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Abstract—Apparent integrated backscatter (AIB) is a common ultrasound parameter used to assess cartilage ma-
trix degeneration. However, the specific contributions of chondrocytes, proteoglycan and collagen to AIB remain
unknown. To reveal these relationships, this work examined biopsies and cross sections of human, ovine and bovine
cartilage with 40-MHz ultrasound biomicroscopy. Site-matched estimates of collagen concentration, proteoglycan
concentration, collagen orientation and cell number density were employed in quasi-least-squares linear regres-
sion analyses to model AIB. A positive correlation (R2 5 0.51, p , 1024) between AIB and a combination
model of cell number density and collagen concentration was obtained for collagen orientations approximately
perpendicular (.70�) to the sound beam direction. These findings indicate causal relationships between AIB
and cartilage structural parameters and could aid in more sophisticated future interpretations of ultrasound back-
scatter. (E-mail: kay.raum@charite.de) � 2016 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Hyaline cartilage is a connective tissue covering the joint
surfaces and mediates both friction of adjacent joints and
shock absorption. In addition to water, the principal
constituents of the cartilage matrix are collagen, proteo-
glycans and chondrocytes, which are organized heteroge-
neously with respect to quantity, size and orientation in an
arcade-shaped depth-dependent structure (M€annicke
et al. 2014a). Osteoarthritis (OA) is a joint disease with
high socioeconomic impact resulting in a decrease in
quality-adjusted life years (Pinto et al. 2012). OA is char-
acterized by progressive degenerative changes in carti-
lage structure and matrix, chondrocytes and
subchondral bone (Buckwalter and Mankin 1998). The
first signs of OA are fibrillation or disruption of the super-
ficial cartilage layers, leading to tissue softening and
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increased surface roughness. Degeneration of the carti-
lage matrix is characterized by a loss of proteoglycans
(aggrecans), followed by a disruption of the collagen
network in later stages. To date, none of the established
non-invasive imaging modalities are able to assess these
degenerative tissue alterations concurrently. The diag-
nosis of early OA, in particular, is highly important, as
it could aid in the development of treatment strategies
that aim to arrest or revert the disease progression at an
early stage (Chu et al. 2014).

Ultrasound biomicroscopy refers to high-frequency
ultrasonic imaging of biological tissues and cells (typi-
cally with frequencies .20 MHz), which is capable of
visualizing cartilage tissue. The fine spatial resolution
on the order of 50–100 mm (Gelse et al. 2010) gives ac-
cess to a variety of quantitative parameters via temporal
separation of the received signals. The most common ul-
trasound parameters are surface reflection amplitude and
surface roughness as surrogates for alterations of carti-
lage matrix stiffness and surface roughness, respectively.
These parameters have been found to significantly vary in
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the course of OA (Kaleva et al. 2008; Nieminen et al.
2009; Saarakkala et al. 2011; Wang et al. 2010) and
have been associated with collagen depletion
(Nieminen et al. 2002; T€oyr€as et al. 1999; Wang et al.
2010), surface fibrillation (Saarakkala et al. 2004;
Sch€one et al. 2013) and biomechanical competence
(Gelse et al. 2010; T€oyr€as et al. 1999) of the tissue. In
addition to changes detectable at the cartilage surface,
the reflection intensity at the subchondral bone
boundary was reported to increase in osteoarthritic
samples (Jaffre et al. 2003; Saarakkala et al. 2006).
This increase was related to increased bone density and
trabecular thickness in the subchondral bone tissue
in vitro (Liukkonen et al. 2013). Moreover, a
degeneration-related decrease in acoustic attenuation of
the cartilage matrix was hypothesized to significantly in-
crease the intensity of the subchondral bone reflection
(Saarakkala et al. 2011).

