Cartilage

3(3) 235244

© The Author(s) 2012

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947603511424173
http://cart.sagepub.com

®SAGE

Contrast-Enhanced Micro-Computed
Tomography in Evaluation of Spontaneous
Repair of Equine Cartilage

K.A.M. Kulmala'?, H.J. Pulkkinen®, L. Rieppo'*, V. Tiitu®®, I. Kiviranta”?,
A. Brﬁnottg, H. Brommer’, R. van Weeren’, P.AJ. Brama'o, M.T. Mikkola',
R.K. Korhonen', J.S. Jurvelin', and J. Toiiyrés"4

Abstract

Objective: Contrast-enhanced computed tomography (CECT) has been introduced for the evaluation of cartilage integrity.
Furthermore, CECT enables imaging of the structure and density of subchondral bone. In this laboratory study, we investigate
the potential of microCECT to simultaneously image cartilage and subchondral bone for the evaluation of tissue healing.
Design: Osteochondral lesions (@ = 6 mm) were surgically created in equine intercarpal joints (n = 7). After spontaneous
healing for 12 months, the horses were sacrificed and osteochondral plugs (@ = |4 mm), including the repair cartilage and
adjacent intact tissue, were harvested. The nonfibrillar and fibrillar moduli and the permeability of cartilage were determined
using indentation testing. Contrast agent diffusion into the samples was imaged for 36 hours using high-resolution CT. Results
from CECT, mechanical testing, and microscopic analyses were compared and correlated. Results: The contrast agent diffusion
coefficient showed a significant (P < 0.05) difference between the repair and adjacent intact tissue. MicroCECT revealed altered
(P < 0.05) bone volume fraction, mineral density,and microstructure of subchondral bone at the repair site.The contrast agent
diffusion coefficient correlated with the moduli of the nonfibrillar matrix (R = -0.662, P = 0.010), collagen fibril parallelism
index (R = -0.588, P = 0.035), and glycosaminoglycan content (R = -0.503, P = 0.067). The repair cartilage was mechanically
and structurally different from adjacent intact tissue (P < 0.05). Conclusions: MicroCECT enabled simultaneous quantitative
evaluation of subchondral bone and monitoring of cartilage repair, distinguishing quantitatively the repair site from the adjacent
intact tissue. As the only technique able to simultaneously image cartilage and determine subchondral bone mineral density
and microstructure, CECT has potential clinical value.
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Clinical diagnosis of osteochondral lesions is challenging.
Typically, degenerative lesions are detected during routine
arthroscopy.! However, cartilage surface lesions may also
be detected by means of computed tomography (CT)
arthrography”* and magnetic resonance (MR) arthrography
or various magnetic resonance imaging (MRI) techniques.
For local lesions, different treatment options such as autol-
ogous chondrocyte transplantation, osteochondral grafting,
mosaicplasty, and marrow stimulation are available.”
Since untreated cartilage injury may initiate the develop-

ment of secondary osteoarthritis,” it is important to diag-
nose and delineate injuries as early and accurately as
possible. There is a need for less invasive techniques than
arthroscopy to aid in decision making before choosing the
appropriate surgical treatment and for follow-up of tissue
healing after the operation.'® Today, MRI is the standard
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method in the postoperative assessment of tissue repair.
However, the limited resolution and availability, together
with high imaging costs, limit the use of MRI for screening
and follow-up of cartilage injuries.'"'?

Conventional MRI and CT have certain limitations con-
cerning imaging of the internal structures of cartilage and
detection of the early stages of degeneration.”*"* However,
MRI methods that enable estimation of biomechanical and
biochemical status of cartilage have been introduced.”*'¢
Delayed gadolinium-enhanced MRI of cartilage (dGEM-
RIC) is a technique proposed for quantitative evaluation of
the glycosaminoglycan (GAG) concentration in cartilage.”
The technique is based on the assumption that negatively
charged contrast agent distributes into tissue in inverse rela-
tion to the distribution of GAG molecules, which carry a
negative charge. Recently, a similar technique to dGEM-
RIC, contrast-enhanced computed tomography (CECT),
was presented.'®!? In addition to its capacity to image the
equilibrium distribution of contrast agents in tissue in the
laboratory environment,”** it can also be used to image the
transport (diffusion flux and diffusion coefficient) of con-
trast agent into cartilage. This has been investigated as a
potential indicator of cartilage status.?'*>**

