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Abstract—In post-traumatic osteoarthritis, both articular
cartilage and subchondral bone undergo -characteristic
pathological changes. This study investigates potential of
delayed cone beam computed tomography arthrography
(dCBCTa) to simultaneously detect variations in cartilage
and subchondral bone. The knees of patients (n = 17) with
suspected joint injuries were imaged using a clinical CBCT
scanner at 5 and 45 min after the intra-articular injection of
anionic contrast agent (Hexabrix ™) with hydroxyapatite
phantoms around the knee. Normalized attenuation (i.e.,
contrast agent partition, an indicator of tissue composition)
in cartilage, bone mineral density (BMD) in subchondral
bone plate (SBP), subchondral bone and trabecular bone,
and thicknesses of SBP and cartilage were determined.
Lesions of cartilage were scored using International Cartilage
Repair Society (ICRS) grading. Normalized attenuation in
the delayed image (# = 45 min) increased along the increase
of ICRS grade (p = 0.046). Moreover, BMD was signifi-
cantly higher in SBPs under damaged cartilage (ICRS = 1-2
or ICRS > 3; p = 0.047 and p = 0.038, respectively) than in
SBP under non-injured tissue (ICRS = 0). For the first time,
dCBCTa enabled the detection of articular cartilage injuries
and subchondral bone alterations simultaneously in vivo.
Significant relations between ICRS grading and both carti-
lage and bone parameters suggest that dCBCTa has potential
for quantitative imaging of the knee joint.

Keywords—Computed tomography, Knee joint, Osteoarthri-
tis, Quantitative imaging, Contrast agent.
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INTRODUCTION

Osteoarthritis (OA) is a common joint disease that
causes degeneration of articular cartilage but also af-
fects subchondral bone.”** Lesions in the cartilage
collagen network, typically found after mechanical
traumas, may trigger the progression of osteoarthritis
(OA).>” In order to prevent further progression of
initial tissue changes, as well as to enable remedial (e.g.
surgical repair) treatments,’ early detection of tissue
alterations in joint structures is essential. As it is still
uncertain whether the OA is initiated by changes in
cartilage or subchondral bone,>*?® significant interest
in alterations of subchondral bone has been tran-
spired.?310:19:22:24.35 1y QA | stress-induced remodeling
may stiffen the subchondral bone,'%** leading to car-
tilage overloading and, subsequently, to tissue degen-
eration. Further, bone related changes also include
sclerosis, osteophytes and osteochondral cysts.®!'” The
coupling between the changes in cartilage and sub-
chondral bone during OA progression is, nevertheless,
still under debate.

Traditional methods used for the detection of OA
related alterations and injuries include magnetic reso-
nance imaging (MRI), radiography [e.g. X-ray and
computed tomography (CT)], clinical examination and
arthroscopy. Clinical MRI serves as a common
approach for soft tissue imaging, however, the reso-
lution disables detection of small tissue alterations. Its
capability to visualize bone is also limited. Further-
more, MRI suffers from relatively high imaging costs
and limited accessibility in acute traumatic incidents.
Radiography has an advantage to image bony struc-
tures with high resolution, and CT has significantly
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shorter acquisition time than clinical MRI. However,
detection of subtle cartilage defects is implausible due
to poor soft tissue contrast in X-ray imaging. Arthro-
scopic imaging is the gold standard method for eval-
uation of cartilage injuries. However, the method is
invasive and the diagnosis subjective with large inter-
and intra-observer variabilities.*

Delayed CT arthrography (dCTa), an analogous
method to delayed gadolinium enhanced MRI of
cartilage (dGEMRIC),"" may overcome some of the
limitations and enable simultaneous detection of tis-
sue alterations of bone and cartilage. The method
utilizes anionic contrast agents that diffuse into car-
tilage in an inverse proportion to the spatial proteo-
glycan (PG) content of the cartilage.’” As the loss of
negatively charged PGs is one of the first signs of
cartilage degeneration,”’ dCTa may detect this
change. Moreover, the diffusion of the contrast agents
depends on the integrity and crosslinking of collagen
network in cartilage.'>!'” Hence, dCTa can also detect
fresh cartilage lesions already before depletion of
PGs.'*