Relating the analysis of backscattered ultrasound
signals originating from the cartilage matrix to osteoar-
thritic changes was proposed 20 years ago (Cherin et al.
1998; Kim et al. 1995). The conventional parameter
chosen to assess these changes is the apparent
integrated backscatter (AIB), which quantifies the
average backscattered energy within the frequency
bandwidth of the transducer. Findings suggest that
alterations in collagen packing density and collagen
orientation may influence AIB. In particular, (i) a
decrease in AIB with aging in a Wistar rat animal
model (Cherin et al. 2001) and (ii) an increase in AIB
for repair cartilage compared with intact cartilage tissue
(Gelse et al. 2010; Laasanen et al. 2006; Viren et al.
2010) were reported. In other work, a decrease in AIB
was observed after acute impact injury (Viren et al.
2012), whereas a weak but statistically significant in-
crease was reported after enzymatic depletion of collagen
and proteoglycans using collagenase and trypsin, respec-
tively (Wang et al. 2010). In contrast, Pellaumail et al.
(2002) reported no statistically significant differences in
AIB after trypsin treatment. However, a direct comparison
of these results is difficult, as the frequency ranges used
for the calculation of AIB varied between studies.

In a recent study, we found that quantitative ultra-
sound parameters based on envelope statistics and the
frequency-dependent spectral slope are more sensitive
to degeneration stages of human cartilage than conven-
tionally applied integrated backscatter amplitude
parameters (M€annicke et al. 2014a). Moreover, in a clas-
sification approach using ultrasound based parameter
pairs as predictors for cartilage degeneration, we found
that parameters of the envelope statistics are feature can-
didates throughout all degeneration stages, whereas inte-
grated backscatter amplitude and spectral slope appeared
to be particularly good predictors for advanced and early
stages of degeneration, respectively (M€annicke et al.
2014b).

Nevertheless, the diagnostic value of quantitative ul-
trasound parameters in assessment of cartilage degenera-
tion is limited as long as structural sources giving rise to
the backscattered signal remain unknown. Collagen con-
centration and chondrocyte number density were reported
to increase backscatter amplitude in agarose gels (Inkinen
et al. 2014) and collagen hydrogels (Mercado et al. 2014;
Mercado et al. 2015), strengthening the hypothesis that
both the extracellular collagen matrix and chondrocytes
contribute to ultrasound backscatter (M€annicke et al.
2014a). However, the specific contributions of collagen
and cells to backscattered signals have not been clarified
for the naturally occurring concentration, composition
and orientation of collagen and cells in hyaline cartilage.
Therefore, the aims of this study were to characterize
hyaline cartilage of different species and to apply
species-independent regression models to elucidate
causal relationships between ultrasonic backscatter sig-
nals measured in the frequency range between 30 and
50 MHz with underlying chemical and structural
parameters.
METHODS

Samples
Cartilage specimens were obtained from patellas of

human (N 5 16), bovine (N 5 8) and ovine (N 5 10)
origin. Human samples were acquired from both left
and right lower limbs of human cadavers at the Institute
of Anatomy in L€ubeck, Germany (N 5 12) and the Cen-
tral Finland Central Hospital in Jyv€askyl€a, Finland
(N 5 4). The donor ages were in the range 24–92 years
(mean 6 standard deviation: 70 6 20 years). All bovine
and four ovine samples were acquired from local abba-
toirs (V€ais€asen Kotiliha Oy, Iisalmi, Finland, and
HKScan Oyj, Outokumpu, Finland, respectively) at
estimated animal ages of 1–3 years. Moreover, six ovine
specimens were obtained from elderly sheep (4–8 years).
At the given animal age ranges, full maturation of human,
bovine and ovine cartilage samples was expected.
Approval for the experiments was granted from the ethics
commissions and approved by local institutional review
boards.

Prior to experiments, patellas were stored at 220�C
for at least 48 h and up to 10 years (human samples). Us-
ing a hollow-core drill (Biltema, Helsingborg, Sweden,
diameter5 10 mm), osteochondral cylinders were drilled
from the central part of the lateral patella facet. The bi-
opsies comprised the full thickness of cartilage and at
least 2 mm of subchondral bone. Immediately after
explantation, scalpel cuts at the proximal, medial and
lateral sites were set to indicate the anatomical



Fig. 1. Main sample processing steps. (a) Biopsy location
within the patella with respect to anatomical orientation. Three
scalpel markers were placed to preserve the anatomical orienta-
tion and to mark the cutting planes for the cross-sectional ana-
lyses. Full biopsy ultrasound measurements of the entire
cylinder were performed prior to sample cutting. (b) Sample
processing steps of the biopsy cylinder. Ultrasound measure-
ments were performed on the obtained cross section, whereas
the dorsal half-cylinder was used for light microscopy and
Fourier transform infrared imaging spectroscopy (FTIRIS).
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orientation and enable site matching in later-stage ana-
lyses. During drilling, the specimens were rinsed with
phosphate-buffered saline (PBS) to reduce excessive
heating at biopsy borders. The PBS solution contained in-
hibitors of proteolytic enzymes, ethylenediaminetetra-
acetic acid (EDTA, VWR International, Radnor, PA,
USA) and benzamide HCl (Sigma-Aldrich, St. Louis,
MO, USA), to prevent enzymatic degradation during
the experiments and was identical for all successive
experimental steps.

