method was an effective method to
measure the mechanical properties of the cartilage, as also showed in the previous
experiment on the bovine cartilage test in vitro. However, it was found that the
correlation (r = 0.55, Figure 3-11) was not so high. There were several possible
reasons for the intermediate correlation value. The first one was the high aspect ratio
(indenter radius/cartilage thickness~ 2) in the rabb it cartilage test. When aspect ratio
was high, the results of Young’s modulus calculated from the Hayes’ equation (1972)
would be more dependent on the test condition and other material properties (such as
the Poisson’s ratio and cartilage thickness), inducing larger errors in calculation for
different samples if the specific parameters were uncertain. The second might be the
large inhomogeneity of cartilage especially the thickness under the large indenter so
that the conditions of using Hayes’ equation could not be met in this situation. The
third reason was the relatively lower accuracy in measuring the deformation during

indentation due to the small thickness of cartilage so that the error of final results
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might become relatively larger in this case. In future studies, it is necessary to use a
smaller indenter or increase the ultrasound frequency in order to improve the
measurement accuracy and reliability. The last one came from the equation used for
calculating the stiffness coefficient in water-jet indentation. It was just used as a
reference measurement of the cartilage elasticity. Further investigation is necessary to
extract the intrinsic material properties from the water-jet indentation test, as

discussed in Subsection 4.2.5.

4.2.4. Arthroscopic tests on cartilage in intact porcine knees

After the arthroscopy-based probe was developed, preliminary experiment was
conducted on the cartilage of the intact knee using the trypsin digestion model to
simulate the degeneration of the articular cartilage. With the guidance of arthroscopic
view, the probe could be properly positioned inside the intact knees in order to
achieve good imaging of the cartilage. A good fixation of the probe using a clamp
could facilitate the operation and a reliable measurement could be conducted using
this setup. Based on the current setup, the thickness and stiffness of the cartilage were
measured for comparison before and after the trypsin digestion. As expected, the
experimental results showed that the cartilage thickness did not change after the
trypsin treatment, as trypsin does not cause any significant change on the tissue
structure. However, for the mechanical properties, the stiffness significantly
decreased after the trypsin digestion (p < 0.001). It was uncertain whether the
decrease of stiffness might come from the natural degeneration of the material quality
with time even without the effect of enzymatic digestion. In order to measure the time
(about 4 hours) effect on the cartilage stiffness, two extra tests were conducted in two
extra intact knees to measure the change of cartilage stiffness along with time. The
original stiffness for the two control samples was 4445 kPa and 4154 kPa,
respectively. The knees were kept hydrated and then the cartilage was re-tested after 4
hours of hydration. The corresponding stiffness became 4029 kPa and 3863 kPa.
There was only a 9.4% and 7.0% decrease of stiffness for the two samples. This
might suggest that the main decrease of stiffness came from the enzymatic digestion,
which was mainly caused by the depletion of proteoglycans, but not from the pure

time effect.
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Through the preliminary tests inside the intact porcine knees, the basic concept
and feasibility of using the arthroscopic probe for characterizing the degeneration of
the articular cartilage through arthroscopic measurement was demonstrated. The
developed probe has a proper size which can be inserted into the joint of big animals
for direct measurement of the cartilage material properties. In order to make this tool
ready for clinical applications, further improvement of the probe design and

fabrication is needed and more pre-clinical trials should be planned in future studies.

4.2.5. Limitations of experimental studies and future research directions

There were some limitations for the current experimental study of detection of
early cartilage degeneration using the probe developed in the current study, in

addition to those that have been separately discussed in previous subsections.