Modern extremity cone beam computed tomogra-
phy (CBCT) scanners provide lower radiation doses
and potentially higher resolution than clinical CT
scanners.”> CBCT has been shown to be an advanta-
geous and feasible method to observe cartilage alter-
ations in vivo.'® Moreover, our recent study showed
that CBCT is suited for analysis of local bone mineral
density (BMD) and its volumetric distribution.** This
may provide an advantage as subchondral bone typi-
cally experiences changes in OA." Additionally,
CBCT enables the determination of the volumes and
thicknesses of cartilage and subchondral bone plate.
Results of the previous in vitro and in vivo studies on
contrast-enhanced CT imaging of cartilage'*'7-*7-*
are encouraging, however, the applicability of the
technique to simultaneously analyze both tissues has
not been confirmed. Indeed, simultaneous CBCT
analysis of contrast agent partition in cartilage and
BMD of underlying bone would enable more com-
prehensive evaluation of the knee joint.

The present study evaluates the in vivo potential of
delayed CBCT arthrography (dCBCTa) by assessing if
OA related cartilage and bone alterations could be
detected quantitatively and simultaneously from the
dCBCTa images. Local variations in volumetric bone
mineral density (vBMD) and normalized attenuations
(i.e., contrast agent partitions), as well as the thick-
nesses of cartilage and subchondral bone plate (SBP)
are determined. As a study hypothesis, the variations
and changes in the properties of subchondral bone and
cartilage are inter-related and can be quantitatively
detected in vivo using a clinical CBCT scanner.
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MATERIALS AND METHODS

Patients

The study protocol was reviewed by the Ethical
Committee of Kuopio University Hospital, Kuopio,
Finland (Favourable Opinion No: 54/2011) and the
study adhered the Declaration of Helsinki. Patients
with suspected knee joint injuries (n = 17, age 3265, 9
women and 8 men) were voluntarily enrolled in de-
layed CBCT arthrography study by a clinician’s
referral. Only patients, whose knees showed no signs of
inflammation or infection, were selected to this study.

CBCT Imaging

One knee of each patient (n = 17) was imaged using
a peripheral CBCT scanner (Verity, Planmed Oy,
Finland) in a private clinic (Mehildinen, Helsinki).
Patients were imaged at 5 min and 45 min after the
intra-articular injection of the anionic contrast agent
(V=20mL, ¢g=-1, M =1269 g/mol, 320 mg
iodine/mL, Hexabrix '™, Mallinckrodt Inc., St. Louis,
MO, USA) diluted to half of its concentration using
saline. Based on our previous study.,’” four custom
made hydroxyapatite phantoms (184.2; 315.1; 593.7,
820.1 mg/cm®) were placed around the leg, at the
height of the proximal tibia. CBCT imaging was car-
ried out using the tube voltage of 96 kV, 54 mAs, and
voxel size of 200 x 200 x 200 um?. Flexion and
extension of the leg was gently repeated for a few
minutes prior to the imaging sessions to ensure an even
distribution of the contrast agent within the joint
capsule.

Image Analysis

The delayed (z = 45 min) three-dimensional (3D)
image stack was co-registered with the arthrographic
(t = 5 min) stack separately according to patella, fe-
mur and tibia using Analyze software (Analyze 10.0,
Analyze direct, Inc., KS, USA). Cylindrical volumes-
of-interest (VOIs) (d = 20 mm) were selected from six
different anatomical sites (femoral lateral condyle
(FLC), femoral medial condyle (FMC), femoral
groove (FG), patella (PAT), tibial lateral condyle
(TLC), and tibial medial condyle (TMC)) (Fig. 1b). In
each VOI (n = 102), cartilage, subchondral bone plate
(SBP), subchondral bone (SB) and trabecular bone
(TB) were segmented manually (Seg3D 2.2.1, Scientific
Computing and Imaging Institute, University of Utah,
UT, USA) (Fig. 1¢). In addition, synovial fluid (SF)
VOIs were segmented in lateral and medial tibiofe-
moral condyles and patellofemoral groove from both
image stacks. As the cartilage surface could be accu-
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FIGURE 1. (a) Contrast-enhanced CBCT images of human knee joint (coronal slices). (b) 3D-render of the bones of the knee
illustrating the anatomical sites examined in this study: FLC, femoral lateral condyle; FMC, femoral medial condyle; FG, femoral
groove; PAT, patella; TLC, tibial lateral condyle; TMC, tibial medial condyle. (c) Segmented VOIs of FLC, similar to the other
anatomical sites. TB, trabecular bone; SB, subchondral bone; SBP, subchondral bone plate.

