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Abstract

Mouse models of osteoarthritis (OA) are commonkdu® study the disease’s
pathogenesis and efficacy of potential treatmeéthdsvever, measuring the biochemical and
mechanical properties of articular cartilage irsthenodels currently requires destructive and
time-consuming histology and mechanical testingréfore, we examined the feasibility of

using contrast-enhanced CT (CECT) to rapidly angaestructively image and assess the



glycosaminoglycan (GAG) content. Using three exoMB57BL/6 mouse tibial plateaus, we
determined the time required for the cationic casttagent CA4+ to equilibrate in the cartilage.
The whole-joint coefficient of friction (i) of theen mouse knees (some digested with
Chondroitenase ABC to introduce variation in GA@svevaluated using a modified Stanton
pendulum. For both the medial and lateral tibiatghu cartilage of these knees, linear regression
was used to compare the equilibrium CECT attennatio p, as well as each side’s indentation
equilibrium modulus (E) and Safranin-O determinediGccontent. CA4+ equilibrated in the
cartilage in 30.9 £ 0.95 min (mean + SD, tau vailti6.17 £ 0.19 min). The mean medial and
lateral CECT attenuation was correlated with f=@R69, p<0.05), and the individual medial and
lateral CECT attenuations correlated with theipessive GAG contents (R0.63, p<0.05) and
E (R%>0.63, p<0.05). In conclusion, CECT using CA4+ sraple, non-destructive technique
for three-dimensional imaging of ex vivo mouse itage, and significant correlations between
CECT attenuation and GAG, E, and p are observed.
KEYWORDS:. micro-computed tomography, compressive modulustficeent of friction,
osteoarthritis, glycosaminoglycan
INTRODUCTION

Osteoarthritis (OA) is a common, non-inflammatoigeadse that alters synovial joint
structure and performance. Articular cartilage ptes a smooth, nearly frictionless surface that
distributes applied loads to articulating jointfages. Unfortunately, this tissue breaks down as
OA progresses, resulting in eventual cartilageieroand bone-on-bone contact leading to
patient pain. The mouse is an essential animal htodgudy cartilage degeneration mechanisms
in OA. In this model, the disease can be inducadyenetic knockouts (e.g., collagen 1X [1, 2],

osteopontin [3], ADAMTS4 [4], or ADAMTSS [5] defiencies), surgery (e.g., anterior cruciate



ligament transection (ACLt) [6] or destabilizatiohthe medial meniscus (DMM) [6, 7]), or the
disease can spontaneously develop in some muraias{e.g, STR/ort) [8, 9]. Additionally, the
mouse model is commonly used for the assessmerm@vofOA therapies or treatments in pre-
clinical development [10, 11].

During the early stages of OA, cartilage glycosamgipcan (GAG) content decreases
[12, 13]. Hence, GAG concentration is an imporiadtcator of cartilage tissue health and is
routinely studied in OA research. A reduction in GArohibits cartilage from maintaining a
substantial interstitial fluid pressure, which dmnishes its compressive stiffness and lubricating
ability while distributing more of the tissue’s @mhal load to the collagen matrix, resulting in
eventual tissue damage. A common method to ass&GsoBntent in mouse models is Safranin-
O staining of histological sections [2, 14, 15].dkenally, cartilage mechanical and lubricating
properties are frequently examined for ex vivo neocertilage using indentation testing [2, 16,
17] and pendulum friction testing [18-20], respeely, as these properties are important
indicators of cartilage functional performance.hdiigh these techniques are common,
histological and mechanical testing of mouse awdiccartilage is challenging and limited.
Specifically, the tests are time-consuming, reqadeanced skill, and cannot quickly provide a
3D map of the biochemical or mechanical propeuiete cartilage (histology requires 2D
sectioning, indentation tests analyze specifissa@d pendulum testing assesses whole-joint
performance, not individual cartilage surfaces)rébwer, both histology and indentation are
destructive and cannot be performed on intactgadntused to monitor disease progression or
treatment efficacy in a single animal.