After ultrasonic scanning of the intact biopsies, one
cross section was prepared for each biopsy along the
medial-lateral direction, as indicated by the scalpel
markers (Fig. 1a). For this purpose, the sample was fixed
at the proximal side.With a precision sectioning saw (Iso-
Met Low speed saw, Buehler, Lake Bluff, IL, USA), two
successive cuts were made, splitting the biopsy into two
half-cylinders and one 750-mm-thick cross section
(Fig. 1b). The cross sections were marked on the lateral
side by cutting off a small piece of bone tissue. The prox-
imal half-cylinder was immediately frozen at220�C and
stored for later need, whereas the distal half-cylinder
was fixed in 10% formalin. Subsequently, the formalin-
fixed half-cylinder was decalcified with EDTA for
10–14 days and dehydrated in an increasing series of
ethanol solutions (80%, 90%, 95%, abs., abs., abs., abs.,
abs.). Samples were then immersed in molten paraffin
wax (Tissue-Tek, Sakura Finetek, Torrance, CA, USA),
and several serial cross sections (thickness 5 5 mm)
were prepared using amicrotome (LKB 2218 HistoRange
microtome, LKB Produkter, Bromma, Sweden).

Ultrasound
A custom scanning acoustic microscope (BBC

Research Group, Kuopio, Finland) was used, consisting
of a temperature-controlled tank, a 3-D high-precision
scanning stage (T-LSQ, Zaber Technologies, Vancouver,
BC, Canada), a 500-MHz dual pulser/receiver (DPR500,
JSR Ultrasonics, Pittsford, NY, USA) and a 1.1 GSs-1
A/D card (ADQ112, Signal Processing Devices Sweden,
Link€oping, Sweden). All components were controlled by
custom-developed software written in LabView (Lab-
View 2010, Version 10.0, National Instruments, Austin,
TX, USA). The microscope was equipped with one
40-MHz LiNb transducer (NIH Resource Center for Ul-
trasound Transducer Technology, Los Angeles, CA,
USA) and pulse excited using a remote pulser (H2, JSR
Ultrasonics). Resulting bandwidths, pulse lengths and
focal beam specifications are listed in Table 1. All sam-
ples were measured in time-resolved C-scan mode with
lateral x- and y-increments of 0.04 mm. The
transducer–sample distance was adjusted such that the
transducer focus was approximately 0.5 mm below the
cartilage surface in the middle of the sample.
Ultrasound measurements of intact full biopsies
Cartilage biopsies were immersed in degassed PBS

at 37�C and aligned such that the center of the cartilage
surface was oriented perpendicular to the beam axis.
Samples were placed in the PBS bath for at least
20 min prior to the start of the experiments to allow
adjustment of the sample to the change in temperature
in the PBS bath. Samples were positioned such that the
proximal side of the biopsy was at the top (Fig. 1a).
Ultrasound measurements of cross sections
The 0.75-mm cross sections were immersed in PBS

at 37�C and scanned similarly to the intact samples,



Table 1. Acoustical and geometric properties of the
transducer used

Element diameter 3.00 mm
f-Number 2.9
Center frequency* 40.3 MHz
26-dB bandwidth* 28.2–51.0 MHz
Pulse duration, t(220 dB)y 100 ns
Focal distancez 8.7 mm
26-dB focal rangez 6.9–10.4 mm
26-dB focal beam width 120 mm

* Derived from planar reflector reference measurements.
y Defined as the duration between the times when the pulse amplitude

of the confocal echo from a planar reflector is at220 dB of its maximum
value.

