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ABSTRACT

Measurements of the orientational dispersion of collagen fibers in articular cartilage
were made using diffusion tensor imaging (DTI) and small-angle X-ray scattering (SAXS)
on matched bovine articular cartilage samples. Thirteen pairs of samples were excised
from bovine knee joints; each pair was taken from neighboring locations in the same
bone. One sample from each pair was used for DTI measurements and the other for
SAXS measurements. Fractional anisotropy (FA) values were calculated from the DTI
data both for the individual imaging voxels and for whole regions of interest (ROI). The
FA values were used as a measure of fiber dispersion and compared to the ellipticities
of the fiber orientation distributions obtained from SAXS. Neither the spatially-
resolved FA values nor whole-ROI FA values showed any correlation with SAXS
ellipticities. We attribute the lack of DTI-SAXS correlation to two principal factors: (1)
the significant difference in the imaging resolution of the two techniques; and (2) the
inherent limitations of both the SAXS data analysis methodology and the diffusion
tensor model in the case of multi-modal fiber orientation distributions. We discuss

how these factors could be overcome in future work.



1 INTRODUCTION

The collagen fiber network in articular cartilage (AC) is typically described in terms of a
zonal architecture, comprising three zones. Fibers situated near the articular surface
are predominantly oriented parallel to the articular surface and form the superficial
zone. Fibers situated near the bone tend to be oriented almost perpendicular to the
articular surface, forming the radial zone. There is also a region of transition between
these two zones where fibers are oriented randomly and exhibit no predominant
alignment (transitional zone) [1,2]. While the zonal architecture has been observed
using a range of techniques such as polarized light microscopy (PLM), scanning
electron microscopy (SEM) and magnetic resonance imaging (MRI) [3-5], quantitative
and non-destructive determination of the degree of fiber orientation dispersion about

the predomination direction of alignment is not yet possible.

Diffusion tensor imaging (DTI) is an MRI technique that has gained prominence as a
means of studying the local microstructural anisotropy of articular cartilage [6—11]. DTI
involves the acquisition of several diffusion-weighted images using diffusion gradients
applied in several different directions. The magnetic resonance signal is then least-
squares fitted with the model of a diffusion tensor (DT), which can be visualized as an
ellipsoid. It is assumed that the characteristics of the diffusion ellipsoid directly reflect
the macromolecular environment of the diffusing water molecules [12,13].
Proteoglycans and collagen form most of the macromolecular scaffold of AC [1]. While
both these macromolecules restrict the diffusion of water, the diffusion anisotropy in

AC is attributed exclusively to the collagen fiber network [8,14].



DTl has been used to observe the changes in the AC collagen fiber network under
mechanical loading [15], to characterize tissue degeneration [10,14], and to study
collagen fiber anisotropy and tissue microstructure [6,8]. Typically, two parameters are
used to describe the collagen fiber network — the direction of the principal eigenvector
and the fractional anisotropy (FA) of the DT. AC zonal heights calculated from the
principal eigenvectors of the DT were found to be strongly correlated with zonal
heights derived from SEM [16]. Spatially-resolved maps of the direction of the principal
eigenvector of the DT have also been shown to be consistent with collagen fiber
orientation patterns measured by PLM [6], thus establishing the relationship between
the principal eigenvector of the DT and the predominant direction of collagen fiber
alignment in AC. On the other hand, the FA of the DT is a scalar, dimensionless metric
that represents directional differences in the amount of restriction imposed by the
collagen fiber network on the diffusion of water molecules. It is computed as the ratio
of the standard deviation of the DT eigenvalues to the mean-squared of the
eigenvalues. When the restriction is greater in one direction than the others, FA is high
(with the upper limit of 1 when diffusion is only possible in a single direction). When
the restriction is uniform in all directions, FA is low and tends ideally towards 0, but in
practice towards the lower limit determined by the noise level. FA is, therefore, a
useful indirect measure of the degree of fiber dispersion [13]. Our research group has
previously used Monte Carlo (MC) modelling to identify a quantitative relationship
between FA and collagen fiber alignment [17-19]. However, to date, there has been no
experimental evaluation of FA as a measure of the degree of fiber orientation

dispersion.