To generate more global measures of murine joititgd@gy, various imaging modalities

are being explored to examine cartilage, inclugiogfocal scanning laser microscopy [7, 9], ,



phase-contrast computed tomography (CT) [21], amdrast-enhanced computed tomography
(CECT) using an anionic contrast agent [22, 23)wkier, these imaging techniques primarily
assess morphological features of cartilage (digkness and volume). Thus, a facile, non-
destructive technique that evaluates morpholodezdlires as well as provides information on
the biochemical and mechanical properties of mauseular cartilage is of significant interest.
Herein, we report the application of CECT to exarex vivo mouse articular cartilage GAG
content and mechanical properties using the caticmtrast agent CA4+. Specifically, we
report the diffusion profiles of CA4+ into cartigs a function of time, 3D reconstructed
images showing morphological features, and theespent correlations between CECT
attenuation and cartilage GAG content, equilibreompressive modulus, and coefficient of

friction.

METHODS
Material/specimen preparation

The skin and other soft tissues were carefully needdrom the hind limbs of seven,
euthanized, 16 week-old, female C57BL/6 mice, leg¥he knee capsules intact (n = 13). Three
of the knees were set aside for the diffusion-ipegxnent, while the other knees were each
flexed to approximately 90° and then randomly reegéia 20-pL infrapatellar, intra-articular
injection of either Chondroitinase ABC (C3667, Sayrst. Louis, MO) to deplete GAG at 0.1
U/mL (n=3) or 0.5 U/mL (n=3) or saline (control, 4= These three groups created a larger
range of cartilage GAG contents to mimic the raoig@AG expected in common mouse OA
models. The injected limbs were flexed and exter8fetimes and then stored at 37 °C for 4 hrs.

To facilitate easier gripping during imaging andchmenical testing, both the proximal femur and



the distal tibia of all knees were embedded in pethylmethacrylate (PMMA) bone cement
(Technovit 3040, Heraeus Kulzer GmbH, Wehrheim nazeaty).

The cationic contrast agent CA4+ was synthesizqur@viously reported [24], and a
CA4+ contrast agent solution was prepared at 12migby dissolving the dry compound in
deionized water, balancing the pH to 7.4 using eatrated 4.0 M NaOH, and adjusting the
osmolality to 400 mOsm/kg using sodium chloridenatch the in situ osmolality of articular
cartilage (350-450 mOsm/kg [25]). Preliminary pidtidies demonstrated that this CA4+
concentration provided cartilage CECT attenuati@t tvas distinguishable from both the
surrounding air and the subchondral bone. GIBCQ-Anti stock solution (Invitrogen, Grand
Island, NY), 5mM of EDTA (Sigma, St. Louis, MO),&benzamidine HCI (Sigma B6506, St.
Louis, MO) were included in all the contrast agand saline solutions that were exposed to the
cartilage to prevent nonspecific degradation ofdéilage during the study.
Contrast Agent Diffusion-In Experiment

The three non-injected knees were disarticulatéth@surrounding soft tissue was
removed, and the tibias were rinsed three timexoess saline to remove any residual synovial
fluid. The tibial plateau surfaces were then eacmersed in 1 mL of CA4+ solution at room
temperature. The samples were removed from theasirggent for CT scanning after being
immersed for the following total times: 0, 5, 10, 30, 45, 60, and 90 min. When removed from
the solution, the samples were gently blotted diadividually positioned in a uCT imaging
system (UCT40, Scanco Medical AG, Bruttisellen,t3grand) using a custom, airtight holder
that maintained a humid environment to preventrdyyf the cartilage. Sequential transaxial
HCT images of the cartilage and subchondral bome ae&quired at an isotropic voxel resolution

of 6 um, 70-kVp tube voltage, 113-pAmp current, 808-ms integration time for all samples.



