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Summary

Objective: X-ray imaging of articular cartilage using anionic contrast agents has been introduced for quantification of tissue glycosaminoglycan
(GAG) concentration. In this in vitro study we investigated diffusion and equilibrium distribution of an anionic contrast agent in human articular
cartilage and related the results to tissue composition and integrity.

Methods: Osteochondral cylinders (d¼ 4.0 mm, n¼ 24) were prepared from femoral medial condyles (FMCs, cartilage thickness 2.13�
0.54 mm, mean� standard deviation [SD]), and tibial medial plateaus ([TMPs]1.99� 0.38 mm) of human cadaver knees. Samples were
immersed for 24 h at room temperature in 21 mM concentration of anionic contrast agent Hexabrix�. The X-ray absorption maps and profiles
were measured before immersion, and after every 2 h of immersion using clinical peripheral quantitative computed tomography (pQCT).

Results: An increase in X-ray attenuation along cartilage depth, indicating a characteristic density profile increasing from superficial to deep
tissue, could be seen in pQCT images acquired without contrast agent. The complete diffusion of the contrast agent into cartilage took more
than 12 h. However, the uronic acid concentration correlated with the contrast agent concentration in femoral cartilage (r¼�0.76, n¼ 12,
P¼ 0.004) as early as after 2 h of immersion, and the linear correlation was virtually unchanged during the remaining 22 h. Similarly, the
histological tissue integrity (Mankin score) correlated positively with the contrast agent concentration in tibial cartilage (r¼þ0.75,
P¼ 0.005) after 2 h of immersion. The X-ray absorption profiles before immersion, i.e., without the contrast agent, and after 24 h of immersion
were significantly correlated (r¼�0.76� 0.34, mean� SD).

Conclusions: Although the complete contrast agent diffusion into human articular cartilage in vitro took more than 12 h, significant apparent
correlations were revealed between the spatial proteoglycan (PG) and contrast agent distributions already after 2 h of immersion. At the stage
of incomplete penetration, however, the spatial contrast agent concentration distribution cannot directly reflect the true PG distribution as the
Donnan equilibrium has not been reached. However, in degenerated cartilage the diffusion rate increases. Obviously, this can lead to the
reported correlation between the bulk PG content and the bulk contrast agent concentration already at the early stages of diffusion.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Mechanical properties of articular cartilage depend strongly
on the integrity of collagen network and proteoglycan (PG)
concentration1,2. In intact cartilage the water concentration
decreases and glycosaminoglycan (GAG) (and PG) con-
centration increases with depth3e6. In intact cartilage, the
fixed charge density (FCD) increases with depth, or remains
constant in the deep zone3e6. Collagen concentration is
lowest in the middle zone. In terms of collagen and PGs
the solid fraction increases with depth. In osteoarthrotic car-
tilage water concentration increases particularly in the mid-
dle zone, PG concentration decreases and collagen
network becomes disrupted1,3. These degenerative

changes in composition and structure make cartilage softer
and prone to mechanical damage1,7. In contrast to osteoarth-
rosis, FCD increases and water concentration decreases in
articular cartilage along ageing7. The methods capable for
non-invasive quantitative diagnostics of the determinants
of mechanical properties, e.g., tissue PG concentration,
would have significant clinical potential.

The delayed gadolinium enhanced magnetic resonance
imaging of cartilage (dGEMRIC) serves as non-invasive
clinical means to estimate cartilage PG concentration8.
However, dGEMRIC may overestimate the GAG concentra-
tion in deep cartilage9. The recent studies have demon-
strated modest capability of dGEMRIC to predict cartilage
mechanical properties at clinical field strengths8e16. The
contrast enhanced cartilage tomography (CECT), an X-ray
analogue to dGEMRIC, has been proposed for quantifica-
tion of GAG concentration of cartilage17,18. Both iodine
and gadolinium based anionic contrast agents have been
applied in previous CECT studies17e19.
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After chemically induced depletion of PGs an increased
penetration of negatively charged or neutral contrast agent
molecules, and a decreased penetration of positively
charged contrast agent molecules into cartilage have
been reported17,19,20. These findings are in line with the
assumption that the equilibrium distribution of negatively
charged contrast agent is inversely proportional, and posi-
tively charged contrast agent directly proportional to the
negatively charged PGs present in cartilage. However, in
our recent study, depth-dependent PG depletion was not
accurately reproduced by spatial contrast agent profiles, al-
though the PG depleted cartilage showed increased accu-
mulation of the contrast agent (ioxaglate)19. This finding
suggests that other factors (i.e., spatial water and collagen
content), in addition to the spatial PG concentration, may
affect the contrast agent accumulation.