z Derived from agar–graphite reference measurements.
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except that the sound propagation direction for these
measurements was perpendicular to the cross-section
plane (Fig. 1b). To avoid sample movements during the
scans, the cross sections were fixed on a histology slide
made of polymethylmethacrylate (PMMA) using two
nylon wires (diameter 5 90 mm). The wires were placed
above the sample and oriented perpendicular to the carti-
lage surface. Samples were positioned such that the
lateral side of the cross section was on the left-hand side.
Fig. 2. Ultrasound measurements of a representative bovine
sample in full biopsy (a, b) and cross-section (c, d) measure-
ments. (a) Full-biopsy top-view image of the backscattered
amplitude integral (BAI). (b) Corresponding cross-sectional
B-mode image along the line indicated in green. (c) Top-view
BAI image of the sample cross section. The dashed lines corre-
spond to the region of interest borders. (d) Corresponding cross-
sectional B-mode image along the line indicated in red. Letters
denote the respective anatomical locations: A and B5 start and
end of cross section, corresponding to lateral and medial direc-
tions, respectively, C 5 cartilage surface, D 5 cartilage–
subchondral bone interface, E 5 subchondral bone. All images

are scaled equally in both directions.
Data analysis

Definition of regions of interest. To enable a site-
matched analysis between measurements in intact full bi-
opsies and in cross sections, the analysis of the full biopsy
measurement should comprise only waveforms at loca-
tions close to the cross-section position. Therefore, the
lateral region of interest (ROI) for the analysis of the
full biopsy was composed of multiple circular ROIs
with a radius of 0.5 mm along one line, with 50% overlap
from medial to lateral scalpel cuts. In Figure 2a, the esti-
mated cross-section position and the corresponding lateral
ROIs are indicated in green and white, respectively. The
line was drawn manually in the top-view backscatter
amplitude integral (BAI) image (Raum et al. 1998) such
that scalpel cuts at medial and lateral biopsy ends were
not included in the analysis.

For analysis of the cross sections, 15 ROIs were cho-
sen to study the changes of ultrasound parameters with
cartilage depth. To define ROI locations, the cartilage sur-
face and subchondral bone boundary were drawn manu-
ally in the backscatter amplitude integral image, and 15
equidistant lateral ROIs were defined (Fig. 2c). All areas
corresponding to the wires holding the sample were
excluded from the analysis. To avoid artifacts close to
the subchondral bone interface, the 15th zone—that is,
the zone directly adjacent to the subchondral bone bound-
ary—was excluded from all analyses.

Spectral analysis. The backscatter power spectra
jSðf ; x; y; zÞj2 at transducer gate distance z and the lateral
position (x, y) were estimated by calculating the
magnitude squared of the fast Fourier transform of
Hamming-windowed time signals. No filtering was
applied, but each time-gated signal was zero-padded to
a length of 4096 sample points after time gating. A short
gate duration of 2.0 pulse lengths (PLs), corresponding to
0.2 ms, was chosen to estimate jSðf ; x; y; zÞj2. The short
gate duration was necessary to avoid averaging artifacts
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from rapid tissue changes along the cartilage depth
(M€annicke et al. 2014a).

The reference spectra, Sref(f, z), were derived by a
combination of one reference scan of a planar PMMA
block and one reference scan of a scattering agar–
graphite phantom (M€annicke et al. 2014a). The planar
reflector measurement yields the calibration spectrum��Srefðf ; z0Þ�� at the focus z0. Spectra derived from the scat-
tering phantom, Sgraphite(f, z), were normalized to the
focus and used to correct for both defocus amplitude
decrease and diffraction effects. The reference spectra
can then be expressed as

Srefðf ; zÞ5 Srefðf ; z0Þ
RPMMA

$
Sgraphiteðf ; zÞ
Sgraphiteðf ; z0Þ (1)

where RPMMA 5 0.281 is the reflection coefficient of
PMMA. Hence, defocus amplitude and frequency-
dependent changes are accounted for by the agar–
graphite sample, whereas the overall amplitude is
corrected for by the planar reference sample.