These diffusion-in uCT data were converted to DICfknat using the proprietary software
from Scanco Medical AG before being imported fostparocessing using Analyze™
(AnalyzeDirect, Overland Park, KS). For each tinoenp the cartilage was segmented from the
subchondral bone using a region-growing algorithrthe Volume Edit module of Analyze [26,
27]. Specifically, for each image slice, a seedhpwias placed in the cartilage, and then the
upper and lower thresholds were manually adjustgitithe grown region encompassed all of
the cartilage, with care taken not to include amychiondral bone or surrounding air. All
cartilage contours were manually reviewed and aefL$ necessary. This region-growing
algorithm has been repeatable by each user inroupagnd reproducible between analyzers.
The mean contrast-enhanced CT (CECT) attenuatilie expressed in Hounsfield Units (HU)
for the medial and lateral surfaces combined waaiogd by averaging the x-ray attenuation
over all transaxial uCT slices corresponding tailegge tissue. The attenuation values for each
time point were then normalized by the 0-min tinoenp (baseline/non-enhanced) attenuation.
Pendulum Coefficient of Friction (i) Testing

Most reports examining the relationships betwesstficient of friction (1) and GAG
utilized excised cartilage discs or osteochondiagg As a result of sample extraction, these
sample types possess an exposed, circumferengaltbdt alters the mechanics and mass
transfer of fluid and molecules in and out of thetitage. Additionally, if using cartilage discs,
the cartilage-bone interface is not preserved duesting. To overcome these limitations and
preserve the native boundary conditions for thélage and subchondral bone, this study
performed friction testing using a modified pendualapparatus [18-20]. This approach also
enables loading the cartilage surfaces in a progicdlly relevant manner (cartilage-on-

cartilage) with appropriate force and displacentejéctories. For the ten knees used in this



study, their femurs and tibias were gripped in aified Stanton pendulum apparatus [20] with a
50-mg pendulum arm. The pendulum arm was offsgébtdegrees, released, and allowed to
freely oscillate until coming to rest. Each kneeswgsted three times, and the pendulum arm
motion was recorded with high-speed video. ThewMas analyzed to calculate a coefficient of
friction (i) for each knee joint using conservatairenergy [18] and a custom MATLAB code
(MATLAB R2010a, The MathWorks, Natick, MA).

Indentation Equilibrium Compressive Modulus (E) flieg

After pendulum testing, the knee joints were disalated, all the surrounding soft tissue
was removed, and the tibias were rinsed three timescess saline (to desorb any residual
enzyme in the treated knees). The tibial plateasisetected for subsequent analyses, as it is a
preferred tissue over the femoral surface for imggnd mechanical testing. Its cartilage
surfaces are thicker than the opposing femorahsadgf and resemble a simpler 3D geometric
shape, namely a convex, with relatively flat tissuaounding the testing site (a circular area of
at least 3 indenter tip radii) [28], while the feralocartilage surfaces possess more complex
surface shapes.

After rinsing, the tibial samples were then indivally positioned in a pCT imaging
system (LCT50, Scanco Medical AG, Briittisellen,t3&riand) using a custom, airtight holder
that maintained a humid environment. The samples weanned at an isotropic voxel resolution
of 2 um, 70-kVp tube voltage, 114-uAmp current, B integration time, and 3x frame
averaging. These settings on the pCT50 scannerugerkto generate baseline CT images with
more voxels throughout the cartilage tissue depfadiliate accurate thickness measuring. The
baseline uCT data were converted to DICOM formairasiously described and imported for

post-processing in Analyze. The mean cartilagektigss for each of the medial and lateral



cartilage volumes was then determined perpenditoltre cartilage articular surface at the
indentation testing site by manually drawing 9 diguspaced lines from the articular surface to
the subchondral bone on 7 equally spaced sadittabsising the “Line Tool” in the Line Profile
module in Analyze [27].

Both the medial and lateral volumes of each sampl® then evaluated using a standard
indentation testing procedure [29]. Briefly, thieidl diaphysis was secured in a fixture and
positioned such that the central, weight-beariggpreof the cartilage surface (a locally flat
surface) was aligned perpendicular to a 0.3-mm eiamplane-ended, glass indenter tip. After
submerging the cartilage in saline, a 3 mN pre-lwad applied. Each sample was then
compressed using a 4-step indentation stress-tedaxagimen consisting of four 5% strain
steps at a displacement rate of 60 pm/min (Z005¢kKRoell GmbH, Ulm, Germany), each
followed by a 200-sec relaxation period. The ind&ah, equilibrium compressive modulus (E)
was then computed by fitting a linear regressioa to the resulting equilibrium stress-strain
data. Due to complications during testing, onerédtiest was removed from subsequent
analyses.