We have recently used small angle X-ray scattering (SAXS) measurements to quantify
the architecture of the collagen fiber network in AC. 2D SAXS measurements of AC
present patterns of diffraction maxima that arise from the structure and orientation of
collagen fibers. These patterns were processed to quantitatively determine the
distribution of fiber orientations in specific AC samples [20]. In this work, we compare
for the first time collagen fiber orientation dispersion measured using DTl with fiber

orientation distributions obtained from SAXS on matched bovine AC samples.



2 METHODS

2.1 Sample preparation

Thirteen bovine knee joints were obtained from a local abattoir and frozen 2 hours
after slaughter. Thirteen matched pairs of cylindrical cartilage plugs, of diameter 1 cm,
were excised with an intact layer of subchondral bone. The cartilage pairs were
obtained from the same bone within the joint and spaced close to each other to
ensure matching composition and structure. The thickness of the cartilage layer was
typically around 1.5 mm. One cartilage sample of each matched pair (Set A; Table 1)
was allocated for DTI measurements, while the other (Set B; Table 1) was used for
SAXS measurements. Eight ligament samples of the length 20-30 mm were also excised
from the joints for the SAXS experiments. The samples were placed in Phosphate
buffered saline (PBS) prepared from PBS concentrate sachets (pH 7.4, NaCl 0.138 M,
KCl 0.0027 M; Sigma-Aldrich, Castle Hill, NSW, Australia). Protease inhibitors (Sigma-
Aldrich, Australia) and 0.5 mg/mL sodium azide, NaNs (Sigma-Aldrich, Castle Hill, NSW,
Australia) were added to the PBS in order to inhibit metalloproteinase activity and
inhibit bacterial growth, respectively. After 24 hours, the samples were blotted dry and

frozen until the measurements.

2.2 Diffusion tensor imaging

Each cartilage sample in Set A was thawed in the previously prepared PBS solution to
room temperature prior to imaging. MR measurements were performed at room
temperature on a Bruker Avance nuclear magnetic resonance (NMR) spectrometer
(Bruker BioSpin, Rheinstetten, Germany) with a 7.0 T vertical bore superconducting

magnet equipped with a Micro2.5 micro-imaging probe. A 15 mm birdcage RF coil was



used. Apparent diffusion-weighted images were acquired using a single-echo diffusion-
weighted spin-echo sequence. The samples were oriented such that the normal to the
articular surface made an angle of 55° with the direction of the main magnetic field, to
obtain the maximum signal to noise ratio by minimizing attenuation of the signal due
to spin-spin relaxation. Six of the thirteen AC samples (Samples Al to A6; Table 1) were
imaged using the following parameters: The imaging slice was 1 mm thick and was
oriented perpendicular to the articular surface, with an image matrix size = 200 x 160,
field of view = 30 mm x 24 mm, echo time = 17 ms, repetition time = 4000 ms, number
of averages = 2. The gradient pulse parameters were: 6 = 2 ms, A = 8 ms. The diffusion
tensor was sampled in 10 independent gradient directions with two b-values per
direction set to 650 and 900 s/mm?. A reference image with no diffusion-weighting
was also acquired for each b-value. The remaining seven of the thirteen AC samples
(Samples A7 to A13; Table 1) were imaged using a different set of imaging parameters
as follows: The imaging slice was 0.7 mm thick and was oriented perpendicular to the
articular surface, with an image matrix size = 160 x 100, field of view = 24 mm x 15
mm, echo time = 15 ms, repetition time = 3000 ms, number of averages = 4. The
gradient pulse parameters were: 6 =2 ms, A = 7 ms. The diffusion tensor was sampled
in 60 independent gradient directions with one b-value per direction set to 900 s/mm?.
Four reference images with no diffusion-weighting were also acquired. The two sample
sets were imaged as part of different projects and therefore used slightly different

imaging parameters, which are summarized in Table 2.