The apparent integrated backscatter AIB, as given by
Cherin et al. (1998), quantifies the backscattered energy
within the 26-dB frequency bandwidth Df

AIBðzsÞ5 1

Nx;y$Df

XNx;y

x;y

X
Df

10$log

*
jSðf ; x; y; zÞj2��Sref ðf ; zÞ��2

+

(2)

whereas Nx,y is the number of averaged waveforms. AIB
was calculated as a function of tissue depth zs using a
sliding window technique (Gelse et al. 2010; M€annicke
et al. 2014a). In this study, only the maximum value
AIBmax was of interest, and because of the rapid
decrease in backscatter amplitude in cartilage tissue
versus depth, the maximum gate depth was set to only
0.3 mm. The first window was centered at the surface
position, and an overlap of 95% was chosen between
adjacent windows. For a strict differentiation between
backscattered waveforms and surface reflection, the
surface reflection was gated out by adding the inverted
signal multiplied with a Tukey window (a 5 0.5) at the
center position of zs 5 0 with a gate length of 2.0 PLs
(M€annicke et al. 2014a). The conversion from time delays
to spatial distances was calculated assuming a constant
speed of sound of c0 5 1,540 m/s and cm 5 1,620 m/s
for PBS and cartilage tissue (Agemura et al. 1990),
respectively.
Light microscopy
The relative proteoglycan and collagen concentra-

tions of the cartilage samples were estimated by Fourier
transform infrared imaging spectroscopy (FTIRIS) mea-
surements (Rieppo et al. 2012). Histologic sections were
transferred on a 2-mm-thick zinc selenide (ZnSe) window
andmeasuredwith the FTIR imaging system(PerkinElmer
Spectrum Spotlight 300, Perkin Elmer, Waltham, MA,
USA). Measurements were performed in transmission
mode in the 4,000–720 cm21 wavenumber range using a
spectral resolution of 4 cm21. A 500-mm-wide area of
smooth and intact cartilage was measured from cartilage
surface to subchondral bone boundary. The spatial pixel
resolution was 25 mm. Three repeated scans were per-
formed and averaged for each specimen. Collagen (Col)
and proteoglycan (PG) concentrations were estimated by
integration of the amide I region (1,740–1,585 cm21) and
carbohydrate region (1,140–984 cm21), respectively.
Cartilage surface and subchondral bone boundary were
selected manually in each scan. Similar to the analysis of
the ultrasound scans of the cross sections, the cartilage tis-
sue was divided into 15 equally sized regions with
increasing distance to the cartilage surface. In each depth
region, average values of proteoglycan and collagen con-
centration were calculated.

The spatial collagen orientation in cartilage samples
was estimated by polarized light microscopy using the
polarization microscope Ortholox II POL (Leitz, Wetzlar,
Germany) equipped with a camera (Photometrics CH
250/A, Photometrics, Tucson, AZ, USA). Stokes param-
eters were estimated at 0�, 45� and 90� polarizer pair po-
sitions to derive collagen fibril orientation (Rieppo et al.
2008). In accordance with the aforementioned analyses,
the average orientation was assessed in 15 depth-
dependent zones. Values for 0� and 90� denote collagen
fiber orientations parallel and perpendicular to the carti-
lage surface, respectively.

For each specimen, one histologic section was
stained with Safranin O and imaged with a light micro-
scope (Axio Imager M2, Carl Zeiss MicroImaging,
Jena, Germany). From the resulting images, the cells
were segmented using a threshold-based method fol-
lowed by morphologic operations and connected
component analysis. Because of the gradual increase
in Safranin O stain with depth, the cartilage was
segmented in six rectangular depth regions. For each re-
gion a local threshold was applied, and false detected
areas were manually excluded from the cell analysis.
The labeled image was cropped to a constant image
width of 1 mm and to a non-constant image height de-
pending on the cartilage thickness. Finally, the same
depth-dependent analysis was performed; that is, the
cartilage surface and subchondral bone boundary were
drawn manually and 15 depth-dependent ROIs were
analyzed. Within every ROI, the number of connected
objects (i.e., chondrocytes) was assessed and normalized
by the ROI area, yielding 15 depth-dependent cell num-
ber densities (CNDs) in units of mm22 for every
sample.
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Statistics
One-way analyses of variance followed by post hoc

Tukey multiple comparison tests were carried out to
assess differences in the backscatter amplitudes with
respect to the different species. Student’s t-test was
used to assess differences in all evaluated parameters be-
tween young and old ovine samples.