Contrast-Enhanced CT (CECT) Imaging

Following mechanical testing, the samples recoveresline for at least 1 hr at room
temperature before being immersed in 0.25 mL of €adlution for 2 hrs at room temperature.
Each sample was then gently blotted to remove exoastrast agent and scanned again using
the same pCT50 scanner and settings. After scanedia) sample was rinsed in 1 mL of saline
at 4°C overnight and then frozen. The CECT dataevaso converted to DICOM format,
imported into Analyze, and the cartilage was sedetefrom the subchondral bone using a

region-growing algorithm in the Volume Edit mod{&®, 27]. The mean CECT attenuation



value for each cartilage surface was obtained suinglported as grayscale intensities in
Hounsfield Units (HU).
Determination of Glycosaminoglycan (GAG) Content

To determine cartilage GAG content, an optical dgnechnique was applied to
Safranin-O stained histological sections of thedam(see Sl for details). Safranin-O is a red,
cationic dye that binds to the negatively chargédss in cartilage histology sections, and the
resulting red-stained regions indicate the distrdsuof the GAGs. Both the medial and lateral
surfaces of each tibial plateau were embeddedraffpg processed for histological sectioning
as described in the Sl, cut sagittally into 5-pkisections, stained with Safranin-O, and
imaged on a microscope at 10x magnification (Axmager 2, Zeiss Microscopy, Thornwood,
NY) after using the software’s white balance fuotio eliminate any red pixel bias from the
background. Using Analyze’s ROI and Image Calculatodules and a custom code (MATLAB
2010a), the cartilage region of each photomicrdgraps analyzed to determine its mean red
pixel intensity (expressed as mean Ip value) [3011D subtracting the average of the green and
blue components from the red component of eacH piitkin both the cartilage region and a
neighboring, background region in the same imagedbntained no tissue; 2) normalizing the
resulting cartilage values by the max resultingkgaaund value to compute each cartilage
pixel’s Ip value (any pixel Ip values less tharequal to zero were ignored), and 3) averaging all
the Ip values to compute the mean Ip value forcdrélage on each section. This approach
resulted in the greatest dynamic range of Ip vahoegss the spectrum of bovine GAG values
obtained using the 1,9-dimethylmethylene blue (DMNBsay for the standard curve described
below. The global mean Ip value for each cartilagdace was then computed by averaging all

the mean Ip values obtained for all sections adiussvidth of the surface.



The mean Ip values were then converted to GAG otnisng a standard curve
generated from the articular cartilage of 6 neighigppairs of bovine osteochondral plugs [30]
(see Sl for details), as performing the standardMBvassay directly on small mouse samples is
unreliable due to difficulty removing the cartilagggsue without also excising subchondral bone
fragments or surrounding soft tissue pieces. Th&@Antent of several 100-um thick, depth-
wise layers from one plug of each pair was measusety the DMMB assay [31], while mean
Ip values of corresponding layers from the othegplof each pair were determined as described
for the murine samples. The standard curve betwesam Ip value and GAG content was
generated using linear regression and was usezhteed from mean Ip value to GAG content
for the mouse tibial cartilage samples.

Statistics

Univariate linear regression analysis (SPSS 1h@&;&go, IL) was applied to examine
relationships between E, pu, CECT attenuationsGA@ content. The coefficient of
determination (B was used to assess the strength of the corme$atmd significance was

defined as two-tailed P-value < 0.05.