The elements of the diffusion tensor were obtained from a linearized least-squares fit

of the Stejskal-Tanner diffusion-attenuation equation to the measured signal [21]. The



tensor was reconstructed using Mathematica (Wolfram Research, Champaign, lllinois,
USA) code written in-house and based on previously published work [6]. Two cartilage
regions of interest (ROI) were manually selected in the diffusion-weighted images as
shown in Figure 1 — ROIs A and B divided the cartilage into top and bottom halves. In
each ROI, two different sets of diffusion tensors were obtained — (a) Spatially resolved
diffusion tensors were calculated for each voxel, and (b) a whole-ROI diffusion tensor
was calculated by averaging the diffusion-weighted signal intensities in the entire ROI
and then calculating the DT from those intensities. The eigenvalues and eigenvectors
of the diffusion tensors were computed. Fractional anisotropy (FA) was calculated

from each diffusion tensor as [6]

3 (A —D)%2+ (A — D)2+ (A3 — D)2
FA:_(1 ) 2(22) 2(3 ) (1)
2 M+ 5+ A

where 1;, ,, 15 are eigenvalues of the diffusion tensor and A = . When

diffusion is completely isotropic, FA = 0, and when diffusion is completely anisotropic,
FA = 1. Non-zero values of FA in the PBS solution surrounding the AC sample estimate
the noise FA and were subtracted from the measured FA to obtain the intrinsic FA in

AC[13].

2.3 Small angle X-ray scattering

Disks of cartilage were obtained from each AC sample in set B by removing the bone.
Samples B4, B5 and B6 were incubated at 37°C in 2 mg/mL trypsin (Sigma-Aldrich,
Castle Hill, NSW, Australia) solution for 18 hours to deplete proteoglycans, while the

remaining samples were kept hydrated in PBS. Strips of 10 mm x 1 mm were then cut



out from each cartilage sample and each strip was halved parallel to the articular
surface to form two thinner sections which approximately represented the transitional
zone and the radial zone. These sections will be referred to as the top half and the
bottom half respectively. The trypsin-treated cartilage strips could not be separated
into the two sections as trypsin treatment causes loss of tissue structural integrity.
Strips of 10 mm x 1 mm were also cut out from all ligament samples using a scalpel.
Two ligament samples were treated with trypsin for 18 hours, while the other ligament
samples were kept hydrated in PBS. All samples were finally placed in quartz capillary
tubes (inner diameter 2.5 mm; Hampton Research, Aliso Viejo, CA, USA). Capillary
tubes containing AC samples B1 to B6 and ligament samples L1 to L4 were then sealed
with wax, while capillary tubes containing AC samples B7 to B13 and ligament samples

L5 to L8 remained unsealed.

Data was collected on a NanoSTAR Il SAXS instrument (Bruker AXS, Karlsruhe,
Germany). The X-ray source was a copper rotating anode (0.3 mm filament) operating
at 45 kV and 110 mA (Cu Ka radiation wavelength A = 0.15418 nm), fitted with Montel
multilayer optics and three pin-hole collimation for point focus geometry (750 pum
source; 400 um; 1000 um diameter pinholes) [22]. The beam was 1 mm diameter full
width at half maximum at the sample position. A VANTEC 2D detector (2048 x 2048
pixels; pixel size 68 x 68 um?; Bruker AXS, Karlsruhe, Germany) was located centrally
about the beam axis, and a 2.85 mm diameter beam-stop was located immediately in
front of the detector. The sample to detector distance was calibrated using a standard
sample (silver behenate powder) and for these experiments was 72.25 cm. The sample

tube was mounted on a three position X-Y translation stage and aligned with the X-ray



beam using a sample absorption scan. The sample position was reproducible to better
than 0.01 mm. Optics and sample chamber were under vacuum to minimize

background due to air scatter.

2D SAXS data was collected for ligament samples L1 to L8, with the collagen fibers
directed predominantly along the length of the capillary and oriented perpendicular to
the X-ray beam. Samples L5 to L8 were in unsealed capillary tubes and were
dehydrated when placed in the sample chamber for 10 minutes prior to data
acquisition. For AC samples B1, B2 and B3, 2D SAXS data for bottom sections were
obtained at two orientations with respect to the X-ray beam direction, and the
orientation of the top sections with respect to the X-ray beam was unknown. Samples
B7 to B13 were placed in unsealed capillary tubes and were dehydrated when placed
in the sample chamber for 10 minutes prior to data acquisition. 2D SAXS data for both
sections of dehydrated cartilage samples were obtained at two orientations. For
cartilage sample B1, SAXS data was acquired in both native and dehydrated states. A
summary of the sample preparation and treatment protocol for SAXS experiments is

shown in Table 1.

