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Abstract

High-frequency ultrasound is a promising method to characterize osteoarthritic
changes of cartilage tissue in vivo. Numerous studies have investigated the cartilage
surface reflection and successfully related derived ultrasound surface parameters to the
degeneration stage of cartilage. Only a few studies evaluated acoustic backscatter orig-
inating from the cartilage matrix and so far only integrated spectral amplitudes of the
received signals have been considered, particularly the apparent integrated backscat-
ter (AIB). However, information contained in the ultrasound frequency domain could
potentially exhibit higher sensitivities towards degenerative changes at a cellular level
and therefore provide additional information that may enable a better discrimination

between degeneration stages.

The aims of this work were to introduce parameters that relate to the frequency
dependence of ultrasound backscatter and envelope statistics, to study their diagnostic
value in comparison with the well-established AIB, to attempt to classify different
degeneration stages using combinations of ultrasound parameters and finally to study
the contributions of collagen, proteoglycan and chondrocytes to ultrasound backscatter

amplitude.

Results showed that the introduced apparent frequency dependence of backscatter
(AFB) was sensitive to degenerative changes, particularly the earliest signs of degener-
ation, whereas the conventionally used AIB exhibited relatively low sensitivities. Fur-
thermore, it was demonstrated that in a classification-based approach, combinations of
ultrasound parameters can be used to discriminate between different, particularly very
early, degeneration stages. Here, backscatter frequency dependence and backscatter
amplitude appeared as good predictors for the discrimination of early and advanced
degeneration stages, respectively. Finally, it was shown that more than 50% of the
backscatter amplitude can be attributed to natural variations of cell number density

and collagen concentration.

This work demonstrated for the first time that envelope statistics and depth-
dependent spectral slope parameters are highly sensitive to the early stages of extra-
cellular cartilage matrix degeneration and outperform conventionally used amplitude-
based parameters. Moreover, these parameters provide beneficial additional informa-
tion in a classification approach to discriminate between different degeneration stages.
The identification of collagen and chondrocytes as major scattering sources at higher
ultrasound frequencies suggests that the observed variations relate to degenerative
changes of chondrocytes and the collagen network. An application of these parame-
ters and particularly the use of parameter combinations to intra-articular ultrasound
arthroscopies appears feasible at present and likely improves the diagnostic potential

of these examinations.



Abstract

Hochfrequenter Ultraschall ist eine vielversprechende Methode um osteoarthritische
Veranderungen von Gelenkknorpel in vivo zu erfassen. Die am h&ufigsten verwende-
ten Ultraschallparameter basieren auf der Verarbeitung von Ultraschallreflexionen an
der Knorpeloberfliche und eine Vielzahl von Studien konnten Verdnderungen dieser
Parameter in Bezug zu osteoarthritischen Veranderungen setzen. Nur wenige Stu-
dien haben bisher die Ultraschallriickstreuung von der extrazelluldren Knorpelmatrix
untersucht und dabei wurden lediglich Parameter verwendet die einen Mittelwert des
Frequenzbereichs darstellen, i.e. der apparent integrated backscatter (AIB). Die damit
verlorengegangene frequenzabhéngige Information kénnte jedoch eine hohe Sensitivitat
auf degenerative zellulare Verdanderungen aufweisen und damit eine bessere Unterschei-

dung zwischen Degenerationsstadien erméglichen.

Die Ziele dieser Arbeit waren die Einfiihrung von Parametern die die frequenz-
abhangige Information adédquat abbilden sowie statistische Parameter der Einhiillenden,
die vergleichende Untersuchung dieser Parameter hinsichtlich ihrer Sensitivitat auf
die zugrundeliegende Knorpelmatrixdegeneration, eine Klassifizierung zwischen ver-
schiedenen Degenerationsstadien unter Verwendung mehrerer Ultraschallparameter,
sowie die Untersuchung des Einflusses der Knorpelmatrixkomponenten Proteoglykange-

halt, Kollagengehalt sowie Zelldichte auf die Ultraschallriickstreuamplitude.

Die Ergebnisse haben gezeigt, dass die Frequenzabhéngigkeit des Amplitudenspek-
trums (apparent frequency dependence of backscatter, AFB) im Unterschied zum kon-
ventionellen AIB eine hohe Sensitivitdt auf degenerative Verdnderungen, insbesondere
sehr frithe Degenerationsstadien, aufzeigt. Weiterhin konnte gezeigt werden, dass eine
Klassifikation zwischen unterschiedlichen, insbesondere sehr frithen, Degenerationssta-
dien mittels mehrerer Ultraschallparameter moglich ist. Die Verwendung von AFB
und AIB war dabei hilfreich zur Unterscheidung frither bzw. fortgeschrittener De-
generationsstadien. Schlussendlich konnte gezeigt werden, dass mehr als 50% der
Ultraschallriickstreuamplitude der natiirlichen Variabilitat von Kollagenhgehalt und

Zelldichte zugeordnet werden kann.