rately visualized in arthrographic images, they were
used for the segmentation of cartilage VOIs. Cartilage
lesions in the images, containing only the contrast
agent, were excluded from quantitative analysis. Fur-
thermore, cysts and hollow parts were excluded from
bone VOIs to include only bone tissue for analysis.
Very thin SBPs (<1 pixels) were excluded from the
analysis,”® thus decreasing the SBP sample size to 74.
Voxels at the cartilage surfaces or at the interfaces of
multiple tissues were also excluded in order to mini-
mize the partial volume effect. The co-registering of the
arthrographic and delayed image stacks enabled the
use of same segmented masks for analysis of both 5
and 45 min image stacks. MATLAB (Matlab, R2014a,
MathWorks Inc., Natick, MA, USA) was used for
data analysis.

Quantitative Analyses

Hydroxyapatite phantoms were used as calibrators
to quantify vBMDs at bone VOIs. Therefore, the
vBMDs of phantoms were determined using dual-en-
ergy X-ray absorptiometry (GE Healthcare Lunar
iDXA, Madison, WI, USA). In CBCT images, the full
phantom volume, except the most exterior parts of the
phantom, was used to determine the mean X-ray
attenuation in the phantom material. In each image,
vBMD was calibrated using linear fitting between
mean X-ray attenuation and vBMD values of the
phantoms. Then, the vBMDs at VOIs (SBP, SB, and
TB) were determined using the mean X-ray attenua-
tion within each VOI.

To obtain the normalized attenuation in cartilage,
the mean values of X-ray attenuation in each cartilage
VOI were calculated and normalized with that of
adjacent SF VOIs in the same image by dividing the
cartilage X-ray attenuation with the SF X-ray attenu-
ation. The normalized attenuations of arthrographic
(t = 5min) and delayed (z = 45 min) images were

used in further analyses. In addition, the thicknesses of
SBP and cartilage were calculated by dividing the VOI
volume with the cross-sectional area of the VOI.

ICRS Scoring

Arthrographic CBCT images were scored using the
modified ICRS (International Cartilage Research
Society) grading system.'® Scoring was performed by
two individuals who scored lesions in blind-coded
images of cartilage VOIs three times in random order
with a minimum of four hours between the scorings.
Mean values, rounded to the closest integer, of the
scorings of each cartilage VOI were used in further
analyses. Inter-observer standard deviation was 0.24.

Statistical Analysis

SPSS (SPSS, v. 21.0.0.0., Chicago, IL, USA) was
used for statistical analyses. The limit for statistical
significance was set to p < 0.05 and confidence interval
to 95%. Wilcoxon signed rank test was used to test
differences in normalized attenuation and vBMDs
between the anatomical sites. Mann—Whitney U-test
was used to examine differences in normalized atten-
uations of intact to lightly damaged (ICRS < 1) and
injured (ICRS 2 2) cartilages at different anatomical
sites. Generalized linear Mixed Model analysis was
used to compare the mean values of normalized
attenuations of the same categories (ICRS <1 and
ICRS > 2). The same analysis was used to study dif-
ferences in vBMDs of SBP, SB and TB at intact
(ICRS = 0), damaged (ICRS = 1-2) and severely
damaged (ICRS = 3) sites. The significance of differ-
ence between the normalized attenuations in cartilages
with different ICRS grading were evaluated using the
linear Mixed Model analysis. The linear Mixed Model
was constructed using the normalized attenuation in
dCBCTa images as a static effect and patient as a
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random effect. Correlations were determined using
Spearman’s rho (p) correlation coefficient.