The water-jet was successfully applied as an indentation medium to compress the
cartilage in this study. However, as the purpose of the water-jet is to indent rather
than destroy the tissue, the pressure used in my study was far smaller and the nozzle
size was much larger than those used in surgical cutting applications. For the current
system, when the maximal pressure was set to be larger than 550 kPa (5.5 bar), the
water-jet became quite turbulent, which greatly affected the acquisition of ultrasound
signal and made the signal void for quantitative analysis. Therefore, a maximal
pressure smaller than this value (about 330 kPa) was used in the current study.
Specialized design may be necessary in future study if a larger water pressure is
needed to induce certain large enough amount of deformation in the tissue. In the case
of high pressure, it is necessary to use high resistant material for the tube and
connectors to prevent the whole system from being broken for a normal operation. On
the other hand, in our study the maximal pressure loading of 330 kPa was quite small
compared to the peak loading stress of cartilage endured in a normal physiological
loading condition; for example, a high pressure up to 18 MPa may be induced in the
hip joint cartilage (Hodge et al. 1986). Therefore, it was hypothesized that the
potential deleterious effect of the water-jet indentation on the cell viability and matrix
quality on the cartilage samples either with normal condition or early degeneration in
the current study could be neglected. However, if a larger water-jet pressure was

needed in future studies, labeling methods such as the TUNEL staining (Loening et al.
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2000) can be introduced to study its detrimental effects on the cell viability in the

normal, pre-osteoarthritic and severely degenerated cartilage.

The second limitation is related to the technical aspect of the water-jet ultrasound
indentation method. With respect to the mechanical properties, a very simple model
of the mechanical behavior of cartilage under water-jet indentation was adopted in the
current study. The slope of the loading phase of the force-deformation curve was used
to represent the elastic properties of the cartilage under certain test protocols together
with the cartilage’s initial thickness as shown in the definition of stiffness coefficient.
The stiffness coefficient is not an intrinsic parameter of the tissue material. In order to
extract intrinsic material parameters such as Young’s modulus from the water-jet
indentation, the interaction of water-jet with the soft tissue should be further studied.
This could be started from the finite element analysis with modern software which
can handle the analysis of solid-fluid interaction (such as Ansys). Tissue model will
be created first and then the water-jet will be used to indent the tissue with their
interface defined by specific solid-fluid interaction (FSI) model. The robustness of the
simulation will be verified by experimental study. After verification, finally a specific
calculation method (most likely, an equation) will be derived from the simulation
results to calculate the Young’s modulus from the data of pressure and deformation.
Furthermore, it is well known that cartilage is a complex multiple-phasic tissue (for
example, including the solid, fluid and ion states in a triphasic model (Lai et al. 1991;
Mow et al. 1980) and it has various characteristics of a typical biological soft tissue
under mechanical test: inhomogeneity induced by hierarchical structure, anisotropy
induced by fiber orientation, strain and strain-rate dependence induced by tissue fluid.
The interaction between water-jet and cartilage is of great importance for analyzing
the experimental data. For example, a continuous water-jet was adopted in the current
study to indent the cartilage. The rebound force might induce positional change in the
tissue if the probe was not fixed during the operation. To solve this problem, pulsatile
water-jet may be adopted in further studies to reduce the effect of rebound. Otherwise,
some balancing mechanism needs to be incorporated to reduce the effect from the
rebounding force. How those more realistic and practical models such as biphasic or
triphasic model (Lai et al. 1991; Mow et al. 1980) together with a detailed analysis of
the water-jet indentation data can be used to get intrinsic properties from the cartilage

warrants further research. Only intrinsic parameters of the cartilage are obtained from
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the measurement, comparisons of results from different research groups and centers

are possible for better studies of this tissue.