Diese Arbeit konnte erstmals darlegen, dass frequenzabhéngige Ultraschallparam-
eter sowie statistische Parameter der Einhiillenden eine hohe Sensitivitdt auf friithe
degenerative Veranderungen der Knorpelmatrix aufweisen und den konventionellen Pa-
rameter AIB deutlich iibertreffen. Des Weiteren konnte die Klassifikation verschiedener
Knorpeldegenerationsstadien durch Einbeziehung dieser Parameter verbessert werden.
Die Identifikation von Chondrocyten und Kollagen als wichtige Riickstreuquelle hochfre-
quentem Ultraschalls deutet darauf hin, dass die beobachteten Verédnderungen des
AFB Degenerationen von Chondrocyten und des Kollagennetzwerks zugeordnet werden
kénnten. Eine Anwendung dieser Parameter fiir intra-artikulare Ultraschallarthroskopien

ist denkbar und konnte deren diagnostisches Potential deutlich erhéhen.



1 Introduction

Osteoarthritis (OA) is a common chronic disease that involves the progressive degeneration
of hyaline cartilage within synovial joints and can affect any joint, most commonly the knee
or hip joint and those of the hand. Common symptoms are joint pain and stiffness as well as
reduced function and participation restriction, resulting in a severe loss of patient life quality:.
OA is age-related, with symptoms often appearing not before middle age. The prevalence
is high: 24% and 11% in the general adult population show symptoms of OA of knee and
hip joints, respectively [1]. In elderly people, OA is considered the most common cause of
disability [2].
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Figure 1: a): Layered structure of healthy articular cartilage. The superficial zone is
characterized by a large number of small disk-shaped chondrocytes. Fewer and more isotropic
chondrocytes can be observed in the transitional zone. In the radial zone, chondrons contain
multiple chondrocytes. Cell density is lowest and the cell size is large. Note the arch-like
structure of collagen, with the fiber orientation parallel to the surface in the superficial zone
and perpendicular to the surface in the radial zone [3]. b): Hemotoxylin and eosin (H&E)
stained histological cross-section of an intact cartilage sample (OARSI grade 0). ¢): H&E
stained cross-section of a cartilage samples with moderate signs of degeneration (OARSI
grade 3). Reprinted from [3, 4] with permission from Elsevier.

The structure of healthy hyaline cartilage is characterized by a distinct zonal organization
with different collagen-orientations and cellular properties (Fig. 1). The earliest cartilage
degeneration stages at the tissue level are cartilage tissue swelling and softening due to a
loss of extracellular macromolecules, which results in a reduced capacity of the cartilage
tissue to bind or release water. Subsequently, the superficial collagen becomes more prone to
mechanical injury, resulting in a fibrillation and roughening of the superficial cartilage zones.
Later stages are characterized by a disruption of the collagen network, Pannae (cracks),

complete loss of biomechanical competence and ultimately, loss of cartilage tissue. Cellular



changes are manifested as diffuse hypercellularity, cell cloning and cell loss from earlier
to later stage degenerations. All these changes can be verified histologically and various
histopathological scoring systems exist, e.g. the Mankin score (Table 1) [5] or the more
recent OARSI grading system [4].

The clinical diagnosis of OA is often based on radiographic images (X-ray). Radiography
can assess bony features associated with OA, such as the presence of osteophytes, which is the
most important criterion for radiographical OA diagnosis [6]. Narrowing of the joint space
width as a result of a decrease in cartilage thickness is an indicator for disease progression.
Moreover, subchondral bone sclerosis and potential bone deformities are indicators for later
stage degenerations. The major drawback of radiographic imaging is its insensitivity to all
non-mineralized tissue if no contrast agents are used, as is the case in a CT arthrography, for
example. This implies that cartilage tissue thickness and meniscal integrity are assessable

only indirectly through the joint spacing.

Table 1: Histological-histochemical grading (Mankin et al.)[5]. The sum of the four scores
is typically referred to as Mankin score.

Grade Grade

I. Structure III. Safranin-O staining

a. Normal 0 a. Normal 0
b. Surface irregularities 1 b. Slight reduction 1
¢. Pannus and surface irregularities 2 ¢. Moderate reduction 2
d. Clefts to transitional zone 3 d. Severe reduction 3
e. Clefts to radial zone 4 e. No dye noted 4
f. Clefts to calcified zone 5

g. Complete disorganization 6

I1. Cells IV. Tidemark integrity

a. Normal 0 a. Intact 0
b. Diffuse hypercellularity 1 b. Crossed by blood vessels 1
c. Cloning 2