CECT has been suggested to predict biomechanical
properties of articular cartilage.zo’25 The potential of micro-
CECT to detect acute mechanical injury of articular carti-
lage has also been investigated.” In that study, the integrity
of the collagen network was speculated to significantly
affect contrast agent diffusion. This is supported by several
studies suggesting that not only the fixed charge density
(FCD) induced by the GAGs but also other factors affect
significantly the diffusion of contrast agent.”"**?*?® These
possible factors include collagen content and the structure
of the collagen network. Normal hyaline cartilage is orga-
nized into 3 zones according to the preferential direction of
the collagen fibrils.”*" In regenerated cartilage, the arcade-
like organization of the type II collagen fibrils is often
absent, and the repair tissue can be characterized as fibrous
cartilage, rich in type I collagen.’'*? So, this difference in
the collagen network can affect the diffusion of contrast
agent. We hypothesize that the abnormally organized repair
tissue can be distinguished from the adjacent intact tissue
with the microCECT technique by imaging contrast agent
diffusion dynamics.

CT gives quantitative information on bone microstruc-
ture and mineral density.*® For this reason, simultaneous
quantitative evaluation of subchondral bone is possible with
microCECT,” in contrast to dGEMRIC. As changes in the
density and structure of subchondral bone are known to
occur during healing of cartilage injury,”** we hypothesize
that microCECT will enable quantitative detection of these
changes in the animal model.

To the best of our knowledge, the microCECT for simul-
taneous imaging of changes in cartilage and subchondral

bone during spontaneous healing of cartilage injury has not
been investigated. In this laboratory study, we investigate
the ability of microCECT to distinguish spontaneously
healed osteochondral lesions from normal tissue in the
equine intercarpal joint. More specifically, we compare the
healing-related changes in quantitative microCECT param-
eters (describing cartilage and subchondral bone structure
and contrast agent diffusion) with the changes in the refer-
ence parameters (describing histological and mechanical
tissue properties).

Methods
Sample Preparation

Osteochondral lesions (0 = 6 mm) were surgically created
in the fourth carpal bone of the intercarpal joints of
24-month-old horses (n = 7) through a lateral-dorsal
arthrotomy under general anesthesia. A surgical burr was
used to create the lesions until a depth of 4 mm under con-
tinuous lavage with Ringer’s solution. Afterward, the joint
capsule, subcutis, and skin were sutured, and the surgical
site. was protected with a sterile bandage for 7 days.
Analgesia with meloxicam (0.6 mg/kg) was provided orally
for 7 days postoperatively. Horses had a 2-week period of
box rest until the sutures were removed. While housed in
individual boxes for 2 months, horses had daily walking
exercise for 20 minutes. Subsequently, horses spent the rest
of the experiment together at pasture having free exercise.
Importantly, horses seemed to feel comfortable and fully
weightbearing from the first day after surgery until the end
of the experiment. After 12 months, the horses were sacri-
ficed, and osteochondral plugs (@ = 14 mm), including the
repair cartilage and intact adjacent tissue, were harvested.
The procedures were approved by the Utrecht University
Animal Experiments Committee. Samples were stored frozen
(=20 °C) until the measurements in phosphate-buffered
saline (PBS) containing inhibitors of metalloproteinases,
5 mM ethylenediamine tetraacetic acid (EDTA) disodium
salt (VWR International, Fontenay, France), and 5 mM
benzamidine hydrochloride (Sigma-Aldrich, St. Louis, MO).

