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Purpose: To quantify the affinity of a cationic computed tomography 
(CT) contrast agent (CA4+) and that of an anionic contrast 
agent (ioxaglate) to glycosaminoglycans (GAGs) in ex vivo 
cartilage tissue explants and to characterize the in vivo 
diffusion kinetics of CA4+ and ioxaglate in a rabbit model.

Materials and 
Methods:

All in vivo procedures were approved by the institutional 
animal care and use committee. The affinities of ioxaglate 
and CA4+ to GAGs in cartilage (six bovine osteochondral 
plugs) were quantified by means of a modified binding 
assay using micro-CT after plug equilibration in serial 
dilutions of each agent. The contrast agents were ad-
ministered intraarticularly to the knee joints of five New 
Zealand white rabbits to determine the in vivo diffusion 
kinetics and cartilage tissue imaging capabilities. Kinetics 
of diffusion into the femoral groove cartilage and relative 
contrast agent uptake into bovine plugs were character-
ized by means of nonlinear mixed-effects models. Diffu-
sion time constants (t) were compared by using a Student 
t test.

Results: The uptake of CA4+ in cartilage was consistently over 
100% of the reservoir concentration, whereas it was 
only 59% for ioxaglate. In vivo, the contrast material–en-
hanced cartilage reached a steady CT attenuation for both 
CA4+ and ioxaglate, with t values of 13.8 and 6.5 minutes, 
respectively (P = .04). The cartilage was easily distin-
guishable from the surrounding tissues for CA4+ (12 mg of 
iodine per milliliter); comparatively, the anionic contrast 
agent provided less favorable imaging results, even when 
a higher concentration was used (80 mg of iodine per 
milliliter).

Conclusion: The affinity of the cationic contrast agent CA4+ to GAGs 
enables high-quality imaging and segmentation of ex 
vivo bovine and rabbit cartilage, as well as in vivo rabbit 
cartilage.
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to the commercially available anionic 
iodinated contrast agent ioxaglate, the 
key distinction being that CA4+ bears 
four positive charges to ioxaglate’s one 
negative charge (Fig 1). Serial dilutions 
of CA4+ and ioxaglate (Hexabrix-320; 
Mallinckrodt, Hazelwood, Mo) in deion-
ized water were prepared and adjusted 
to pH 7.4 and 420 mOsm/kg (Appendix 
E1 [online]).

Sixteen bovine osteochondral 
plugs (7 mm in diameter) were har-
vested from freshly slaughtered bovine 
femoral condyles according to a pub-
lished procedure (10,17) (Appendix 
E1 [online]). Diffusion kinetics ex-
periments were conducted to deter-
mine the immersion time required 
to achieve a steady state of contrast 
agent in the osteochondral plugs at 
room temperature prior to conduct-
ing the uptake experiments. For 
both CA4+ and ioxaglate, five plugs 
were immersed in contrast agent  
(16 mg of iodine per milliliter [mg I/
mL]), with periodic micro-CT scan-
ning over 20 hours.

Imaging Protocol for Uptake Experiment

Each of six adjacently harvested plugs 
were imaged before contrast agent im-
mersion. Three plugs were randomly 

therapies entering preclinical and clin-
ical studies for the treatment of dam-
aged cartilage. In 2009, we reported 
the synthesis of new cationic iodinated 
CT contrast agents for imaging artic-
ular cartilage that were designed on 
the basis of favorable electrostatic in-
teractions between negatively charged 
glycosaminoglycans (GAGs) and the 
positively charged contrast agent (1). 
Use of these agents to image individ-
ual ex vivo rabbit femurs with x-ray 
CT has shown that the greater cationic 
charge on the agents yields higher CT 
attenuation. Compared with typically 
used anionic contrast agents (ioxa-
glate, iothalamate) in cartilage CT im-
aging that are electrostatically repelled 
by the anionic GAGs, cationic contrast 
agents are highly taken up in cartilage 
(Fig 1). In our current study, we quan-
tified the affinity of a cationic con-
trast agent (CA4+) to GAGs in ex vivo 
cartilage tissue explants and compared 
the results with those for an analo-
gous commercially available anionic 
contrast agent (ioxaglate). Finally, we  
evaluated the performance of CA4+ and  
ioxaglate in an in vivo CT imaging 
study by using a rabbit model.

Materials and Methods

Preparation of Contrast Agent Solutions 
and Osteochondral Plug Samples
The cationic contrast agent was synthe-
sized following our published procedure 
(H.L.) (1). CA4+ is structurally similar 

Medical imaging, be it magnetic 
resonance (MR) imaging, x-
ray computed tomography 

(CT), ultrasonography (US), or posi-
tron emission tomography, continues 
to play a major role in the diagnosis 
and treatment of numerous disorders. 
Depending on the application and 
imaging modality, a contrast agent is 
used to enhance tissue differentiation, 
which is especially important for im-
aging soft tissues—like cartilage—with 
x-rays. Specifically, contrast material–
enhanced CT is an emerging technique 
for imaging articular cartilage (1–10). 
In fact, minimally invasive imaging 
techniques that help quantify the bio-
chemical and/or biomechanical health 
of articular cartilage (11) along with 
enabling morphologic assessment are 
of substantial interest as a means to 
detect and monitor osteoarthritis 
(12), a noninflammatory disease of 
the diarthrodial joints (13–16). Such 
imaging techniques are also needed 
because there is a lack of sensitive 
methods for evaluating the increasing 
number of small molecules, growth 
factors, and tissue engineering–based 