RESULTS

The normalized attenuation (¢ = 45 min) of intact
to lightly damaged (ICRS < 1) cartilage varied
between anatomical sites (Fig. 2). The normalized
attenuation (¢ = 45 min) was significantly higher
(» = 0.003, all anatomical sites, » = 102) in injured
cartilage (ICRS > 2) than in intact or lightly damaged
cartilage (ICRS <1) (Fig. 2). Furthermore, when
analyzing the arthrographic images (¢ = 5 min) simi-
larly as delayed (f = 45 min) images (Fig. 2), the nor-
malized attenuation at 5 min was significantly greater
(» = 0.021, all anatomical sites, n = 102) in cartilage
VOIs including lesions (ICRS 2> 2) than in intact or
lightly damaged (ICRS < 1) VOIs.

Significant differences in vBMD of intact SBP, SB
and TB between the anatomical sites were found
(Table 1). Further, vBMD of SBP was significantly
greater in damaged (ICRS = 1-2) and severely dam-
aged (ICRS = 3) sites compared with that at intact
(ICRS = 0) sites (p = 0.047 and p = 0.038, respec-
tively) (Fig. 3). No significant differences in vBMD
between the intact and damaged or severely damaged
sites were found in SB (p = 0.217 and p = 0.104,
respectively) or TB (p = 0.306 and p = 0.097, respec-
tively).

The ICRS grade of a lesion was a significant pre-
dictor (p = 0.046, n = 102) of the normalized attenu-
ation in cartilage (¢t = 45 min) (Fig. 4). SBP mineral
density and normalized attenuation in cartilage
(t = 5 min and ¢ = 45 min) correlated positively with
ICRS grades (Table 2). When considering only the

| Intact and lightly damaged (ICRS < 1) O Injured (ICRS 2 2)

100 " 1

o e

804

o

701

Normalized attenuation (%)
o

60-
FLC FMC FG PAT TLC TMC Mean

* p < 0.05 Mann-Whitney U test
® p < 0.05 Wilcoxon signed rank test

FIGURE 2. Normalized attenuation (i.e., contrast agent par-
tition) at 45 min after ioxaglate injection in intact and lightly
damaged (ICRS < 1) and injured (ICRS 2 2) cartilage VOls of
different anatomical sites. FLC, femoral lateral condyle; FMC,
femoral medial condyle; FG, femoral groove; PAT, patella;
TLC, tibial lateral condyle; TMC, tibial medial condyle.
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TABLE 1. vBMDs (mg/cm®, mean = SD) of subchondral

bone plate, subchondral bone, and trabecular bone at intact

sites (ICRS < 1). Only values at intact sites were compared to
investigate anatomical variation of vBMD.

Subchondral bone plate  Subchondral bone Trabecular bone

(n=27) (n = 36) (n=136)

FLC —— 532 £ 79 - 373+ 77 - 298 * 79
FMC 57176 425+ 76 308 + 65
FG 673 + 91 515 + 106 32188
PAT - [ 626 + 221 330 + 83
TLC 561+ 93 355 + 110 [ 197 + 83
™Cc - 637:82 L [ 519+ 128 & 297 + 102

p < 0.5 with values connected with the bracket (Wilcoxon signed
rank test); FLC, femoral lateral condyle; FMC, medial condyle of
femur; FG, femoral groove; PAT, patella; TLC, lateral condyle of
tibia; TMC, medial condyle of tibia. Very thin SBPs were excluded
from the set decreasing the number of samples to 27.

- 7

600 -

m Intact cartilage (ICRS = 0)
0O Damaged cartilage (ICRS =1-2)
@ Severely damaged cartilage (ICRS = 3)
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FIGURE 3. Volumetric bone mineral densities (vBMD, mg/
cm®, mean = SD) of subchondral bone plate, subchondral
bone, and trabecular bone (n=74, n=102, n=102,
respectively) under severely damaged (ICRS = 3), damaged
(ICRS = 1-2) and intact (ICRS = 0) cartilage. Statistically
significant (p<0.05) differences are indicated with * (gener-
alized linear Mixed Model analysis).
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FIGURE 4. Normalized attenuation (f = 45 min) in articular
cartilage (n = 102) as a function of ICRS grading. The
increasing trend is statistically significant (p = 0.046, linear
Mixed Model).
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TABLE 2. Spearman rank correlation coefficients (p) of bone and cartilage parameters.

