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Detection of early articular cartilage injury is a substantial problem in humans and horses. Early cartilage degeneration begins 
with changes in the extracellular matrix, particularly the loss of glycosaminoglycans (GAGs). In normal (healthy) articular 
cartilage, the negative charges on GAGs attract water, maintaining tissue hydration and affording compressive stiffness. 
Contrast-enhanced computed tomography (CECT) is a promising imaging technique that is widely available and offers shorter 
acquisition times and higher spatial resolution compared with MRI. However, commercially available iodinated contrast media 
are either negatively charged or uncharged and have limited penetration into articular cartilage. Exploiting the high negative 
charges in the extracellular matrix, a cationic contrast agent (CA4+) was developed by our collaborators at Boston University 
for its electrostatic attraction to GAGs with a similar chemical structure to ioxaglate (a contrast agent used clinically). The 
CECT attenuation obtained with CA4+ (cationic CECT) is 2.9 times higher than with anionic contrast media. Cationic CECT 
attenuation correlates with GAG (R2 = 0.63-0.87) greater than anionic contrast media (R2 = 0.2-0.62). The objectives of this 
study are to characterize the diffusion profile of CA4+ into equine articular cartilage, to determine the capability of cationic 
CECT to highlight differences in degenerative and normal cartilage and to establish the quantitative relationship between 
CECT attenuation and GAG content and mechanical stiffness (equilibrium modulus, Eeq). 

The mean diffusion time constant was longer for medial condyle cartilage (3.05 ± 0.1 hours) than lateral condyle cartilage (1.54 
± 0.3 hours, P = 0.04). In a second experiment, cationic CECT attenuation was lower in joints with cartilage defects than the 
control joint (P = 0.005). Mean cationic CECT attenuation from the lateral trochlear ridge was lower in the defect joint than in 
the control joint (2223 ± 329 HU and 2667 ± 540 HU, respectively; P = 0.02). A loss of cationic CECT attenuation was observed 
at locations adjacent to articular cartilage defects, highlighting the progressive deterioration that occurs of normal cartilage 
(Figure 1). Cationic CECT attenuation was strongly correlated with both GAG (ρ = 0.79, P < 0.0001) and Eeq (ρ = 0.61, P < 
0.0001). MicroCT evaluation highlights how lower uptake in degenerative articular cartilage corresponds to degeneration seen 
on histology (Figure 2). 

This study concluded that equine articular cartilage volume and anatomic location affect the diffusion profile and time to reach 
equilibrium for CA4+. Also, cationic CECT imaging reflects the biochemical, biomechanical, and histological state of normal 
and degenerative articular cartilage. The next steps in the translation of this technology to the clinic include additional studies 
examining variability between animal species, efficacy and pharmacokinetic/biodistribution studies in vivo and comparisons of 
this cationic CECT imaging method to other currently available quantitative MRI techniques. The potential research, preclinical, 
and clinical benefits of rapid articular cartilage imaging with a quantitative assessment of tissue volume, GAGs and Eeq 
warrants continued development of new contrast agents and imaging modalities, and their performance evaluation in ex vivo 
and in vivo models.

Figure 2: Topographical relationship between the mean cationic 
contrast-enhanced computed tomography (CECT; microCT) attenuation 
of each osteochondral plug at equilibrium and the locations of their 
harvest on the femoral trochlear surfaces in a 4-year-old horse 7 weeks 
after surgical defects were created. Three critically sized chondral 
defects were created in the left femoropatellar (defect) joint, while the 
right (control) joint was sham-operated. The samples shown in red reflect 
the locations of the chondral defects. Note the lower cationic CECT value 
surrounding the cartilage defects in the defect joint relative to the control 
joint. 
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Figure 1: Cationic contrast-enhanced computed tomography (CECT) 
imaging of degenerative and normal (healthy) equine cartilage with 
comparative histology images. The top row of images shows cationic 
CECT of osteochondral plugs. The degenerative plug was collected from a 
location adjacent to a full-thickness articular cartilage defect. The normal 
cartilage sample was collected from a joint with no macroscopic cartilage 
damage. The middle row images show the same microCT scans with an 
applied color map to highlight the ranges of cationic CECT attenuation 
throughout each tissue. Note the lower cationic CECT attenuation in all 
zones in the degenerative versus normal samples despite similar tissue 
thickness. The bottom row shows comparative histology (safranin-O fast 
green stain) of the plugs after microCT imaging. High amounts of safranin-O 
(red) uptake indicate high levels of proteoglycans / glycosaminoglycans in 
the tissue.
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