For each sample, 2D SAXS data were collected as a function of scattering vector q over
the range 0.15 < g < 3.92 nm. Multiple data sets were collected to improve
counting statistics. The data sets were averaged to obtain a single data set for analysis.
Azimuthal distributions of intensities of meridional diffraction maxima, I* (@), where
@ is the azimuthal angle and “m” and “S” denote meridional and AC sample

respectively, were extracted from the 2D SAXS patterns. Similar azimuthal intensity



distributions of equatorial diffraction maxima, I¢(@) and I$(@), where “e” denotes
equatorial and “F” denotes ligament sample, were extracted from 2D SAXS patterns of
ligament and AC samples respectively. Following previously described methodology
[20,23,24], the distribution of fiber orientations, g(@), in the AC sample and the

azimuthal scattering intensity distributions were related as

g9(®@) = (D) (2)

[5(@) = Ir(0) * g(9) (3)

where the superscripts “m” and “e” refer to the meridional and equatorial scatter,
respectively. The collagen fiber orientation distribution in each AC sample was
determined as g(®), which was calculated using Egs. (2-3). Deconvolution between
15 (@) and I$(®) was carried out using methodology described previously [20]. Each
orientation and section (top or bottom) of the AC samples in Table 1 was treated as an
individual sample. Then for each sample, a fiber orientation distribution was obtained
from the meridional intensity distribution [see Eqg. (2)] and at least two fiber
orientation distributions were obtained from the equatorial intensity distribution (by
deconvolution with reference ligament samples using Eq. (3)). The number of fiber
orientation distributions obtained via deconvolution depended on the number of
reference ligament samples available for each AC sample (See Table 1). For example,
Figure 2 shows all the fiber orientation distributions (shown as polar plots) calculated
for the top half of AC sample B7 from the SAXS pattern obtained at one sample
orientation. A quantitative measure of fiber orientation was obtained from each

distribution as the ellipticity, defined as



min
e=1-—1 (4)
max

where min and max are the minimum and maximum values of the distribution,
respectively. As demonstrated in our previous work [20], there is no significant
difference between fiber orientation distributions calculated from meridional and
equatorial diffraction maxima. Therefore, the degree of fiber alignment in each sample
was taken as the average of the ellipticities calculated for all fiber orientation

distributions obtained for the given AC sample.



3 RESULTS

Figure 3 shows a comparison of spatially-resolved FA values obtained from DTI
measurements of AC samples in set A versus ellipticities of the fiber orientation
distributions obtained from SAXS measurements of matched AC samples in set B.
Ellipticities calculated from SAXS patterns obtained at two orientations of the same
sample were averaged to obtain a single representative measure of fiber orientation
dispersion in the sample. FA values in this figure were calculated as the mean of
spatially-resolved FA values obtained from spatially resolved diffusion tensors in each
voxel in the cartilage ROI. For samples in set B which were separated into top and
bottom sections, FA values were correspondingly calculated from the bottom (ROI A)
and top (ROI B) halves. In the figure, data points from the two ROIls are represented by
blue squares (bottom halves) and orange circles (top halves). Correlation between
spatially-resolved FA and SAXS ellipticities was calculated as the Pearson’s correlation

coefficient [25], p = —0.38 (bottom halves) and p = 0.51 (top halves).

Figure 4 shows a comparison between whole-ROI FA and SAXS ellipticities of the fiber
orientation distributions. The whole-ROI FA values were calculated differently from the
spatially-resolved FA values shown in Figure 3. A single diffusion tensor was obtained
using diffusion-weighted MR signals averaged over the entire cartilage ROI, resulting in
whole-ROI FA values for each ROI. Unlike FA, fiber orientation distributions can be
combined linearly. Therefore, ellipticities of fiber orientation distributions obtained at
all sample orientations with respect to the X-ray beam were averaged to obtain a
single ellipticity value that described the fiber orientation distribution in the AC

sample. Top and bottom halves of the samples, represented by orange circles and blue



squares respectively, were treated as separate samples. Correlation between the
whole-ROI FA and ellipticities was measured as the Pearson’s correlation coefficient,

p = 0.07 (bottom halves) and p = 0.05 (top halves).