d. Hypocellularity 3

For this reason, magnetic resonance imaging (MRI) is becoming the most widely used
modality for the assessment of joint structures in research [6, 7] as it enables an evaluation
of OA as a whole organ disease. Several semi-quantitative MRI scoring systems for knee
OA exist (e.g. WORMS, BLOKS, MOAKS, KOSS) [6], that assess degenerative morpho-
logic changes of bone marrow, subchondral bone, cartilage, menisci, synovitis, and ligaments
independently and are therefore able to evaluate the degenerative state in a more sophis-
ticated and detailed manner compared to radiography. In addition to morphological MRI,
compositional changes of cartilage and menisci extracellular matrix can be analyzed using
well-established, advanced MR imaging techniques such as the T2-mapping and delayed
gadolinium-enhanced MR imaging of cartilage (dGEMRIC). T2-mapping can quantitatively
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determine the collagen concentration and orientation due to its sensitivity to the interaction
of water with macromolecules [8]. dGEMRIC has been shown to be an indirect measure
of glucosaminoglycans, the water-binding macromolecules of the cartilage extracellular ma-
trix. The anionic gadolinium particles are able to diffuse into the cartilage matrix if the
glucosaminoglycans are absent and the local anionic potential of the extracellular matrix is
low. Hence, the detection of locally high concentrations of gadolinium is typically associated

with a higher cartilage degeneration [8].

Arthroscopy is a minimally invasive surgical procedure in which a small fiberoptic en-
doscope is inserted into the joint that enables a reliable assessment of cartilage tissue and
immediate surgical intervention. Treatments vary from washing out debris and crystals to
prevent inflammation, debridement of torn menisci, smoothening the cartilage surface and
removal of osteophytes that block the full extension of the joint [9]. In addition to optical
images of the cartilage surface, the biomechanical competence of the tissue can be assessed
by arthroscopic indentation devices, e.g. as proposed by Kiviranta et al. [10]. Moreover,
Viren at al. [11] proposed the application of intravascular ultrasound (IVUS) devices during
arthroscopy, i.e. intra-articular ultrasound (IAUS) which has been part of extensive research
in the past years and recently shown to be feasible for in vivo applications [12] (Fig. 2).
The major advantage of TAUS besides providing qualitative information such as imaging of
lesions within the cartilage matrix, is the access it allows to a large number of quantitative

ultrasound parameters that relate to the degenerative state of cartilage [13].
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Figure 2: Images of arthroscopic video (a) and intra-articular ultrasound (b) during an in
vivo application of IAUS. Patellar and femoral articular surfaces are visible. The femoral
surface appears more fibrillated. Reprinted from [13] with permission from Sage.

Ultrasound is a mechanical wave that is transmitted through a medium by local displace-
ments of particles of the medium, thereby causing temporal and spatial changes of medium

density. Longitudinal wave propagation is the simplest form of wave propagation and is



valid for isotropic liquids, gases, and biological soft tissue. The longitudinal wave propaga-
tion speed ¢, i.e. speed of sound, is dependent on the compressibility of the medium. Other
wave propagations, such as shear waves or Rayleigh waves, are apparent in solid materials
and solid boundary surfaces, respectively. The wave propagation speed ¢ is medium-specific
and dependent on the medium compressibility and mass density. The ultrasound frequency
f determines the number of oscillations per time unit and is inversely proportional to the

wavelength A:

c
=— 1
=4 (1)
The axial resolution d,, i.e. the resolution in direction of the beam propagation, of an
ultrasound imaging system is dependent on the spatial pulse length 7:
. A
d. = c-T_¢ J 2)
2 2

,with 7 being the number of wavelengths contained in the emitted pulse, determined

by the excitation duration of the ultrasound transducer. This means that axial resolution
is directly correlated with the ultrasound frequency. The maximum lateral resolution is
more complex, due to its dependence on the geometrical properties of the transducer, e.g.
curvature and diameter of the aperture. However, the maximum possible lateral resolution

is limited by the chosen ultrasound frequency.

Several main interactions occur between ultrasound waves and the medium as well as
therein contained structures: Specular reflection, absorption, attenuation and scattering.
Specular reflections occur at medium boundaries or structural boundaries with a dimension
much larger than the wavelength. The amount of reflected energy is defined by the acoustic
impedance difference between the two media. The remaining energy is transmitted. Absorp-
tion is the conversion of ultrasound energy into other forms of energy, e.g. thermal energy.
Attenuation accounts for both absorption and scattering-processes. Attenuation coefficients

are frequency-dependent and often expressed as:

a=aqag- f" (3)

,with both parameters oy and n as medium-specific parameters. For most biological
tissues, m is larger than 1, which means that attenuation is increasing exponentially with

increasing frequency.