SB mineral density TB mineral density SBP thickness CAs CA4s CA4s — CAs Cartilage thickness ICRS

SBP mineral density 0.796** 0.402**
SB mineral density - 0.681** 0.228*
TB mineral density -

SBP thickness -
CAs

CAss

CA;5 — CAs

Cartilage thickness

0.366**

—0.114

—0.031 -0.007 0.045 —0.093 0.283*
—0.049 -0.063 —0.071 —0.161 0.133
—0.047 0.095 0.111 —0.153 0.112
0.253* 0.070 —0.185 —0.057 0.103
- 0.533** —0.268** —0.304** 0.305**
- 0.619** —-0.374* 0.363**
- -0.115 0.120
- -0.319*

Statistically significant values are given in bold.
* p<0.05, ** p<0.01.

SBP, subchondral bone plate; SB, subchondral bone; TB, trabecular bone; CAs, normalized attenuation (f = 5 min) in cartilage; CAys,

normalized attenuation (¢t = 45 min) in cartilage.
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FIGURE 5. Quantitative distribution of volumetric bone
mineral density and normalized attenuation (f = 45 min) in
lateral tibiofemoral cartilage. Tibial cartilage is severely dam-
aged (black arrow) as well as a cyst in the subchondral bone
is seen under the damaged cartilage (white arrow). In the fe-
mur, a localized sclerotic area is found (red arrow).

VOIs of tibia (TLC and TMC), vBMDs of SB and TB
correlated negatively with the cartilage thickness
(p = —0.501, p =0.003 and p = —0.457, p = 0.007,
respectively). No significant correlations were found in
other anatomical regions or when combining all the
regions (Table 2). In addition to the quantitative
findings, cartilage and bone changes could be detected
visually in the contrast-enhanced images (Fig. 5).

DISCUSSION

The contrast-enhanced imaging of human knee
joints with a clinical CBCT scanner enabled the
simultaneous detection of subchondral bone defects
(e.g. cysts, sclerosis) and cartilage lesions, and hence
enabled ICRS scoring. Furthermore, quantitative
parameters (i.e., vBMD, cartilage and SBP thickness,

and normalized attenuation in cartilage) could be
simultaneously determined. Thus, dCBCTa provided a
feasible method to detect characteristic pathological
changes related to knee joint OA also enabling the
localization of the fissures in the cartilage. vBMD of
SBP was found to depend on the severity of cartilage
injury in adjacent tissue, both damaged and severely
damaged tissues being distinguishable from less intact
tissue or tissue with minor damage (Fig. 3). However,
no significant relationship between the normalized
attenuation in cartilage and subchondral bone vBMD
was found (Table 2). This suggests that the normalized
attenuation is already affected by early cartilage tissue
changes whereas change in vBMD of SBP might occur
after change in the mechanical properties of cartilage.
This indicates a slower process of bone remodeling in
the SBP,® whereas changes in cartilage composition
may be more instant when related to injury.

Normalized attenuation in cartilage (¢ = 45 min)
was significantly related to ICRS grade of the adjacent
lesion (Fig. 4). In earlier studies, having a low number
of subjects with severe (ICRS > 3) cartilage injuries, no
significant association between X-ray attenuation in
cartilage and ICRS grade was found.'"'® Despite of
the significant trend in normalized attenuation values
versus ICRS scores, no statistically significant differ-
ences were found between the consecutive ICRS
scores, e.g. when comparing ICRS = 1 and ICRS = 2
in the current study. Due to limited number of sam-
ples, we could not conduct the analyses site-specifi-
cally. In the future, with higher number of patients,
these differences could be investigated by conducting
site-specific analyses.