4 DISCUSSION

The collagen fiber network in articular cartilage is intimately linked to its
biomechanical properties [26—-31]. Quantitative knowledge of the fiber architecture is,
therefore, important for development of realistic biomechanical models [32-34],
bioengineering of the tissue [35] and for evaluation of tissue pathology [36]. Non-
invasive methods for quantifying fiber architecture are particularly important, as they
allow patient-specific or sample-specific studies of tissue structure and function. MRl is
both non-destructive and non-invasive and has become an invaluable tool for the
study of articular cartilage [37-39]. T, imaging and DTI, in particular, are MRI
techniques that are known to be sensitive to the collagen fiber orientation within the
tissue [40,41]. The aim of this study was to evaluate DTI as a technique for quantitative
assessment of the collagen fiber network in AC. Application of DTI for the study of local
collagen fiber orientation in AC has so far been based on two characteristics of the DT:
(1) the principal eigenvector, which reflects the predominant direction of fiber
alignment; and (2) fractional anisotropy, which can serve as a semi-quantitative
estimate of fiber dispersion [7-9,11,14]. Several studies have examined and
established the link between the direction of the principal eigenvector of the DT and
the predominant direction of fiber alighment [6,8,15,16]. The relationship between
fractional anisotropy (FA) and collagen fiber dispersion, however, remains relatively

unexplored.

In this paper, we examined the utility of FA as a measure of collagen fiber orientation
dispersion by comparing the FA from DTl measurements with fiber orientation

distributions obtained from SAXS measurements. Simulations of the diffusion tensor in



model fiber networks have shown that FA is strongly dependent on both the collagen
fiber alignment and collagen volume fraction [17-19]. However, in articular cartilage,
the collagen volume fraction exhibits a limited variation across the depth of the tissue
[5]. Therefore, we expected to observe a strong correlation between FA of the

diffusion tensor and SAXS ellipticities.

The comparison was non-trivial because, unlike DTI, SAXS is not an imaging technique.
That is, it does not produce an image of the sample; rather, it produces a single 2D
pattern of scattered X-rays which contains information on the internal structure of the
sample. In this study, SAXS data was obtained at a significantly lower spatial resolution
than the spatial resolution of the diffusion MR images. As a result, comparison of SAXS
ellipticities of fiber orientation distributions (obtained from whole AC samples) with
spatially-varying FA values obtained from DTl does not provide meaningful
information. Figure 3 shows that the X and Y error bars on each data point are of the
order of the full range of FA and SAXS values in the dataset, thus completely masking
any potential underlying correlation. This limitation was overcome by making the
spatial resolution of DTl and SAXS measurements comparable by down-sampling the
diffusion-weighted MR images prior to calculation of the diffusion tensor. This
produced a single whole-ROI FA value for a ROI similar to that used for SAXS data
acquisition. A comparison of the whole-ROI DTI FA values with the SAXS ellipticities is
shown in Figure 4. However, irrespective of the spatial resolution, there was no clear

correlation between DTI FA values and SAXS ellipticities.



This unexpected result may, in part, be attributed to limitations of the experiment
design. In this study, SAXS and DTI experiments were performed on matched pairs of
AC samples and not on the same AC sample. Sample matching was achieved by
extracting each pair from neighboring locations on the same bone. It is, however,
known that AC thickness, composition and microstructure can exhibit significant
topographical variations even within the same bone [42-45], resulting in a possible
mismatch of the collagen fiber network in the sample pairs. Experimental protocols
where the same AC sample is used for the non-destructive DTl measurements,
followed by destructive SAXS measurements, would allow a less confounded
comparison of DTl and SAXS results. Such an experimental design is, however, subject
to a synchronized availability of the MRI scanner and SAXS beam-time. Unfortunately,

this was not feasible in the present study.