Ultrasound scattering arises mostly from sub-wavelength structures. In contrast to spec-
ular reflections, the spectrum of scattered waves is usually not equivalent to that of incident
waves and is direction dependent. As the name suggests, backscatter refers to scattering
in the direction of the incident wave source and is most common in ultrasound measure-

ments. Scattering intensity is highly dependent on the product of scatterer dimension a and



ultrasound wave number k, i.e. the ka-value:

2-m-a

- g

Scattering of structures smaller than the wavelength (ka << 1) is characterized by an

ka =

exponential intensity increase with increasing ka (Rayleigh scattering), whereas the intensity
for ka-values of one and higher is fluctuating due to interference of structure and wavelength
(Mie scattering) (Fig. 3). This means that in the Rayleigh-scattering domain, within a
finite frequency bandwidth, the scatterer size inversely correlates to the spectral amplitude
increase with increasing frequency. In addition to the scatterer size, its shape, orientation
and acoustic impedance mismatch to the surrounding medium impact the scattering intensity
emitted in any given direction. Altogether, the following implications derive from the use
of higher ultrasound frequencies: 1) Spatial resolutions are increased but also the acoustic
attenuation. 2) The sensitivity towards scatterers with a certain dimension much smaller

than the wavelength increases by an increase of the ka-value.
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Figure 3: Backscatter intensity as a function of the ka-value and frequency under the
assumption of a constant effective scatterer size of 2.7 ym. Note the exponential increase in
the Rayleigh scattering domain for ka-values significantly smaller than 1. Reprinted from
[14], Fig. 5.4, with permission from Oxford University Press.

For tissue characterization, backscatter intensity of incoherent scattering can be modeled
for various shapes, orientations and elastic scatterer properties by theoretical backscatter
spectra. Using a 3D spatial autocorrelation function, the following closed-form solution was

derived:

Wtheor(f) = B(Laq) : C(aeff>nz) : f4 . F(f7 aeff)? (5)

with a.rs being the effective scatterer size, C' the scattering strength, and n, the average
acoustic concentration, the latter being derived from the product of number density and

acoustic impedance difference between medium and scatterer. B(L,q) accounts for source
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and windowing characteristics given a gate length L and a transducer focal parameter q.
F' denotes the form factor that in the case of randomly distributed spherical scatterers is
dependent only on frequency and the effective scatterer size. Numerous form factors were
proposed to model the scattering specifically for cells, such as the Gaussian form factor that
models a continuous spatial change of acoustic impedance between medium and scatterer.
The comparison between a measured spectrum and theoretical spectra derived for different
effective scatterer sizes then enables an estimate of the effective scatterer size of the mea-
sured volume. The underlying data processing steps vastly differ from conventional B-mode

imaging (Fig. 4).
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Figure 4: Different usage of the radio frequency (rf) signals for conventional ultrasound
imaging and quantitative ultrasound. (a): Received rf signals and Hilbert-transformed (sig-
nal envelope) of a single pulse echo signal. (b): Conventional B-mode image with the signal
envelope as one line (¢): Windowing, gating and Fast Fourier Transform (FFT) of the rf-
data provides ultrasound spectra used for quantitative ultrasound. Comparing the reflection
of a glass plate (visible in B-mode image as bright band at the bottom) with and without
overlaying tissue sample, frequency-dependent differences are visible that are due to acoustic
attenuation. Moreover, spectra obtained from the sample (green color) are shifted towards
higher frequencies. This example highlights that spectral analysis of ultrasound rf-data pro-
vides access to information that cannot be reconstructed from conventional B-mode images.

Theoretical formulations [15] and experimental applications have been conducted to suc-

8



cessfully utilize quantitative backscatter parameters for various tissue characterizations, e.g.
thyroid cancer [16], ocular tumors [17], or differentiation between mammary fibroadenomas,

sarcomas and carcinomas [18].

For cartilage tissue, the incorporation of spectral features other than integrated am-
plitude had not yet been achieved. One reason is that the estimation of spectra requires
locally homogeneous scattering properties in the direction of sound propagation with axial
dimensions in the order of several pulse lengths. However, these requirements cannot be
met in cartilage tissue. Its layered structure consists of three distinct layers, in which cells
and collagen fibrils gradually change geometry, density, and orientation, which results in
gradual changes of acoustic backscatter and bulk properties, e.g. speed of sound and atten-
uation [19]. This inhomogeneity prevents an easy transfer of established backscatter signal

processing and parameters to cartilage.

The most common and established ultrasound parameters to assess articular cartilage are
surface reflection amplitude and surface roughness as surrogates for alterations of cartilage
matrix stiffness and roughness, respectively. These parameters tend to be sensitive to the
degenerative stage of the cartilage, and results are accurate if the local inclination with
respect to the ultrasound propagation direction can be controlled [20]. As in the case of
surface reflection intensity, the subchondral bone boundary intensity was shown to vary in
the course of OA due in some part to changes of bone density, of trabecular thickness in the

subchondral bone tissue and of acoustic attenuation of the cartilage matrix [21].