Diffusion of anionic contrast agent through deeper
layers of intact cartilage is slower than at more
superficial tissue.”” However, although cartilage VOIs
with lesions were thinner and partially comprised only
the deepest cartilage layer, transfer of the contrast
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agent into cartilage was greater in VOIs with injury
than in the intact cartilage or in cartilage with minor
damage (Fig. 2). As the contrast agent intake in the
deep cartilage below the lesion is presumably less in
fresh lesions than in mature ones, properties of deep
cartilage under the lesion may have undergone major
changes (i.e., PG loss and disruption of the collagen
network). The depth-dependent differences in contrast
agent diffusion may, however, induce variation in re-
sults and may need to be considered in future studies.
The dCBCTa is not able to distinguish whether the
changes in diffusion are related to disruption of col-
lagen network or PG depletion when anionic contrast
agent is used. Indeed, both tissue changes may induce
similar response in contrast agent intake. However,
since both changes are characteristic signs for early
tissue degeneration, the increased diffusion of the used
anionic contrast agent is suggested to provide a robust
indicator for cartilage changes in early OA.

The normalized attenuation in cartilage varied
among the anatomical sites (Fig. 2). This may be due
to differences in cartilage composition in different
anatomical areas.' Variation in cartilage thickness also
contributes to this finding as the contrast agent diffu-
sion depends on the distance (i.e., thickness) according
to Fick’s second law of diffusion.” Additionally, the
uneven distribution of contrast agent in the joint cap-
sule may partially have contributed to the detected site
dependency. To minimize this possibility, the injections
of contrast agent were conducted carefully by experi-
enced clinicians. Based on the previous studies'*'®,
40 ml of contrast agent dilution (160 mg iodine/mL)
was injected either through the superolaterar or
anterolaterar portal into joint space. Both injection
sites enabled the distribution of the contrast agent in
the whole joint space. In addition, to ensure even dis-
tribution of the contrast agent in the synovial fluid,
patients flexed their legs several times immediately
after the injection. Furthermore, the X-ray attenuation
of the cartilage was normalized with that of the adja-
cent SF VOI, thus minimizing the effect of uneven
distribution of contrast agent. A previous study also
suggests that diffusion properties of ioxaglate were
independent of its concentration outside the carti-
lage.”® Despite these facts, high site-to-site variation in
normalized attenuation in this study suggests that if
the normalized attenuation is utilized as a diagnostic
parameter, site-specific threshold values for patholog-
ical findings could be set.

Interaction of bone and cartilage tissues is evident in
OA development.'® Nevertheless, no consensus on the
sequence of alterations in subchondral bone and car-
tilage during OA progress or cartilage lesions exists.
Early stage OA may involve microcracks or subchon-
dral bone resorption leading to diminishing of the
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subchondral plate.>'” On the other hand, stiffening of
subchondral bone has been suggested as a precondition
for the OA progress.”* In the present study, the
changes in the subchondral bone plate found are
consistent with the latter theory, suggesting that lesion
severity increases vBMD in subchondral plate. How-
ever, the vBMD changes might follow the increased
stresses on bone after cartilage degeneration and de-
crease in PG content. The increase in vBMD and
thickening of SBP were also found to relate with each
other. In previous studies, similar relation was found in
bovine tibial plateau' and human metacarpal.'® How-
ever, the relationship between SBP thickness and
density needs further evaluation with sophisticated
techniques®' to confirm that the connection is truly
related to physiological alterations. Cartilage injuries
were not associated to SB or TB mineral densities but
when considering only tibial VOIs, TLC and TMC, SB
and TB mineral densities correlated negatively with
cartilage thickness. In a previous study, similar nega-
tive correlation was found.* Moreover, the finding was
suggested to predict the progress of OA.