Determination of
Cartilage Mechanical Properties

A custom-made material testing device was used for the
determination of the mechanical properties of the repair and
adjacent cartilage.”> The samples were tested using a step-
wise (3 steps) creep indentation protocol with an imperme-
able, plane-ended indenter (radius 272 pm) (Fig. 1). The
step stress was increased by 84 kPa in every step, and the
deformation after each step was recorded for 1200 seconds.
The first step was considered a prestep to confirm good
contact between cartilage and the indenter (Table 1).
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Figure |. A finite element mesh was generated for cartilage
and the indenter (radius 272 um). Cartilage thickness for each
sample was obtained from the micro—computed tomography
(microCT) images. Cartilage was modeled as a fibril-reinforced
biphasic material, and the models were fitted to sample-specific
experimental creep measurements. In this way, the optimized
values of material parameters (i.e., Enf, Ef, and k) were derived
for each sample.

Table 1. The samples went through mechanical creep testing,
CECT imaging, and histological measurements

Plane-ended impermeable indenter
Ramp speed: 15 pm/s

3 steps

Step stress: 84 kPa

Creep time: 1200 s

Voxel size: 29.8 x 29.8 x 29.8 pym®
Voltage: 100 kV

Contrast agent: |0 mM ioxaglate

26 imaging time points

Total immersion time: 36 h

Polarized light microscopy of collagen fibril
orientation

Digital densitometry of GAG distribution

Mechanical testing

CECT imaging

Histology

Collagen fibril orientation angle and parallelism index were obtained by
means of polarized light microscopy. Digital densitometry was used to
quantify the glycosaminoglycan (GAG) distribution in the samples.

The experimental creep behavior of each sample was
simulated using finite element analysis (FEA). A fibril-
reinforced poroelastic model’**’ was constructed using
Abaqus (versiom 6.9 EF1; Dassault Systemes Simulia
Corp., Providence, RI) (Fig. 1). Articular cartilage in the
model was assumed to be a biphasic material consisting of
solid and fluid phases. The fluid fraction was adjusted to be
85% in each model.***” The solid matrix consisted of a non-
fibrillar and a fibrillar part mimicking the mechanical
effects of GAGs and the collagen network, respectively.
The nonfibrillar matrix was assumed to be hyperelastic
(neo-Hookean) with a Young’s modulus £ and a Poisson’s
ratio v (fixed: 0.42°%*"). The behavior of the collagen fibrils
was expressed with the fibril network modulus £ , and the
fluid flow-dependent viscoelasticity was described with the
hydraulic permeability £.

Cartilage was modeled using axisymmetric, 4-node,
continuum elements with pore pressure (element type:
CAX4P), whereas the indenter was modeled as linearly
elastic material (element type: CAX4). Cartilage edge and
surface (except for the cartilage-indenter contact) were set
to be permeable (zero pore pressure). The bottom of the car-
tilage (cartilage-bone interface) was fixed in x- and y-directions,
and horizontal movement (x-axis) was prevented at the
axis of symmetry (Fig. 1). Cartilage-indenter contact was
assumed frictionless. The step stress (84 kPa), implemented
in the model as a contact stress between cartilage and
indenter, and creep time (1200 seconds) were the same as in
the experiments. Cartilage thickness, obtained from the
microCT images (Table 2), was adjusted in a sample-spe-
cific manner. The unconstrained nonlinear optimization
routine of the Matlab Optimization Toolbox (R2007b; The
MathWorks, Inc., Natick, MA) was used to fit the follow-
ing parameters: En - E , and k. The mean square error

between the experimental and simulated displacements
was minimized.

MicroCECT Imaging

Prior to the microCECT measurements, the side of the
sample was covered using plastic foil to restrict the con-
trast agent diffusion across the sides of the osteochondral
sample. First, the samples were imaged without contrast
agent (10 mM ioxaglate, physiological osmolality [mea-
sured using a freezing point depression osmometer];
Hexabrix, Mallinckrodt, St. Louis, MO) exposure using a
microCT instrument (SkyScan-1172; SkyScan, Kontich,
Belgium). Acquisition of a 3D image stack of one sample
with voxel size of 29.8 x 29.8 x 29.8 pum? required 16 min-
utes 23 seconds. The x-ray tube voltage was 100 kV.
Samples were continuously imaged after immersion into
the contrast agent for 2.5 hours and then at the following
time points: 3,4, 5,6,7, 8,9, 10, 11, 12, 24, 26, 28, 30, 32,
34, and 36 hours (Table 1). To prevent degradation of
samples, the contrast agent solutions were supplemented
with inhibitors of metalloproteinases, 5 mM EDTA diso-
dium salt (VWR International), and 5 mM benzamidine
hydrochloride (Sigma-Aldrich). The ambient temperature
in the microCT specimen chamber rose from 23.0 £ 0.5 °C
(0 h) to 27.7 £ 0.5 °C (36 hours) (mean + SD) during the
measurements.