Additionally, in DTI, the diffusion tensor represents the 3D diffusion environment of
water molecules within a voxel, while in SAXS the 2D diffraction pattern is dependent
on sample orientation with respect to the incident X-ray beam [20] and only
represents a projection of the actual 3D fiber orientation distribution within the
sample. In this study, we obtained SAXS patterns of several samples at two
orientations with respect to the X-ray beam (see Table 1). However, determination of
the true 3D fiber orientation distribution within the sample requires the acquisition of
2D SAXS patterns at several sample orientations. A detailed demonstration of the
acquisition of 3D SAXS data from trabecular bone can be found in [46]. Use of 3D fiber
orientation distributions derived from DTl and SAXS experiments may provide a better

dataset for comparison of the two techniques.



Equally importantly, it is clear from the results of this study that low spatial resolution
of the SAXS dataset prevents direct comparison of SAXS ellipticities with spatially-
resolved FA values. The obvious advantage of an increased spatial resolution of the
SAXS dataset is the potential for voxel-to-voxel comparison of DTl and SAXS
measurements. Resolution of SAXS data can be greatly improved by performing SAXS
measurements using a synchrotron-based X-ray beam source. Such X-ray sources can
produce beams with diameters as small as 250 um x 150 um, allowing acquisition of
spatially resolved SAXS patterns with resolutions similar to diffusion-weighted MRI
[36,47]. In such a set of experiments, knowledge of the orientation of the articular
surface with respect to the X-ray beam will further allow direct comparison of the

preferred direction of collagen fiber alignment as observed using SAXS and DTI.

The lack of correlation between whole-ROI FA and SAXS ellipticities may also stem
from the multimodal nature of fiber orientation distributions in the full ROls. Due to
the distinct depth-wise variation in collagen fiber orientations in AC, the top and
bottom sections (ROIs A and B) can comprise of a combination of radial and
transitional zones, and superficial and transitional zones, respectively. There is
significant variability in zonal thicknesses and fiber arrangements in AC samples [6];
therefore, fiber orientation distributions in both ROl A and ROl B are very likely
multimodal. However, the SAXS data processing methodology used in this study
assumes a unimodal distribution of fiber orientations within each sample. This
assumption was necessary to ensure the stability of the deconvolution method [20].
However, in SAXS datasets obtained at greater spatial resolutions, it is more likely that

the distributions will be unimodal, thus justifying the assumption. This will ensure that



fiber orientation distributions derived from the SAXS data closely match the true fiber
orientation distributions in the AC samples. This provides a further strong rationale for

the use of synchrotron-based SAXS in future studies.

It is also important to note that there is no distinct boundary between the zones in AC.
The definition of individual zones is simply a conceptual discretization of the
continuous fiber network [48]. Therefore, in some voxels, especially at the supposed
boundaries between the zones, it is very likely that the fiber orientation distribution
will be multimodal irrespective of the spatial resolution of the DTl and SAXS
experiments. This is a source of potential complications, both in terms of the accuracy
of sampling the fiber orientation distributions derived from SAXS and the
interpretation of FA in terms of collagen fiber dispersion. In such cases, use of only the
meridional component of the SAXS pattern, with no need for deconvolution, may allow
extraction of the true multimodal fiber orientation distribution. Application of DTI in
the case of multimodal fiber orientation distributions, however, would remain
erroneous as the diffusion tensor represents an ‘average’ distribution only, and cannot
adequately model multimodal fiber orientation distributions [49-51]. Additionally,
while separation of multiple fiber populations within each voxel is neither feasible nor
required, extraction of the fiber orientation distribution, whether unimodal or
multimodal, instead of a single FA value, may allow a more direct comparison with the

fiber orientation distributions derived from SAXS measurements.

Model-free approaches to the processing of diffusion MR images that allow the direct

determination of the distribution of collagen fiber orientations in AC are, therefore, of



considerable interest. A promising example is the constrained spherical deconvolution
method (CSD), which in the past 10 years has become invaluable in the field of brain
fiber tractography, where it is applied to separately identify multiple fiber tracts within
an imaging voxel [49,52,53]. The technique allows direct calculation of spatially
resolved fiber orientation distributions from diffusion-weighted images obtained at a
much greater angular resolution than in conventional DTI, while making no prior
assumptions about the nature of the distribution. While hugely successful in brain fiber
tractography, CSD has never been applied to diffusion MRI of articular cartilage. Its
utility in diffusion MRI of AC, it should be noted, lies not in identification of multiple
fiber populations, but simply in the extraction of model-free fiber orientation
distributions. Therefore, while significant modification of the deconvolution
methodology currently in use in neuroimaging may be needed, extension of the work
presented in this paper using CSD analysis and high-resolution SAXS measurements
could provide important insights into the potential of diffusion MRI as a non-invasive

technique for quantifying the collagen fiber architecture in articular cartilage.