In addition to the assessment of meaningful ultrasound parameters from the cartilage
surface and subchondral bone boundary, parameters measured from cartilage extracellular
matrix could further enhance the diagnostic potential of ultrasound to detect different carti-
lage degeneration stages. The most commonly derived parameter is the apparent integrated
backscatter (Al B) that quantifies the mean backscattered energy within the frequency band-
width of the transducer, as proposed twenty years ago by Cherin et al. [22]. Large changes
of AIB were observed during ageing [23] and between fibrous and hyaline-like cartilage re-
pair tissue [24]. However, the effectiveness of this parameter in distinguishing different OA
degeneration levels appears limited for samples with spontaneous OA [25] and enzymatically
degraded cartilage [26]. Nevertheless, quantitative ultrasound may offer enhanced sensi-
tivities by providing parameters, that analyze the frequency-dependence of backscattered

ultrasound spectra rather than only the integrated amplitude.

The hypothesis of this work is that cartilage extracellular matrix degeneration affects the
backscattered ultrasound spectrum, thereby allowing spectral parameters to be distinguish-
ing features between healthy and degenerated cartilage. Furthermore, we suggest that this
relationship has remained unidentified due to the implicit removal of frequency-dependent
changes in the AIB-calculation, which has thus far been the backscatter feature used for

detecting OA-related extracellular changes. The primary aims of this work are therefore:



e To identify and establish signal processing methods for a spectrum estimation that is
suitable for the complex structure of hyaline cartilage and does not violate the condition

of local homogeneity (Study A).

e To analyze the diagnostic value of the frequency-dependence of backscattered signals

and envelope statistics parameters in characterizing OA (Study A).

e To combine the diagnostic potential of ultrasound surface and backscatter parameters
by selecting relevant features with respect to different degeneration stages and employ-
ing them in classification and receiver operating characteristics (ROC) analyses (Study
B).

e To model the integrated backscatter amplitude as a function of collagen amount, pro-
teoglycan amount and cell-number density in order to identify those structural com-
ponents that influence the backscattered signal in the extracellular matrix of hyaline

cartilage in a quantitative manner (Study C).

2 Materials and Methods

2.1 Samples

Studies A and B used biopsies of human hyaline cartilage obtained from the femoral condyles
during alloplastic implant surgery (N = 38) and from donors with no degenerative joint
disease (N = 10). Study C used osteochondral cylinders of cartilage obtained from patellae
of human (N = 16), bovine (N = 8) and ovine (N = 10) origin. Human donor ages were in
the range from 24-92 years. Samples of bovine and ovine origin were obtained at estimated
animal ages of 1-3 and 1-8 years, respectively. Approval for the experiments was granted

from the ethics commissions and approved by local institutional review boards.

2.2 Ultrasound measurements

All cartilage measurements were performed in time-resolved C-scan mode, i.e. the ultrasound
probe scanned a grid parallel to the surface of the specimen. All samples were scanned using a
spherically focused 40 MHz single element transducer. The entire biopsy was measured in all
studies, and are denoted as full-biopsy measurements. Additionally, in Study C, one central
cross-section (thickness: 750 pm) was prepared and measured for each osteochondral cylinder
immediately after measurement of the full biopsy. In the following, these measurements are

referred to as cross-section measurements.
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2.3 Structural parameters

In study A/B, the primary focus was the assessment of the degenerative state of cartilage
for the respective biopsies. Cartilage degeneration was assessed using the individual scor-
ing categories of the 14-point Mankin-score. Of particular interest were the structure score
and the scoring of cellular abnormalities, referred to as Mankin I and Mankin II, respec-
tively. Moreover, the cells were counted in one histological section in a 1 mm 2 square
area directly below the cartilage surface. In study C, the primary focus was the quan-
titative and directional assessment of four main components of the extracellular cartilage
matrix, i.e. collagen- and proteoglycan-concentrations, collagen orientation and cell num-
ber density. Collagen and proteoglycan-concentrations were estimated by Fourier-transform
infrared imaging spectroscopy (FT-IRIS) measurements of the cartilage cross-sections at a
spatial resolution of 25 ym. Three repeated scans were performed and averaged for each
specimen. Collagen orientation was estimated by polarized light microscopy (PLM) of the
cartilage cross-sections using stokes parameters at 0°, 45°and 90°. The cell number density
was estimated from light microscope images of histological sections stained with Safranin-O.
All four parameters were averaged into 15 depth-dependent regions of interest (ROI) for

every sample to enable subsequent site-matched analyses with ultrasound parameters.