For further analysis, a 1-mm-thick coronal slice at the
middle of the lesion was extracted (Fig. 2). Linear attenua-
tion coefficient was measured for two regions of interests
(ROIs; height = cartilage thickness, width = 1 mm): one in
the middle of the repaired cartilage site and another in the
adjacent intact cartilage (Fig. 2). Based on average values
of the linear attenuation coefficient at each time point, con-
trast agent diffusion coefficients were estimated using a
protocol described earlier.”* Analysis was conducted with



238

Cartilage 3(3)

Table 2. Parameters (Mean £ 95% Confidence Interval) Analyzed for Cartilage and Subchondral Bone

Intact (n =7)

Repair (n =7)

Cartilage
Thickness, mm

Diffusion coefficient, pmzls

Modulus of the nonfibrillar matrix, MPa
Modulus of the fibril network, MPa
Permeability, 1-107"°*m*/Ns

Attenuation coefficient in diffusion equilibrium, I-107%/cm

Attenuation coefficient in native cartilage, 1-107/cm
Optical density (GAG content)

Subchondral bone

Bone volume fraction, %
Bone surface/volume ratio, |/mm
Bone mineral density, g/cm’

0.57 (0.49, 0.65)
29.3 (7.59,50.9)
0.65 (0.47,0.83)
10.1 (8.08, 12.0)
0.79 (0.59,0.99)
0.83 (0.74,0.93)
0.69 (0.58, 0.80)
1.82 (1.73,1.92)

87.2 (81.2,93.1)
5.12 (3.90, 6.34)
0.84 (0.81,0.86)

133 (1.03, 1.62)*
107.9 (62.4, 1533

0.15 (0.08, 0.22)*
470 (2.21,7.19)
0.79 (0.41,1.18)
0.75 (0.69,0.82)
0.55 (0.47,0.63)
0.63 (0.45,0.81)**

67.7 (55.8,79.7)*
9.39 (7.04, | 1.7y
0.72 (0.69, 0.74)*

The contrast agent diffusion coefficient was significantly greater in repair cartilage than in adjacent intact tissue. Subchondral bone volume fraction and
mineral density were significantly lower under repair cartilage, whereas bone surface/volume ratio and bone surface density under repair cartilage were
significantly higher than under adjacent intact tissue. Nonfibrillar and fibrillar moduli of repair cartilage were significantly smaller than those of adjacent
intact tissue. GAG = glycosaminoglycan.
*P = 0.018, Wilcoxon signed rank test. **P = 0.028, Wilcoxon signed rank test. ***P = 0.043, Wilcoxon signed rank test.

a)
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image stack

W
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slices (total slice
thickness = | mm) at the
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Figure 2. (a) The workflow of contrast-enhanced computed tomography (CECT) imaging and data analysis. (b) Coronal slices (n = 33)
were averaged to extract a |-mme-thick slice (dashed line) from the center of the lesion (delineated with a black line). (c) The attenuation
coefficients and diffusion coefficients were calculated for the regions of interest (ROlIs) in the repair and adjacent intact tissue.

the CT Analyser (version 1.10.1.0; SkyScan) and Matlab

(R2007b; The MathWorks, Inc.) software.

For the analysis of the subchondral bone, 2 cylindrical
(9 =3 mm, height = 2 mm) ROIs were selected immediately

below the repair and adjacent intact tissue. A global thresh-

old technique was applied when segmenting bone from

other tissues before determination of the structural param-
eters and mineral density of the subchondral bone.*® The
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parameters determined using the CT Analyser software
included bone volume fraction (bone volume [BV]/tissue
volume [TV], %), bone surface/volume ratio (BS/BV, 1/mm),
and bone mineral density (BMD, g/cm®).