Our previous study showed that when combined
with hydroxyapatite phantoms, CBCT enables detec-
tion of volumetric distribution of BMD in a knee
joint.*? In that study, vBMD values determined with
CBCT and CT scanners correlated although the values
were found to differ considerably. Similar BMD values
in our previous (without contrast agent) and present
(with contrast agent) studies suggest that the presently
applied contrast agent induces no significant artefacts
in the image that would hinder the assessment of the
bone. Due to the moderate signal-to-noise ratio, CBCT
was shown to be applicable method to detect subtle to
severe alterations in cartilage and subchondral bone
(e.g., osteochondral sclerosis and cysts, Fig. 5). As a
limitation, accurate determination of thin structures
such as SBP from CBCT images are compromised by
image blurring and partial volume effect.”**' How-
ever, the effect of these artefacts were reduced by using
only the interior voxels of SBP for determining the
BMD, which are less affected by image blurring and
partial volume effect. Furthermore, the resolution
achieved with the imaging method may be too low to
detect the very finest changes in the cartilage. However,
due to technical developments, resolution and signal-
to-noise ratio of CBCT are improving, increasing the
sensitivity and accuracy of the imaging, while the
radiation dose remains low. Regardless of the low
dose, the development of techniques that require only
one acquisition should be considered.

Since the age of study subjects varied, statistical
analyzes (i.e., Mixed Model) that consider a patient
dependency were used. Then, the alterations were
found to be lesion severity dependent. In the future, a
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study involving clearly separate age groups would al-
low further evaluation of the age dependency of car-
tilage and bone properties. In the present study, the
type of a joint injury, e.g., meniscus or cruciate liga-
ment injuries, was not taken into account. When
aiming to improve OA diagnostics and the prediction
of its progress, they have to be accounted. Interest-
ingly, our recent study suggested that contrast-en-
hanced CBCT imaging also enables the detection of
meniscal pathologies.'”

As a limitation of the present study, no MRI reference
was available to validate the lesions. A previous study,
however, showed a strong correlation (p = 0.69,p < 0.01)
between the ICRS scorings based on CBCT arthrographic
and MR images.'® In addition, contrast-enhanced CT has
been shown to have potential to detect fresh cartilage in-
juries in vitro.'"* Utilizing mixture of diffusive and non-
diffusive contrast agents could be an advantageous way to
detect lesions and post-traumatic changes in surrounding
tissue. However, thorough in vitro, ex vivo, and biocom-
patibility studies are required before introducing a novel
method for clinical practice. In dCBCTa, the contrast
agent is injected intra-articularly, similarly as in clinical
MR imaging of the rotator cuff of the shoulder, whereas
in dGEMRIC the contrast agent is injected intra-
venously. Therefore, both imaging methods, dCBCTa
and dGEMRIC, can be considered invasive. Despite of
the invasiveness, the present patients did not report
feeling the imaging procedure to be uncomfortable.
Utilization of undiluted hypertonic contrast agents (i.c.,
Hexabrix™ of full strength, 320 mg iodine/ml) tem-
porarily softens the cartilage and, theoretically, makes it
vulnerable to mechanical damage.*® Nevertheless, this
risk was minimized since the present imaging protocol
included no weight bearing exercise but flexing the legin a
sitting position. Further, the injected contrast agent was
diluted to half of the original concentration and it ex-
cretes from the joint space in a couple of hours."
Moreover, dCBCTa enables imaging with a half shorter
delay (45 min) compared to that in dAGEMRIC. There-
fore, for practical and logistical reasons, it may be better
suited for clinical use.

The aim of the current study was to evaluate whe-
ther the presented imaging method can be utilized to
detect OA initiated changes in the cartilage and sub-
chondral bone. The segmentations were done manually
since, based on the authors’ knowledge, no fully
automatic method exists for reliable segmentation of
cartilage in contrast-enhanced CT images. To mini-
mize possible bias, segmentations were carefully con-
ducted considering all three orthogonal image planes.
In the future, development of fully automatic seg-
mentation and analysis tools are of utmost importance
for clinical adoption of this technique.

In conclusion, the results of the present study suggest
that clinical dCBCTa, when conducted using anionic
contrast agent and hydroxyapatite phantoms, enables
the quantitative in vivo analysis of both articular car-
tilage and subchondral bone. The simultaneous detec-
tion of chondral injuries and condition of surrounding
cartilage, as well as changes in subchondral bone
vBMD, could improve the diagnostics of the first signs
of post-traumatic OA. Furthermore, the method and
findings of this study may be utilized when constructing
a realistic computational model to evaluate the effects
of inter-related changes in cartilage and subchondral
bone on joint function and development of OA 2%
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