2.4 Ultrasound data analysis

To estimate a meaningful ultrasound backscatter spectrum, the following signal processing
steps are typically performed: (a) definition of a region of interest in both axial (time-
windows) and lateral (adjacently acquired pulse-echoes) direction, (b) multiplication of time
windows with a gating function, for all pulse-echoes of interest (c), calculation of the FFT
of the gated windows to obtain the backscatter spectra S,,(k), (d) correction of S, (k) with
a time-of-flight matched spectrum of a reference material measurement S,.(k) to derive
the normalized backscatter spectra, and (e) averaging spectra in the lateral direction to
obtain the normalized, averaged backscatter power spectrum W (f). In study A, three major

modifications from standard signal processing routines were established:

(1) Very short time gates were used to account for the depth-dependent gradual change
of acoustic and morphological parameters of the cartilage matrix. To countermeasure the
resulting inaccuracies of the estimated spectrum, the averaging over several pulse-echoes, i.e.
lateral averaging, had to be considerably increased. However, due to the natural curvature
of the cartilage surface, the expansion of the regions of interest in the lateral direction
likely violates the constraint of local homogeneity during averaging of different pulse-echoes.
Hence, the idea was to determine the gate limits for every pulse-echo with respect to a
previously calculated surface time delay resulting in regions of interest that are shaped
exactly like the surface, but at higher cartilage depths. By doing so, at the cost of lateral

resolution, the axial resolution of the estimated spectra could be significantly increased, at
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the cost of lateral resolution.

(2) Typically, especially for lower-frequency transducers, time-of-flight matched spectra
from planar reflectors are used to compensate for the loss of pressure amplitude and diffrac-
tion effects at defocused positions. However, we have observed significant phase interference
artifacts for defocused planar reflections for the applied transducer (see Appendix 2 in study
A). As an alternative, a sample containing finely powdered graphite particles immersed in
agar was used as a reference material to better mimic the mean amplitude decrease for de-
focused positions for scattering particles. Note that in this approach diffraction effects were
neglected in studies A/B, whereas in study C, the diffraction effects were included in the
reference spectra through calculation of frequency-dependent deviations of defocused spectra

from the confocal spectrum of the agar-graphite phantom.

(3) Prior to calculation of the FFTs, the surface reflection of the rf-signal was gated out
by adding the inverted Tukey-window (length 2.5 PL, a= 0.5) at the surface position. By
doing so, a strict differentiation of backscattered signals from the specular surface reflection

was achieved and meaningful spectra from the superficial cartilage zone could be estimated.

The normalized average backscatter power spectra W (f) were used to estimate two dif-
ferent parameters: (a) the conventional apparent integrated backscatter AIB and (b) the
apparent frequency dependence of backscatter AF'B, i.e. the spectral slope calculated by
linear regression analysis of the frequency-dependence of backscatter amplitude within the
transducer bandwidth. Both parameters were calculated as a function of tissue depth, from

which in total six single parameters were derived (Table 2).

Table 2: Derived amplitude and spectral slope parameters from depth-dependent spectra.
1: derived by linear regression analysis with minimum starting depth 0.3 mm. AIB and
AF'B refer to integrated amplitude and spectral slope values, respectively.

Parameter ~ Unit  Parameter explanation Study
Al B0z dB Maximum AI B between surface and 0.3 mm depth A,B,C
AF B0z ]\jgz Maximum AF B between surface and 0.3 mm depth ~ A,B
Al Bilope Tfff; Depth-dependent decrease of AIB AB
AF leope mnfﬁ = Depth-dependent decrease of AF'B A

Al Bg dB Extrapolated value of Al B-slope to cartilage surface A,B
AF Bg ]\;flz Extrapolated value of AF B-slope to cartilage surface A

2.5 Statistics

Study A assessed differences of the backscatter and envelope statistics parameters with
respect to degeneration of cartilage surface and extracellular matrix, given by Mankin score
I and Mankin score II, respectively, by one-way Kruskal-Wallis non-parametric analyses of

variance. Post hoc multiple comparison Tukey tests were carried out to identify differences
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among sub-groups. Correlations between AIB and cell number density were analyzed using

Pearsons correlation and R? values were provided as measures for goodness of the fits.

Study B employed feature selection and classification algorithms to study the prediction
potential of a combination of ultrasound surface, backscatter and envelope statistics param-
eters with respect to different degeneration stages. Six binary classifications were carried out
to distinguish the samples at each degeneration level. The degeneration level was defined as
the sum of Mankin I and Mankin II. Quasi-least squares regressions (QLS) were carried out
with all combinations of two ultrasound parameters as predictors for all binary classifica-
tions, followed by receiver operating characteristics (ROC) analysis for the parameter pairs
attaining the highest classification accuracy. The best ultrasound parameter pair for the
distinction of all degeneration states was determined by the highest area under the curve

value (AUC) of the ROC analysis.

Study C modeled the backscatter amplitude (target variable) by cell number density and
concentrations of proteoglycan and collagen (predictor variables). Only regions of cross-
section measurements with the average collagen orientation being approximately perpen-
dicular to the sound beam axis were included. Analyses were performed for the individual
predictor variables and with all combinations of the three predictor variables (multivariate
regression). Provided were p-values, intercept and regression coefficients, 95% confidence in-
tervals and partial correlation coefficients. In all studies, results were considered significant

for p < 0.05.