RESULTS
CA4+ Diffusion into Mouse Tibial Plateau Cartilage

The cationic contrast agent CA4+ rapidly diffusei the mouse tibial plateau cartilage
tissue and reached equilibrium after approxima@8lynin Eigure 1). After fitting the data for
each sample with an equation of the fa@ECT Attenuation = a*e™™ + ¢, tau values

(calculated as 1/b) were computed for each saraptkthe mean tau value was found to be 6.17



+ 0.19 min (mean = SD). Multiplying the tau valug®yields 99% of the fitted equilibrium
attenuation, hence the calculated mean equilibtioma was 5*tau = 30.9 £ 0.95 min.
Quantifying Cartilage GAG Content from Safranin-@iSed Histological Sections

Using 42 depth-wise layers obtained from six neaghig bovine cartilage plug pairs, a
standard curve correlating mean Ip Value (a measiutlee red intensity from Safranin-O stained
histology sections) to GAG content determined kimDMMB assay was developdgidure 2).
Since the correlation was’R 0.93 and statistically significant (p < 0.0%)etred content from
Safranin-O stained histology sections reflectedGA&€ content of the cartilage tissue.
Therefore, this standard curve was used to coffireemt mean Ip value to GAG content for the
mouse cartilage samples.
Relationships between CECT Attenuation, GAG Contamd Equilibrium Compressive
Modulus

The CA4+ enhanced CT attenuation was significastlyelated with GAG content
(determined via Safranin-O staining) for both thedml and lateralRigur e 3a) samples, with
coefficients of variation greater than or equad 4. Positive correlations were observed
between indentation, equilibrium compressive mosl(k), and GAG content for both the
medial and lateral surfaceSigure 3b, R>>0.63, p<0.05). Additionally, accounting for up to
78% of the variation in E, the CECT attenuation ywasitively correlated with E for both
surfaceskigure 3c).
Relationships between CECT Attenuation, GAG Contamd Coefficient of Friction

As shown inFigure 4a, pendulum coefficient of friction (1) was negativeorrelated
with GAG content (R=0.59, p<0.05). And, CECT attenuation was negatiuetrelated with p

(Figure 4b), with p accounting for 69% of the variation in CE attenuation.



DISCUSSION

Contrast-enhanced CT (CECT) of cartilage relieshenpartitioning of a mobile contrast
agent probe in the tissue [32]. If the probe isggéd, it will equilibrate according to Donnan
Equilibrium Theory in proportion to the negativedd charge density arising from the GAGs in
the cartilage extracellular matrix (ECM) [33-40prFexample, anionic contrast agents partition
in inverse proportion to the GAGs, and the resgl@ECT attenuations correlate with cartilage
GAG content [33, 37-40] and compressive stiffn@3.[Alternatively, cationic contrast agents
(such as CA4+ [24]) partition in direct proportitmGAG content [34, 35], and the resulting
CECT attenuations strongly correlate with cartil@®&G content [34, 35, 41], equilibrium
compressive modulus [41] and torsional coefficefriction [41]. To evaluate the potential of
CECT using the CA4+ contrast agent to image motgaikar cartilage, we first measured the
diffusion kinetics of CA4+ into the cartilage ofrle murine tibial plateaus. The CECT
attenuation reached a mean value of 1118 + 69 Heafmx SD] after 30 min of diffusion
(Figure 1a) with a corresponding mean tau value of 6.17 H @nin, representing the time at
which 63.2% of the final attenuation was reacheraglate (an anionic CT contrast agent with
similar molecular size and structure used at 80+h§0mL [24]) also attains equilibrium within
30 min in mouse femoral (tau value of 6.7 min) [28Y tibial [23] articular cartilage specimens,
indicating similar diffusion kinetics for both agenThe similar tau value for CA4+ and
loxaglate likely reflects the thin mouse cartilagenger equilibration periods appear necessary
for phosphotungstic acid (PTA) [42]; however, edliffusion time points were not examined.
Both the tau value and equilibrium immersion time@©A4+ are less than previously reported

for this contrast agent when diffused into boviagitage tissue [35] and are less than those



reported for two cationic near infrared fluorescdipicolylamine probes diffused into human
cartilage [43], again due to the smaller volume #nckness of mouse cartilage.