5 CONCLUSIONS

In this work, we present a comparative study of DTl and SAXS measurements of the
orientational dispersion of collagen fibers in articular cartilage. Fiber dispersion was
quantified using the fractional anisotropy of the diffusion tensor and was compared
against ellipticities of fiber orientation distributions obtained from SAXS. There was no
clear correlation between DTl and SAXS results, indicating the need for greater spatial
resolution of SAXS measurements as well as model-free techniques, such as CSD, for
analysis of diffusion-weighted MR images of articular cartilage. Despite the lack of
correlation between DTl and SAXS measurements of fiber dispersion discussed in this
paper, this study is important as it is the first practically demonstrated evaluation of
diffusion MRI as a non-invasive tool for quantitative assessment of the collagen fiber
architecture in articular cartilage, using direct comparisons of fiber dispersion
measurements by DTl and SAXS. The lessons learned from the negative results of the
present work will inform the methodology of future SAXS microstructural studies of

articular cartilage.
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TABLES

Table 1: A summary of AC samples used in DTl and SAXS experiments

DTI SAXS

Sample Sample Treatment Sectioned into top (T) and  Sample orientations

name name bottom (B) sections for SAXS
measurements

Al, Bl Bl

A2 B2 Untreated Yes 2B,1T

A3 B3

Al, B1 B1 dehyd Dehydrated Yes 2B,1T

A4 B4 .

AS BS Tretated.wnh No 5

A6 B6 rypsin

A7 B7 Dehydrated Yes 2B,2T

A8 B8 Dehydrated Yes 2B,2T

A9 B9 Dehydrated Yes 2B,2T

Al10 B10 Dehydrated Yes 2B,2T

All B11 Dehydrated Yes 2B,2T

Al12 B12 Dehydrated Yes 2B,2T

Al13 B13 Dehydrated Yes 2B,2T

Table 2: Imaging parameters used for DTI experiments on AC samples

Imaging parameters Sample names
Al,B1, A2, A3, A4, A5, A6 | A7, A8, A9, A10, Al1, A12, A13

Image matrix size 200x160 160x100
Field of view 30 mmx24 mm 24 mmx15 mm
Slice thickness 1 mm 0.7 mm
Echo time 17 ms 15 ms
Repetition time 4000 ms 3000 ms
Gradient pulse parameters 6=2ms;A=8ms 6=2ms;A=7ms
Number of gradient directions 10 60
b-value 650 s/mm? and 900 s/mm? 900 s/mm?




FIGURE CAPTIONS

Figure 1. Diffusion-weighted image of sample Al showing the manually selected
cartilage ROlIs (top half in orange and bottom half in blue). Each ROI is texturized to
show the voxels in the region. A single voxel, shown in black, is highlighted as an
example. Note that the voxel size shown is not the actual voxel size. Locations of PBS,
Teflon plug and bone within the image are also shown.

Figure 2. Fiber orientation distributions (shown as polar plots) calculated from
meridional and equatorial components of the 2D SAXS pattern of an articular cartilage
sample. Ellipticities obtained from each distribution are also given.

Figure 3. Spatially-resolved FA values obtained from DTl measurements of AC samples,
averaged over the top (ROI A; orange circles) and bottom (ROI B; blue squares) halves
of the samples, compared with ellipticities of fiber orientation distributions (&)
measured from SAXS experiments on matched AC samples. This plot does not include
data from trypsin-treated samples.

Figure 4. Whole-ROI FA values in the top (ROl A; orange circles) and bottom (ROl B;
blue squares) halves of the AC samples compared with corresponding SAXS ellipticities
(€) in matched AC samples.
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