Changes in collagen orientation are known to result
in changes in ultrasound backscatter intensity (Feltovich
et al. 2010) and collagen concentration (Xia et al. 2011).
To reduce the potential effect of collagen orientation on
the relation between backscatter intensity and collagen
concentration, only regions with values larger than 70�

with respect to the ultrasound propagation direction
(i.e., the average collagen orientation was mostly perpen-
dicular to the ultrasound beam axis) were incorporated
into regression models.

Regression models were calculated to predict
AIBmax estimates obtained from cross-sectional mea-
surements. One-dimensional non-linear regression
models were calculated with cell number density, pro-
teoglycan and collagen concentration as predictor vari-
ables. Multivariate regression was carried out by quasi-
least-squares regressions (Shults and Hilbe 2014) of the
GEEQBOX (Ratcliffe and Shults 2008) toolbox using
combinations of all three linearized predictor variables.
This model accounts for intra-individual correlations of
values from the same cross section and used a normally
distributed target variable and a Markov correlation
structure; that is, adjacent regions of interest are
assumed to exhibit a higher correlation than non-
adjacent regions. p-Values, intercepts and regression co-
efficients are provided for the individual predictor vari-
ables as well as the 95% confidence interval. Moreover,
partial and semi-partial correlation coefficients were
derived. The goodness of the regression model was
analyzed with the Pearson correlation coefficient. Re-
sults were considered statistically significant at
p , 0.05.
RESULTS

Figure 2(a, b) provides representative full biopsy ul-
trasound images of a bovine sample. Note the character-
istic backscatter pattern with high backscatter amplitudes
close to the cartilage surface and quick diminishment
with cartilage tissue depth (Fig. 2b, C–D direction). In
contrast to full biopsy measurements, two major differ-
ences can be observed in the cross-sectional images
(Fig. 2c, d). First, the backscatter amplitude did not
decrease rapidly along the sound propagation direction.
Second, the backscatter amplitude gradually increased
from the superficial cartilage zone (C) toward the carti-
lage–bone interface (D).
Structural parameters
The average collagen orientation obtained by polar-

ized light microscopy was similar for the different species
and exhibited the typical changes of collagen orientation
from parallel to the cartilage surface in the superficial
zone toward perpendicular in deep zones (Fig. 3a). The
superficial zone was relatively thin for all samples, as
determined by orientations smaller than 50�, highlighting
that the zonal organization of the samples was composed
of a large (.65%) radial zone and small superficial and
tangential (,35%) zones. The cell number density
derived from the Safranin O-stained sections was highest
and lowest for ovine and human cartilage tissue, respec-
tively (Fig. 3b). A slight decrease from the superficial
to the radial zone was observed. FTIR measurements re-
vealed that the concentration of collagen (Fig. 3c)
increased non-linearly with cartilage depth for all spe-
cies. The depth-dependent variation in PG was more
complex (Fig. 3d). In the ovine specimens, PG values
increased from the central part toward the subchondral
bone boundary, whereas in bovine and human cartilage,
this increase appeared only in the deeper tissue regions.
However, it should be noted that the absolute cartilage
thickness in the ovine samples (1.06 6 0.65 mm) was
approximately half of that in the bovine samples
(2.08 6 0.42 mm) and a third of that in human samples
(2.94 6 1.13 mm). Therefore, the absolute thickness of
the PG-rich deep cartilage zone was similar for the
different species.

Ultrasound parameters
In full biopsy measurements, significantly higher

AIBmax values were observed for human tissue than for
ovine tissue (Fig. 4a). In cross-section measurements,
the average backscatter amplitudes in areas with average
collagen orientations .70� (i.e., deep cartilage) did
not significantly differ between the species (Fig. 4b).
However, AIBmax was significantly lower in old sheep
samples than in young sheep samples. Aged tissue sam-
ples also exhibited lower collagen concentrations and
cell number densities (Table 2).

Regression analyses
Of the total 510 cross-section measurement ROIs,

225 exhibited a collagen orientation .70� and were
included in the regression analyses to predict ultrasound
backscatter amplitude in the cross-section measurements.