The positive correlation obtained between the n&sfnanin-O stained Ip Value of the
histology sections and GAG content determined veaDMMB assayKigure 2) agrees with
previous reports using a similar procedure for be\#4] and human [30] cartilage. This
relationship is essential for quantifying GAG caritef small rodent cartilage, as performing the
DMMB assay directly on such samples is unrelialie tb difficulty removing the cartilage
tissue without also excising subchondral bone feghor surrounding soft tissue pieces.

The significant correlations between CA4+ enhar€&dattenuation and GAG content
for both the medial and lateral cartilage surfacsed in this study @& 0.74 and 0.64,
respectivelyFigure 3a) agree with previous reports for bovine cartilagpecifically, using the
same CA4+ concentration, Lakin et al [41] repogteditive and significant correlations between
CECT and GAG using bovine cartilage with coeffitieaf variation (R) of 0.74 for a study
using native tissue, and 0.87 for a study that etk native and GAG-depleted tissue.
Additionally, this study’s correlations agree witilose published with CA4+ at lower and higher
concentrations, 8 mgl/mL [35] and 27 mgl/mL [34spectively. Our positive relationship
between CECT and GAG content agrees with the @atioel reported for human cartilage and
the trend reported for murine cartilage when b@tsues were immersed in a cationic near
infrared fluorescent dipicolylamine probe [43]. Adugh the GAG ranges are the same, the
medial CECT attenuations tended to be greatertti@se of the lateral surface, resulting in a
slightly greater y-intercept for the medial samptisspite the similar slopes. There are a few
potential reasons that could explain the differanaequilibrium CECT values. First, the medial

samples were significantly thicker than the lateseahples, which would result in more voxels of



data from the GAG-rich middle and deep cartilageezgocontributing to the mean CECT
attenuation values. Although it was not possiblagsess porosity or water content with our
methods, the lateral samples could also be lessipar have lower water contents than the
medial samples, which would result in reduced dojuilm contrast agent concentration in the
tissue yet a similar sensitivity to GAG. Furthéme slight difference in the correlations
emphasizes that future studies should investit@m@eed for surface-specific phantoms to
effectively predict cartilage GAG.

As shown inFigures 3b-c, the indentation equilibrium compressive modulswas
positively correlated with GAG content and mean GEfftenuation for the medial {R 0.78 for
both) and lateral (R= 0.63 for both) surfaces (all p<0.05). The catiehs between E and GAG
content and CECT and E both agree with previoudtsessing bovine cartilage [41]. The
specific correlation comparisons are: E vs. GAG:(RI0 (bovine femoral condyle) vs*#0.78
and R=0.63 (murine medial and lateral tibial plateaspextively). With CA4+, the electrostatic
attraction between the contrast agent and the inegjatharged GAGs again results in high
contrast agent uptake in mouse cartilage and peditiear correlations between CECT
attenuation and both GAG content and E. The relaligpp between CECT and GAG appears
consistent between the medial and lateral volumk#e the relationships between E and both
GAG and CECT have different slopes. The similapsiofor CECT vs. GAG are likely a result
of CA4+ equilibrium partitioning being primarily flnenced by GAG alone, while E is known to
vary between joint surfaces [45], likely as a testidifferences in other tissue constituents,
including collagen density, water content, and pityo Since our CECT technique is sensitive to
GAG, it is not surprising that both CECT attenuatemd GAG content have comparable

correlations with E for each tibial plateau surfaddewever, these other tissue constituents could



explain the differences in the correlations betwtenmedial and lateral tibial plateau surfaces
for both GAG and CECT. Thus, to determine the gbdf our imaging technique to predict
GAG-related cartilage mechanical properties, addéi predictive data sets will be required for
each articular cartilage surface of interest indbsired species.