Polarized Light Microscopy
and Digital Densitometry

After the microCECT imaging, 2 cartilage samples were
prepared for histological analyses from each sample plug:
one from the middle of the repair site and the other from
the adjacent intact tissue area. The samples were fixed in
10% formalin for 48 hours. After decalcification with 10%
EDTA and 4% formaldehyde in 0.1 mol/L sodium phos-
phate buffer (pH 7.4) and paraffin embedding, 3-pum-thick
and 7-pm-thick microscopy sections were prepared.
Polarized light microscopy (PLM) measurements were
conducted for unstained 7-um-thick sections using a Leitz
Ortholux BK IT POL microscope (Leitz Wetzlar, Wetzlar,
Germany). The average orientation of the collagen fibrils
and parallelism index (PI) in each image pixel were deter-
mined using a protocol described in our earlier study.”
The orientation angle is defined as the angle between the
articular surface and the long axis of a fibril. PI character-
izes the degree of collagen fibril structural anisotropy/
parallelism. The highest PI indicates a structure where col-
lagen fibrils are oriented in the same direction, whereas the
lowest PI indicates randomly organized collagen fibrils.
Altogether, 3 parallel sections per sample were analyzed
and averaged. The orientation angles and PIs were deter-
mined in 20 equally thick layers within each sample to
achieve depth-wise information on the structure of the col-
lagen network.

Digital densitometry of 3-pum-thick, Safranin O—stained
sections was used in the determination of GAG distribution in
cartilage samples.”**! A CCD-camera (CH250; Photometrics,
Tucson, AZ) was used for the measurements. Three parallel
sections for each cartilage sample were analyzed and
averaged.

Statistical Analysis

A Wilcoxon signed rank test was applied for comparing
the differences between the parameter values determined
for the repair tissue and the adjacent intact tissue.
Furthermore, Spearman’s correlation coefficients (R) were
determined between the material parameters and micro-
CECT parameters. The statistical tests were performed
with SPSS software (version 14.0; SPSS, Inc., an IBM
Company, Chicago, IL).

Results

The contrast agent diffusion coefficient was significantly
higher (P = 0.043) in the repair cartilage than in the adjacent

intact tissue (Table 2). However, the attenuation coeffi-
cients measured for the native cartilage and for samples
immersed in contrast agent showed no significant differ-
ences between the repair and adjacent intact tissue at any
time point. BV/TV and BMD under the repair cartilage
were significantly smaller than under the adjacent intact
tissue (P =0.043 and P =0.018, respectively). Furthermore,
BS/BV under the repair cartilage was significantly greater
than under the adjacent intact tissue (P = 0.043).

The contrast agent diffusion coefficient correlated
significantly with the modulus of the nonfibrillar matrix
(R =-0.662, P = 0.010) and PI (R = —0.588, P = 0.035).
However, the attenuation coefficient in the native cartilage
or at diffusion equilibrium showed no significant correla-
tions with structural, compositional, or mechanical param-
eters (Table 3).

The repair cartilage was mechanically and structurally
inferior. Moduli of the nonfibrillar matrix and the fibril net-
work of the repair cartilage were significantly smaller than
those of the adjacent intact tissue (P =0.018 and P = 0.028,
respectively) (Table 2). There were significant (P < 0.05)
depth-dependent differences in collagen fibril orientation
and parallelism (Figs. 3 and 4) between the repair and adja-
cent intact tissue. Furthermore, the optical density of the
Safranin O—stained sections, describing the GAG content of
the tissue, was significantly (P = 0.018) lower in the repair
cartilage than in the adjacent intact tissue (Table 2; Figs. 3
and 4).