In the 1-D regression analysis, estimates of collagen
concentration (R2 5 0.40, p , 1024) (Fig. 5a), PG con-
centration (R2 5 0.20, p , 1024, data not shown) and
cell number density (R2 5 0.41, p , 1024) (Fig. 5b) ex-
hibited significant correlations with AIBmax. The best cor-
relations of collagen and PG concentrations with
AIBmax were obtained for second-order polynomials



Fig. 3. Average depth-dependent structural and compositional properties for the different species (15 cartilage surface,
15 5 subchondral bone boundary). (a) Average collagen orientation as derived by polarized light microscopy. (b)
Average, depth-dependent cell number density. (c) Average collagen concentration (amide I absorbance) as derived by
Fourier transform infrared imaging spectroscopy. (d) Average proteoglycan concentration (carbohydrate absorbance)

as derived by Fourier transform infrared imaging spectroscopy.
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(Fig. 5a), whereas the asymptotic relation between cell
number density and AIBmax was best approximated by
an exponential model with a decay factor of 0.8. More-
over, a high linear correlation was observed between
collagen and PG concentrations (R2 5 0.67, p , 1024)
(data not shown).

A quasi-least-squares model for prediction of the
AIBmax with linearized collagen concentration, PG con-
centration and cell number density values as predictor
Fig. 4. Boxplots of the maximum backscatter amplitude with
(b) cross-sectional measurements. A significant difference wa

full biopsy meas
variables resulted in a non-significant contribution of
PG to the model. Hence, only the combination of linear-
ized collagen concentration and cell number density
values was used (Fig. 5c and Table 3):

AIBmax 5B01BCol$Col
21BCND$CND

0:8 (3)

In this model, the exponents for the linearization of
Col and CND values were taken from the non-linear
regression analysis (Fig. 5a, b). Both regression
respect to the different species for (a) full biopsy and
s observed between ovine and human specimens in the
urements.



Table 2. Estimated parameters for the two groups of
sheep used in this study

Young sheep Old sheep

Age #3 y $4 y
AIBmax (dB) 237.0 6 2.0 244.2 6 3.0*
Collagen concentration (a.u.) 44.3 6 4.4 35.2 6 8.7*
Proteoglycan concentration (a.u.) 14.0 6 2.7 14.6 6 2.2
Cell number density (mm22) 613 6 78 307 6 70*

AIB 5 apparent integrated backscatter.
* Significant differences (unpaired t-test, p , 0.05).

Table 3. Non-linear quasi-least-squares regression
model used to predict AIBmax with collagen

concentration and cell number density as predictor
variables (eqn 3)*

B0 (dB) BCol (dB) BCND (dB$mm2)

Bi 252.86 3.8e23 1.7e22

Z — 11.10 2.59
Partial correlation — 0.56 0.58
Semipartial correlation — 0.43 0.45
p — ,1024 ,1023

AIB 5 apparent integrated backscatter.
* Absolute coefficients Bi, z-statistics value z, partial and semipartial

correlation coefficients, and p-values for the individual parameters
(N 5 252, R2 5 0.51, p , 1024, RMSE 5 2.7 dB).
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coefficients BCol and BCND were positive, indicating that
AIBmax increased with increasing cell number density and
collagen concentration. The partial correlation coeffi-
cients suggest an approximately equal impact of Col
and CND variations on the explained variation of AIBmax.
As derived by the squared semi-partial correlation coeffi-
cients, 18% and 20% of the total variation of AIBmax

could be attributed to Col and CND, respectively.
DISCUSSION

In this study, we analyzed the apparent integrated
backscatter (AIBmax) in hyaline cartilage tissue in
different species with respect to chemical composition
and collagen orientation. Amoderate correlation between
collagen concentration and ultrasound backscatter ampli-
tude was observed for regions with a collagen orientation
approximately perpendicular (.70�) to the sound beam
direction. This is in agreement with several previous
studies that proposed an impact of collagen concentration
on ultrasound backscatter (Bridal et al. 2006; Feltovich
et al. 2010; Pohlhammer and O’Brien 1981). In the
current study, we found that under the aforementioned
conditions, approximately 18% of the total variation in
AIBmax could be attributed to the collagen
concentration variation.
Fig. 5. Non-linear regression models with AIBmax as target vari
and (b) cell number density as predictor variables. Suitable lin
growth and decay factors of 2 and 0.8 for collagen concentratio

model with linearized collagen concentration and cell n
In addition to collagen concentration, a statistically
significant positive correlation of cell number density
and AIBmax was observed. This finding is in agreement
with a previously reported moderate univariate correla-
tion (R2 5 0.43) observed in human cartilage with
variable degrees of degeneration (M€annicke et al. 2014a).