In addition to affecting the compressive stiffnegsartilage, GAG content is also known
to influence cartilage coefficient of friction (41, 46-48]. GAGs contribute to the frictional
performance of cartilage through both hydrostatid elastohydrodynamic lubrication [45, 49].
Herein, negative correlations are observed betweependulum coefficient of friction (1) and
both GAG content and CECT attenuatiorf €R0.59 and 0.69, respectivelyigures4a & b).
These relationships agree with those reported usinme cartilage plugs with three torsional
coefficients of friction [41]. Specifically, for thbovine cartilage samples, the coefficient of
variation ranged between 0.49 to 0.78 for GAG vfopsional) and between 0.69 and 0.79 for
CECT vs. y, while the Rvalues obtained in this study were 0.59 for GAGWw$¢pendulum) and
0.69 for CECT vs. p. However, in this study, thaghdum p values ranged from 0.00025 to
0.00075, which is 2-3 orders of magnitude lowenttiese reported for the torsional samples
(range: 0.05 to 0.4). The discrepancy in the ramgkkely due the fact that coefficients of
friction are highly dependent on testing conditif®@]. The coefficients of friction reported
herein are not significantly different than thosparted for a murine study by Jay et al [18]
(range: 0.0005 to 0.003), in which a 20-mg pendudum was used (compared to the 50-mg
pendulum arm in this study). Of note, this studihesfirst report of a significant correlation
between CECT attenuation and pendulum coefficiefation, further demonstrating the
potential feasibility of CECT as a useful tool &ssessing cartilage GAG and, through that

relationship, GAG-related mechanical properties.



Compared to indentation, pendulum, and histologegaluation, CECT provides several
substantial advantages. To generate a compresgimess map of a sample using indentation
testing, the sample must be positioned and testegbich discrete location on its surface,
requiring many hours. Additionally, to compute angwessive modulus, the sample thickness at
each testing site must be measured. This is conynp@nformed with needle-puncture [16],
which is a destructive technique. Regarding penduksting, this technique is less destructive
than indentation testing, however it would be arading to apply in vivo, as the surrounding
muscle tissue would influence joint articulatiordditionally, reliably performing the pendulum
testing requires developing an apparatus and gyogepping both the femur and tibia such that
the natural axis of pivot for the knee is propengintained during artificial articulation. One
CECT scan following contrast agent immersion toildziium yields relevant information non-
destructively and faster. For histology, theressmme considerable challenges and pitfalls
associated with using this technique to obtainrmfttion about cartilage biochemical content.
These include: 1) decalcifying the samples, wheduires several days; 2) machine or personnel
processing glitches that can cause irreversiblgpadamage; 3) difficulty sectioning samples in
the correct orientation (also irreversible); 4) tissue can tear during sectioning or fold or wash
off during mounting, both resulting in loss of dadad 5) once stained, a different staining
cannot be performed (in CECT, contrast agents eamdshed out of samples so the samples can
be subsequently immersed in a different agengudintitative measures (e.g., optical density)
are desired from histological sections, debristendlides can affect optical measurements, and
day-to-day variability in microscope lighting andising batches (even with the same settings or
recipes) necessitate that all tissue sectionsaieest in the same batch and imaged in an

uninterrupted sequence. Such constraints can lidgpnatic if re-staining is required. On the



contrary, one rapid, facile CECT scan post-conirastersion generates related information
faster (~2 hrs vs. many days for histology), nostdetively, and without the risk of sample
damage/loss. Additionally, histology only permif3 gections to be obtained from samples,
which cannot easily be viewed from a different otaion, while CECT enables the same 2D
views Figureb5a & b) analogous to Safranin-O sectiof$gure 5¢c & d) in any desired plane
and 3D reconstructions of samples, which can h&llissectioned in real-time in one to three
planes simultaneousl¥igur e 5e-h). Therefore, the same information that quantigyiagreed
with GAG content, equilibrium compressive modulaisd coefficient of friction irfFigures 3-4
can easily be viewed in any arbitrary plane or a$hale 3D structure. The 3D and non-
destructive nature of CECT coupled with the encgimgresults obtained in this experiment set
the stage for additional CECT studies using CAdehsas: 1) examining OA induced mouse
models (e.g., surgical instability or knockout misjieand 2) performing longitudinal assessment
of in vivo mouse knee cartilage during OA progressi