Discussion

In this study, for the first time to our knowledge, the ability
of microCECT to distinguish between spontaneously
healed cartilage defects and intact cartilage was investi-
gated ex vivo in an animal model. Furthermore, the biome-
chanical properties of cartilage were determined using the
creep indentation protocol and FEA. Finally, the subchon-
dral bone microstructure was assessed from the microCT
images, and the organization of the collagen fibril network
and GAG distribution were determined histologically.
Based on microCECT imaging, spontaneously healed
tissue could be quantitatively discerned from the adjacent
intact tissue. Importantly, the technique allowed simultane-
ous evaluation of contrast agent diffusion dynamics, carti-
lage thickness, and subchondral bone microstructure and
mineral density. The contrast agent diffusion coefficient
showed a significant difference between the repair and
adjacent intact tissue. It was higher in the repair tissue than
in the adjacent intact tissue, indicating that the diffusion
equilibrium was reached faster in the repair tissue. This
may be due to the lower GAG content in the repair tis-
sue. 842 However, the structure and orientation of the colla-
gen network have also been suggested to affect the diffusion
of solutes within the cartilage matrix.**** In the present
work, the structure of the collagen network of the repair
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Table 3. Values of Linear Correlation Coefficients (R) for Measured Parameters

D & uwn %use BYTV  BSBV  BMD E. E, k oD PI
h 0633 0250 -0348  -0611%  0607% -0704* -0649% 0529  0.57 -0711* —0.684*
D — —0.191 -0429  -0253 0288 048]  -0.662* -0455  -0020 -0503  —0.588*
Uy — — 0.855% 0270  —0.275 0402 0081  -0385 —0301 0297 0033
o — — — 0398 -0376  0591* 0262 -0222  0.52 0516  0.335
BV/TV — — — —  —0960%  0723* 0525 0.169 0037 0710%  0.775*
BS/BV — — — — —  —0749% -0578% 024  -0037 -0732% -0.747*
BMD — — — — — — 0741% 0429  -0.112  0.943*  0.808*
E, — — — — — — — 0.622% -0.090  0.666*  0.670%
E — — — — — — — —  —0.178 0393 051
k — — — — — — — — — 0.046  0.099
oD — — — — — — — — — — 0.830%

The contrast agent diffusion coefficient correlated significantly with the modulus of the nonfibrillar matrix and parallelism index. The attenuation
coefficient in native cartilage or at diffusion equilibrium did not correlate with structural, compositional, or mechanical parameters. h = cartilage

thickness; D = diffusion coefficient; o

equilibrium

= attenuation coefficient in diffusion equilibrium; o

aave — Attenuation coefficient in native image; BV/TV =

bone volume fraction; BS/BV = bone surface/volume ratio; BMD = bone mineral density; E"f= modulus of the nonfibrillar matrix; Ef: modulus of the

fibril network; k = permeability; OD = optical density; Pl = parallelism index.

*P < 0.05.

cartilage was found to be abnormal: based on the present
PLM findings, the collagen fibrils were not tangentially ori-
ented at the superficial layer of the repair tissue. This could
partially explain the present findings since the integrity of
the superficial cartilage has been speculated to significantly
affect the contrast agent diffusion dynamics.?

The subchondral bone under the repair site included both
repair tissue and remodeled bone underneath. However, the
region of interest extended only to the repair area. Lower
BMD in the subchondral bone underneath the repair cartilage
may partly be due to the new mechanical environment of the
bone, which affects the healing and remodeling response of
bone after an osteochondral injury.* Furthermore, reduction
in the bone volume fraction and BS/BV are signs of the sub-
chondral reaction, also visually detectable in the microCT
images. These findings are in line with earlier studies in goats

X-ray attenuation coefficients determined for the repair
cartilage and adjacent intact tissue did not show significant
differences at any time point. This was surprising since pre-
vious studies'”'** imply that contrast agent intake should
be higher in tissue with lower GAG content. This apparent
contradiction could be explained by the possibility that
other constituents in addition to the GAGs (e.g., collagen)
affect the diffusion and the distribution of contrast agent in
the cartilage.”****" Thus, the present microCECT findings
may partially be explained by differences in the structure of
the collagen network in repair and intact tissues. This is
consistent with a recent study™ in which the influence of
enzymatic degradation of collagen and proteoglycans was
evaluated by contrast-enhanced MRI. Not only proteogly-
can loss but also the alterations in the collagen network
were reported to influence the accumulation of the contrast

agent in cartilage. In this study, the abnormally organized
collagen network could hinder the penetration of the con-
trast agent molecules into the repair tissue. Possibly for this
reason, the contrast agent in the repair cartilage with lower
GAG content showed similar x-ray attenuation values as in
the adjacent intact tissue.