3 Results
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Figure 5: Box plots of the spectral slope value AFB,,,, with respect to the cartilage
degeneration scores of (a), the structure and surface (Mankin I), (b), the degeneration score
of the extracellular matrix (Mankin II) and (c), the cumulative Mankin score. Horizontal
lines indicate statistically significant differences between the degeneration scores.
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Figure 6: Scatter plot of cell number density versus integrated backscatter amplitude AI B
of study A. The dotted line represents the linear regression curve.

Spectral slope parameters exhibit highest sensitivities towards cartilage degeneration.

Statistically significant differences were particularly observed in the maximum spectral slope
value of the superficial cartilage zone, with respect to degeneration scores. Multi-comparison
tests revealed that the spectral slope value for non-degenerated cartilage was significantly
higher compared to degenerated cartilage for structure and matrix degeneration, respectively.
Particularly, we observed a spectral peak between 40-50 MHz for healthy cartilage samples,
that disappeared for all samples with mild or moderate signs of degeneration. In contrast,
the backscatter amplitude exhibited no significant differences with respect to cartilage matrix
degeneration and lower significance levels between later stage degenerations with respect to

cartilage structure degeneration (Fig. 5).

Cell number density and ultrasound backscatter amplitude are moderately correlated.

Linear regression analysis revealed a statistically significant positive correlation between cell
number density and integrated backscatter amplitude of all human samples with variable
degeneration states (R? = 0.43) in study A (Fig. 6). In study C, including three different
species in the linear regression analysis, a similar coefficient of determination (R?* = 0.41)
was observed for the correlation between cell number density and ultrasound backscatter

intensity.

Combinations of ultrasound parameters exhibit potential to discriminate between differ-

ent, particularly very early, degeneration stages.

The best classification accuracies and AUC-values of the ROC analyses were obtained for
discrimination between Mankin scores 0 and 1 and between Mankin score 1 and 2 (AUC
= 0.99). Accuracy and AUC-values decreased for discriminations of later stage degenera-
tions. Feature selection demonstrated that envelope statistics and surface parameters were
feature candidates throughout all degeneration stages, whereas backscatter spectral slope
and backscatter amplitude were selective for early (Fig. 7 a,b) and advanced degeneration

stages (Fig. 7 c¢), respectively.
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Figure 7: Class plots (upper panel) with the best performing ultrasound parameter pairs
and the corresponding ROC curves (lower panel) for an excerpt of 3 Mankin subset score
classifications. The positive (red data points) and negative (blue) class labels represent lower
and higher Mankin scores, respectively. Classification output is highlighted by circles in blue
and red, the class boundaries are indicated by black dashed lines.

Variations of ultrasound backscatter amplitude are related to natural variations of colla-

gen concentration and cell number density.

Linear regression analysis revealed a positive relationship (R? = 0.51) of backscatter ampli-
tude derived from cartilage cross sections with a 2D model of site-matched estimates of cell
number density and collagen concentration (Fig. 8). Both regression coefficients were posi-
tive, highlighting that increased cell number density or collagen concentrations are expected
to result in increased backscatter amplitudes. In comparison, the proteoglycan concentration
showed an inferior impact on ultrasound backscatter amplitude. The partial correlation co-
efficients suggested a similar contribution of cell number density and collagen to ultrasound

backscatter.

4 Discussion

Study A showed that spectral and envelope statistical parameters are sensitive to osteoarthritic
changes, particularly early degenerative changes. In contrast, amplitude-based parameters,
1.e. the AI B, which up to the present time have been used as indicators for cartilage matrix
degenreation, showed little or no statistically significant differences with respect to different
degeneration stages. This finding was surprising since the spectral and envelope statistics

parameters were newly proposed in this study.
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Figure 8: Scatter plot of backscatter intensity versus the backscatter intensity value mod-
eled by a multivariate QLS model using site-matched linearized collagen quantity and cell
number density as predictor variables.

As confirmed by study C, more than 50% of the backscatter amplitude can be attributed
to the natural variations of collagen quantity and cell number density in healthy cartilage.
This relationship alone suggests that the AIB should decrease with higher cartilage degen-
erations since these constituents are known to decrease with disease progression. However,
counter-evidence is the lack of statistically significant differences of the AI B with respect to
the Mankin score. This discrepancy can be attributed to concurrent structural changes of
the cartilage matrix and cartilage surface in the course of degeneration. For example, the
AIB may be concurrently increased by reduced collagen packing density in fibrous cartilage
repair tissue [24], through additional acoustic interfaces due to the formation of cracks in
later stage degenerations [27], a decrease of acoustic attenuation of the cartilage matrix [28],
or a reduction of acoustic impedance [29], resulting in a reduction of the specular surface re-
flection and thereby higher acoustic pressure amplitudes within the cartilage matrix. These
processes and their impact on the backscatter amplitude highlight that the interpretation
of AIB is extremely challenging, particularly in the scope of predicting different cartilage

degeneration stages.