Depending on the sample size and experimental geometry
various different immersion times have been applied for
contrast agent: in vivo 0.5e7 h for gadopentetate10,21e31,
and in vitro 1e24 h for gadopentetate and 1e27 h for
ioxaglate9e20,32,33. A previous study on bovine tissue reported
a continuous decrease of the T1 relaxation time in accordance
with the contrast agent accumulation into cartilage, measured
after every 30 min, and a maximum decrease was achieved
after 11 h of immersion34. In osteoarthrosis, the contrast agent
penetration into the cartilage is reported to speed up27. In vivo
intravenous administration, and fluid circulations induced by
joint exercise, may speed up the penetration of contrast agent
into articular cartilage10,25,27,31,35.

In the present study, the potential of CECT was charac-
terised with human articular cartilage in vitro. In particular,
for the first time, we investigated the diffusion behaviour

and equilibrium distribution of the anionic iodine based con-
trast agent using clinical peripheral quantitative computed
tomography (pQCT). We also related the CECT results to
tissue composition (PG and water concentration) and histo-
logical integrity (Mankin score).

Materials and methods

The permission to collect human samples was granted by the Finnish Na-
tional Authority for Medicolegal Affairs (TEO 1781/32/200/01). Osteochon-
dral cylinders (diameter 16.0 mm) were drilled from femoral medial
condyles (FMCs, n¼ 12, cartilage thickness 2.13� 0.54 mm, mean� stan-
dard deviation [SD]) and tibial medial plateaus (TMPs, n¼ 12, cartilage thick-
ness 1.99� 0.38 mm) of human cadaver knees (age 26e78 years, mean
age 55 years, n¼ 12) and stored in a freezer at �20�C13. The drilling was
not found to affect cartilage integrity at the tissue under investigation. Prior
to experiment the samples were thawed and smaller osteochondral cylinders
(diameter 4.0 mm) were punched (Fig. 1). The cartilage layer in samples ex-
hibited different degenerative appearance, as revealed by semiquantitative
histological Mankin scoring36. The water concentration and uronic acid con-
centration of the samples, prepared from the tissue adjacent to the samples
of the present study, were obtained from our earlier study37. The spatial GAG
concentration profiles were determined using optical density measurement of
Safranin-O stained sections38.

Each sample was immersed for 24 h at room temperature in 100 ml of
phosphate buffered saline (PBS) containing 21 mM iodinated anionic con-
trast agent (Hexabrix�, Mallinckrodt, St. Louis, MO, USA), and inhibitors
of proteolytic enzymes: 5 mM of ethylenediamine tetraacetic acid disodium
salt (EDTA, VWR International, Fontenay, France) and 5 mM of benzamidine
hydrochloride hydrate (SigmaeAldrich Inc., St. Louis, MO, USA). Hexabrix�
is an ionic dimer containing ioxaglate meglumine and ioxaglate sodium. Both
salts disintegrate into anionic ioxaglate�1. In this experiment, the diffusion
was allowed from every direction. However, the diffusion through subchon-
dral bone was found insignificant. The immersion solution was continuously
slowly agitated and sheltered from daylight, except when the samples were
transferred to pQCT imaging. Before measurements the samples were
quickly rinsed in PBS, blotted and enclosed in a polythene tube with

Fig. 1. Sample preparation. Osteochondral cylinders (d¼ 16 mm) were drilled from human FMCs (n¼ 12, cartilage thickness 2.13� 0.54 mm),
and TMPs (n¼ 12, cartilage thickness 1.99� 0.38 mm). Smaller osteochondral cylinders were punched for the contrast agent experiment and
the pQCT measurements. Biochemical and histological analyses were conducted for the cartilage extracted from the remaining part of the

16 mm cylinder.
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