Using collagen concentration and cell number den-
sity, we found that a 2-D regression model can account
for approximately 50% of the observed variation in ultra-
sound backscatter. This finding is in line with previous
reports suggesting that both chondrocytes and collagen
contribute to ultrasound backscatter in this frequency
range. However, the following reasons do not allow
extension of the proposed model derived from cross-
section measurements to full biopsy measurements.
First, deep zones of cartilage cross sections with rela-
tively large and round-shaped chondrocytes were used
for development of the backscatter model. This model
is probably biased in predictions of backscatter from
smaller chondrocytes with elliptical shape, correspond-
ing to cells in the superficial zone in measurements
through the cartilage surface. Second, we observed that
in contrast to ovine and bovine specimens, human tissue
exhibited significantly higher backscatter amplitudes in
able and (a) collagen concentration (amide I absorbance)
earization was approximated by polynomial models with
n and cell number density, respectively. (c) Multivariate
umber density as predictor variables for AIBmax.
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the full biopsy measurements. The latter could not be ex-
plained by the number of cells and amount of collagen in
the superficial zone of human tissue, which were not
higher compared with those of ovine or bovine speci-
mens. This apparent deviation of predicted and measured
backscatter amplitudes in human cartilage must be attrib-
uted to other factors than collagen or cell number
density.

Human tissue exhibited mild signs of degeneration
because the somewhat high donor ages and the observa-
tion of almost isotropic backscatter characteristics led
to two different hypotheses. On the one hand, cartilage
degeneration results in tissue softening and subsequently
leads to a reduction in the reflection coefficient. There-
fore, more sound energy is transmitted into the tissue
matrix and can be scattered at subsurface scatterers. A
degeneration-related reduction of acoustic attenuation
(Nieminen et al. 2004) contributes to this effect. This
hypothesis is supported by Wang et al. (2010), who re-
ported a statistically significant increase in backscatter
amplitude in the middle cartilage zone after enzymatic
digestion with trypsin or collagenase. On the other
hand, fibrillation of the superficial cartilage zone in the
course of cartilage degeneration introduces additional
acoustic impedance interfaces within the tissue that can
contribute to the detected ultrasound backscatter ampli-
tude in human tissue, as reported by Myers et al.
(1995), who observed a significant correlation between
the width of the surface echo band (corresponding to
the subsurface backscatter signals analyzed in this study)
and cartilage fibrillation depth. Considering the small
depth of the gating window of approximately 160 mm,
probably both effects contribute to increased backscatter
amplitudes in human samples. However, the observation
of increased backscatter amplitude in degenerated carti-
lage is in contrast to a previous finding of no statistical
differences in AIBmax with respect to early degeneration
grades (M€annicke et al. 2014a).

The following limitations of this study should be
mentioned. Intra- and inter-specimen differences in
swelling behavior of cartilage cross sections may result
in underestimated backscatter amplitudes in cross-
section measurements because of increased water
content and a subsequent decrease in scatterer number
density. Moreover, the swelling-associated surface incli-
nation may result in heterogeneous acoustic pressure
amplitudes of the cross-section areas. Another experi-
mental limitation is related to the sample origin. In
contrast to human and bovine cartilage samples with
cartilage thicknesses .2 mm, ovine tissue exhibited
thicknesses in the range 0.7–1.1 mm. The lower thick-
nesses caused a decrease in the number of available pulse
echoes in the spectra estimation of the cross-section
measurements.
CONCLUSIONS

For the first time, we observed a positive correlation
between ultrasound backscatter intensity in the frequency
range around 40 MHz and cell number density and
collagen concentration in hyaline cartilage of different
species (human, ovine and bovine). The model yielded
a good prediction of the integrated backscatter for all spe-
cies and tissue ages when the collagen orientation was
approximately perpendicular to the sound propagation di-
rection. The variability of collagen concentration had a
similar impact on the variation in ultrasound backscatter
as variations of cell number density. These findings may
aid the future diagnostic potential of ultrasound for carti-
lage characterization by improved understanding of the
backscatter amplitude origins. Future work should aim
to apply more sophisticated analyses of spectral features
of backscattered ultrasound from the cartilage matrix,
such as the spectral slope, as they could serve as a highly
sensitive indicator of early OA.
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