In summary, we demonstrated the feasibility of CAfthanced CT as a simple, non-
destructive technique for imaging ex vivo mousdilegge and for assessment of GAG content,
and the significant correlations between CECT at#ion and GAG content, equilibrium
compressive modulus, and coefficient of frictioheTsignificant correlations observed between
CECT attenuation and GAG content, equilibrium coespive modulus, and coefficient of
friction agree with previous correlation resultg¢abed for bovine cartilage GAG content [33,
35-40], equilibrium compressive modulus [33, 44jd @oefficient of friction [41]. With the
development of adequate species- and surface-gpglcdntoms and additional predictive data
sets, CECT may become a valuable tool for assesaitigpge GAG composition and GAG-

dependent mechanical properties. Additionally, CECTRster, easier to perform, more flexible,



and non-destructive compared to common mechar@saihyy and histological methods for
evaluating cartilage. Given the continued develapmoé mouse genetic and surgical OA
models, the mouse model is and will continue ta Ipeeferred OA model. However, the
practical limits of mouse knee size and cartilagime, as well as the use of time-consuming
and destructive assessment techniques, neceskéalevelopment of new non-destructive and
guantitative techniques, such as the one deschieesin, for evaluation of key cartilage

properties of relevance to researchers and climscia
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FIGURE LEGENDS
Figure 1: Diffusion-in data for CA4+ into the cartilage ¢free mouse tibial plateaus. Data is

plotted as the mean CECT attenuation of both théiahand lateral tibial plateau cartilage

normalized by the mean baseline (not contrast-erétjrattenuations (lines are for visualization

purposes only). By fitting the data for each samyté an equation of the form CECT Atten. =

-b(time)
a*e

+ ¢, tau values (calculated as 1/b) can be cordgoteeach sample, and the mean tau

value was found to be 6.17 + 0.19 min (mean * SD).



Figure 2. Standard curve correlating mean Ip Value (a meastithe red intensity from
Safranin-O stained histology sections) to GAG conhtietermined via the DMMB assay for 42
depth-wise layers obtained from six neighboringibe\cartilage plug pairs. The correlation was
R? = 0.93, and statistically significant (p < 0.0Bidicating that quantifying the red content from

Safranin-O stained histology sections reflects@i¢ content of the cartilage tissue.

Figure 3: Correlations for mouse medial)(@nd lateral ) tibial plateau surfaces betwee):
mean CECT attenuation and GAG conténtndentation equilibrium modulus (E) and GAG
content, ana) mean CECT attenuation and E. All correlations Rag 0.6 and were

statistically significant (p < 0.05) for both surés.

Figure 4: Correlations betwees) pendulum coefficient of friction (1) and averatmeal plateau
GAG content and) mean tibial plateau cartilage CECT attenuationjaiolr mouse knees. Both
correlations had coefficients of variation gredbam or equal to 0.59, and were statistically

significant (p<0.05).

Figure5: Using contrast-enhanced CT, color maps can berggkein any orientation for
visualization of depth-wise cartilage attenuatidthwhe underlying bone morphology and
attenuation also visible. For example, traditiosegittal CECT color maps can be generated for

the medial tibial plateau samples wéhthe highest GAG content ail the lowest GAG



content found in this study, which are analogouhéir corresponding Safranin-O stained
histological sectionsc(& d, respectively). CECT also enables 3D color maggeion that can
be visually sectioned in any view independentlyprto three planes simultaneously, as
demonstrated by the 3D color maps for the sanmghest GAG and)) lowest GAG samples.

By zooming into the regions encompassed in thesgeidres, it is easier to distinguish the
difference in depth-wise attenuation patternstiersamey) high GAG and) low GAG

samples. Note that the dotted linegiandh separating the articular cartilage surface (Cart.
Surface), cartilage (Cart.), and bone are manaadlyn for visualization purposes only, and the
actual cartilage-bone and cartilage-air boundaviere found quantitatively using the region-
growing algorithm in the Analyze software “Volumdi2 module. The color scale bar indicates
the corresponding CECT attenuation in HounsfieldtdJfHU) for all CECT color maps. The
distribution of the CA4+ contrast agent matchestypeal distribution of Safranin-O stain in
histological sections, with a greater attenuatiothe middle and deep zone for the sample with

high GAG and a fairly uniform distribution for tlsample with low GAG.
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