The modulus of the nonfibrillar matrix was smaller in the
repair tissue than in the adjacent intact cartilage. This finding
is supported by the optical density measurements showing
that GAG content, known to primarily control the modulus of
the nonfibrillar matrix,”’” was lower in the repair cartilage than
in the adjacent intact tissue. Furthermore, the modulus of the
fibril network was smaller in the repair tissue. This may be
explained by the abnormal orientation and organization of the
collagen fibril network in spontaneously repaired cartilage.

Despite the differences in GAG content, there was no
difference in the hydraulic permeability between repair and
intact tissue. This is interesting since a decrease in tissue
GAG content is usually linked to an increase in permeabil-
ity.”*! However, significant differences in the organization
of the collagen network can have a significant independent
effect on tissue hydraulic permeability.*”* It has been sug-
gested that the permeability would be higher along the col-
lagen fibril direction than in the direction perpendicular to
the fibrils.*® Since the fluid flows mainly in a horizontal
direction in indentation testing, the reduction in permeabil-
ity in the repair tissue due to the random organization of
fibrils in the superficial tissue may compensate the other
structural and compositional changes (GAG content) that
result in an increase in permeability. Furthermore, permea-
bility of cartilage has been suggested to be strain depen-
dent™ (i.e., to decrease as a function of compressive strain).
Since the creep protocol created larger strains for the softer
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Figure 3. Orientation angle and parallelism index of collagen
fibrils and optical density (indicating spatial glycosaminoglycan
content) (mean + 95% confidence interval) of intact and repair
cartilage as a function of cartilage depth. (a) There were significant
(P < 0.05) differences in the collagen orientation angle between
repair and adjacent intact cartilage in the superficial tissue. (b)
The parallelism index showed a significant (P < 0.05) difference
between repair and adjacent intact cartilage. (c) Optical density
values of the repair tissue were significantly (P < 0.05) smaller than
those of the adjacent intact tissue. Statistical difference (P < 0.05)
between repair tissue and adjacent intact tissue is indicated with
an asterisk.
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Figure 4. Micro—computed tomography (MicroCT) image (at
2 hours), parallelism index, collagen orientation, and Safranin
O-stained section of cartilage at a representative repair site. High
contrast and resolution in the microCT image allows accurate
delineation of the cartilage from the bone. Abnormal structure of
the collagen network in repair tissue is revealed by the parallelism
index and the collagen fibril orientation. A superficial layer of
collagen fibrils parallel to the articular surface is not present in
the repair site. The surface of the repair cartilage is fissured, and
glycosaminoglycan (GAG) content is decreased in the superficial
tissue.
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repair cartilage than for the intact tissue, it may have
reduced the permeability of the repair tissue.

Since cartilage and subchondral bone can be considered
a functional unit, imaging of cartilage defects or cartilage
repair should also focus on the subchondral bone.***
Currently, MRI is considered the most sensitive imaging
method for the evaluation of cartilage and subchondral
bone.** Depending on the MRI technique in question, it is
possible to detect edema or cysts in the subchondral bone,
but direct evaluation of the microstructure or BMD is not
possible.** In contrast, computed tomography provides
direct information on subchondral BMD, and peripheral
computed tomography devices, having spatial resolution up
to 100 um, enable imaging resolution sufficient for quanti-
tative evaluation of bone microstructure.

In conclusion, microCECT could distinguish quantita-
tively between repair tissue and adjacent intact tissue. If suc-
cessfully developed for in vivo use, CECT with simultaneous
acquisition of quantitative information on the properties of
cartilage and subchondral bone could be clinically valuable.
Currently, no clinical imaging technique simultaneously
provides direct information on contrast agent diffusion
dynamics in cartilage, cartilage thickness, and subchondral
bone microstructure and mineral density.
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