Another limitation for the application of the developed probe is the invasiveness
of the operation. Although an arthroscopic operation can be thought to be minimally
invasive, the invasiveness may limit the operation to those subjects for whom
arthroscopic operation is suggested by the doctors as necessary and unavoidable. This
may be the main hurdle which prevents the current technique from being accepted as
a clinical routinely used diagnostic method. This is also the main disadvantage of the
current technique compared to those truly non-invasive methods such as MRI
imaging of articular cartilage. Traditional ultrasonographic detection of articular
cartilage is possible as introduced in the Introduction part of the thesis. However, it
suffers from a low spatial resolution because of low frequency used for a deep enough
penetration. To improve the spatial resolution, relatively high frequency was used but
it needs a near distance operation so that more accurate measurement could be
performed. The near distance operation made the requirement of minimal invasive
arthroscopic operation unavoidable. On the other side, minimal invasive operation is
acceptable for some patients. Nowadays, hundreds of thousands of arthroscopies are
performed in each year on those patients who have problems with their knees.
According to Rutkow’s report, there were 632,000 procedures of knee arthroscopy
which was the 7™ most frequent operation in United States in 1994 (Rutkow 1997).
These patients receive the operation of knee arthroscopy probably because of
pathologies such as meniscus tear or ligament injuries. However, they may also have
signs of early OA and the developed arthroscopic probe can be used to detect the
change of tissue properties of the articular cartilage. The use of the arthroscopic probe
would not significantly be different from the use of other arthroscopic instruments but
these patients can benefit from the early detection of cartilage degeneration.
Treatment schemes can be prescribed to those patients to prevent or delay the
progression of OA. On the other hands, for those patients who receive cartilage repair
surgeries, the developed probe can also be used to monitor the recovery of the
cartilage under different treatment schemes such as laser or ultrasound stimulations
(Gur et al. 2003; Loyola-Sanchez et al. 2012). For the purpose of screening of early
cartilage degeneration, low-cost and noninvasive examination methods are needed to

be developed in future.
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Figure 4-2 A simple demonstration of the arthroscopic operation of the

developed probe in the human knee test in vivo.

Lastly, the usefulness of the rabbit OA model for study of adult human subjects
is still of concern and further studies on using the multi-modality measurement for
assessment of human cartilage degeneration are needed to demonstrate the potential
of the developed probe. When the probe with further improvement meets the general
standards of operation on human subjects such as easy disinfection, biological
compatibility and reliable measurement, the probe can be inserted into the joint for in
vivo test as shown in Figure 4-2. The viewing arthroscopy then can be used to guide
the positioning of the developed probe and related measurement will be conducted
after the probe is placed at a proper position in the joint. Furthermore, 3D positional
sensing device can be installed at the tip of the probe for locating the exact test site so
that a coarse mapping of the cartilage properties can be possible. The distribution of
the material properties can be used to study the regional difference of the
degeneration in the osteoarthritic joint. The ultimate goal of the development of
arthroscopic is to help the diagnosis of early cartilage degeneration or the monitoring
of cartilage repair in a quantitative and objective way, for those patients as mentioned

in the above paragraph.
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5. Conclusions and Suggestions on Future Work

In

this study, the development of an arthroscopy-based water-jet ultrasound

indentation and corresponding experiments to test the feasibility and applicability of

the ultrasound-based measurement for detecting the degeneration of articular cartilage

were described. Based on the successful design of the probe and corresponding

experimental results, the following conclusions can be drawn:

1)

2)

3)

4)

An arthroscopy-based water-jet ultrasound indentation probe has been
successfully designed and fabricated through a two-step development scheme;
The developed miniaturized probe could be used to detect the degeneration of
bovine articular cartilage in vitro induced by enzymatic digestions;

The experiment on rabbit knee cartilage in situ using an osteoarthritis model
induced by ACL transection surgery showed that the ultrasound-based
measurement technique was effective to detect the natural degeneration of the
articular cartilage;

The pre-clinical trials in intact porcine knees using the arthroscopy-based
probe demonstrated it was feasible to be applied for intra-articular

characterization of cartilage degeneration.

To continue this study, I propose the following topics as suggestions for the future

research:

1))

2)

3)

To study the profile of deformation induced by the water-jet on the soft tissue
and the interactions, so that intrinsic material properties such as Young’s
modulus can be extracted from this type of non-contact indentation test;

To further develop the IAUS-based water-jet indentation probe in aspects such
as shape optimization, operation optimization, 2D RF data collection, and
possibilities in integration with other sensors, e.g., spatial sensor or optical
sensor, so that more effective operation can be achieved and more mechano-
acoustic parameters can be obtained within one probe;

To further test the developed probe using naturally degenerated human
osteoarthritic cartilage samples in vitro or even human cartilages in joints in

vivo to demonstrate its usefulness in clinical practice.
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