Hence, additional parameters containing information about the structural integrity of
the cartilage matrix are needed to put the AIB into context. Potential ultrasound param-
eters that could fulfill this task are spectral and envelope statistics parameters due to their
sensitivity to micro-structural, sub-wavelength structures. The statistical differences with
respect to different degeneration stages provided in study A highlighted this potential and
inspired the idea to use combinations of ultrasound parameters to predict the different de-
generation stages of study B. The outcome of this study was that with just two parameters
as predictor variables, a very good classification between different degeneration stages, par-

ticularly the earliest ones, was possible. Moreover, the feature selection highlighted that
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surface and envelope statistics parameters are potential feature candidates to discriminate
between all degeneration stages, whereas the spectral amplitude and the spectral slope were
suitable features for late and early degeneration discriminations, respectively. The choice of
two predictor variables was necessary to accommodate the relatively low sample number and
to prevent overfitting of the data. We anticipate that the provided classification performance
can be further improved by incorporating more than two predictor variables into the models
or by using a more complex statistical model than linear regression analysis. It is probable,
that a full discrimination between different degeneration stages with ultrasound parameters

would then become possible.

However, even though evidence was provided that ultrasound can in principle be used to
distinguish between different degeneration stages, clinical impact remained limited. This can
be primarily attributed to the fact that the connection between ultrasound parameters and
underlying structural components was still missing. The major motivation to conduct study
C was to fill this gap, and within the framework of this study we could demonstrate that
the main structural components that contribute to US backscatter at this frequency range
are collagen and chondrocytes. However, study C could not definitely identify the struc-
tures contributing to the observed frequency-dependence of backscatter in healthy cartilage.

Nevertheless, the data analyses of this study has led to a promising hypothesis:

In principle, the observed frequency-dependence indicates changes in the size or spatial
arrangement of the scatterers. Cell size and spacing in the direction perpendicular to the
surface is known to be fairly regular in intact cartilage [30] but this regularity can be lost
during degeneration, e.g. by fibrillation, hyper- or hypocellularity, or morphological changes
of collagen. We hypothesize that the narrow-band peak in the spectrum observed in all
experiments is caused by coherent scattering from more or less periodically arranged cell
layers. A disappearance of the spectral peak would then indicate loss of structural period-
icity due to tissue degeneration. The in-depth analysis of position, amplitude and width of
coherent scattering may be a novel indicator of the integrity and regularity of the superficial
cartilage zone. In a very recent study, Rohrbach et al. could confirm this hypothesis and
furthermore demonstrated a strong correlation between the chondrocyte layer spacing and

the pronounced frequency peak [31].

Another limitation on the clinical impact is related to the pending application of the intro-
duced ultrasound parameters in vivo. The presented studies investigated cartilage samples
ex vivo and effects of surface inclination, medium attenuation, additional acoustic interfaces
and transducer-sample distances could be effectively controlled. Nevertheless, from a techni-
cal perspective, an in vivo application is straightforward, particularly for minimally invasive
arthroscopic ultrasound, since this has already been successfully applied and an AIB at a
similar ultrasound frequency range could be determined in numerous studies. Other fea-

tures like the spectral slope, amplitude differences between different frequency bandwidths
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or envelope statistics parameters can easily be added to these investigations. However, be-
fore application, robustness and accuracy of the spectral parameters should be verified for
the IVUS-transducers, since spectral differences may falsely occur, e.g. due to diffraction,

frequency-dependent attenuation of the medium or inaccurate reference measurements.

In conclusion, this work demonstrated for the first time that envelope statistics and spec-
tral slope parameters are sensitive to early stages of extracellular matrix degeneration and
outperform conventionally used amplitude-based parameters. The sensitivity has been con-
firmed by a feature selection and classification approach, that has also revealed that spectral
slope parameters are particularly sensitive to early degenerative changes of the extracellular
cartilage matrix. Moreover, this work has shown for the first time that chondrocytes and
collagen are a major scattering source in hyaline cartilage and contribute to approximately
50% of the ultrasound backscatter intensity at the applied frequency range of 25-50 MHz.
However, this work could only speculate about the structural origin for the amplitude peaks
at ultrasound frequencies between 40 and 50 MHz in healthy cartilage, an issue that is now
the focus of a promising study by Rohrbach et al. who showed that this peak can be at-
tributed to the chondrocyte layer spacing [31]. The understanding of ultrasound scattering
still requires further investigation in future studies to enable a successful clinical application

of cartilage matrix degeneration classification using high-frequency ultrasound.
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