Implications for Patient Care

 n High-quality contrast-enhanced 
CT images of cartilage can poten-
tially be obtained by using a low 
dose of a multiply charged cat-
ionic iodinated contrast agent.

 n Development of sensitive imaging 
methods for quantifying cartilage 
thickness, morphology, glycos-
aminoglycan content, and equi-
librium compressive modulus 
may enable earlier detection, 
monitoring, and treatment of 
osteoarthritis.

Advances in Knowledge

 n A cationic CT contrast agent 
(CA4+) has a greater affinity to 
cartilage than an anionic contrast 
agent (ioxaglate) in ex vivo 
bovine cartilage plugs, in intact 
ex vivo rabbit knees, and in an in 
vivo rabbit model.

 n High-quality contrast-enhanced in 
vivo CT images of cartilage can 
be obtained with facile segmen-
tation from the synovial space 
and bone by using a cationic con-
trast agent.

 n Use of a cationic contrast agent 
enables CT imaging of ex vivo 
and in vivo cartilage at lower 
concentrations than use of an 
anionic contrast agent.

 n The concentration of the cationic 
contrast agent remains relatively 
constant for 80 minutes in in 
vivo cartilage tissue after intraar-
ticular injection.
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anesthetized by means of intramuscular 
injection of ketamine and xylazine. The 
rabbits received isoflurane for the en-
tire duration of the experiment. First, a 
baseline scan of one randomly selected 
knee was obtained by using a periph-
eral quantitative CT scanner (XCT Re-
search SA+; Stratec Medizintechnik, 
Pforzheim, Germany). Each exami-
nation consisted of an axial section 
across the femoral groove, acquired at 
100-mm in-plane resolution and section 
thickness, 50-kVp tube voltage, and 
300-µA current. Next, 3 mL ioxaglate 
(80 mg I/mL) was administered to 
the knee joint through the suprapatel-
lar recess in aseptic conditions (V.E.). 
Time-course scans were obtained by re-
peatedly scanning the selected section 
location; the scan time was approx-
imately 10 minutes per section, with 
acquisition for 110 minutes after injec-
tion. Twenty-four hours after injection, 
each rabbit was anesthetized again, 
and a baseline scan was performed to 
confirm that there was no residual con-
trast agent. Subsequently, 3 mL of CA4+  
(12 mg I/mL) was injected into the 
same knee by using a similar approach. 
Time-course scans were obtained in the 
same way they were with ioxaglate. The 
resulting CT data sets were imported 
into Analyze, and the femoral groove 
cartilage and the surrounding synovial 
joint space were manually segmented 
(P.N.B.). Mean cartilage x-ray atten-
uation values on the Hounsfield scale 
were obtained by averaging attenuation 
values over the entire segmented vol-
ume (Appendix E1 [online]).

Histologic Examination of in Vivo Rabbit 
Knees
After the animals were euthanized, the 
knee joints were harvested and visually 
inspected for signs of inflammation; the 
femoral groove was then sliced (V.E.). 
Hematoxylin-eosin–stained slides were 
evaluated with light microscopy for 
structural changes of articular cartilage 
and chondrocytes by using a semiquanti-
tative score (18,19). Microscopic exam-
ination of synovium was also performed 
to assess synovial membrane cell hyper-
plasia, vascular dilatation, and inflamma-
tion semiquantitatively. The presence of 

1,9-dimethylethylene blue colorimetric 
assay (10,17) (Appendix E1 [online]).

Imaging Protocols for ex Vivo and in Vivo 
Rabbit Knees
Five milliliters of CA4+ and ioxaglate at 
12 mg I/mL were injected into contra-
lateral intact ex vivo rabbit knees (Pel-
Freez Biologics, Rogers, Ark). After 4 
hours at room temperature, the joints 
were scanned by using the same imaging 
system and parameters as for the uptake 
experiment. Subsequently, the ioxaglate-
infused joint was lavaged with saline, and 
ioxaglate (4 mL at 80 mg I/mL) was inject-
ed. The joint was scanned similarly after  
4 hours. The CT data sets were ren-
dered as two-dimensional color maps to 
show the relative contrast enhancement 
in each case.

All procedures were approved by 
the institutional animal care and use 
committee at Beth Israel Deaconess 
Medical Center. Five male New Zea-
land White rabbits (Millbrook Breed-
ing Laboratories, Amherst, Mass) were 

chosen to be immersed in either CA4+ 
or ioxaglate. The plugs were sequen-
tially immersed in large reservoirs of 
serially diluted CA4+ or ioxaglate for 24 
hours at room temperature. After each 
immersion, sequential axial images of 
the cartilage and underlying subchon-
dral bone were acquired by using a 
micro-CT imaging system (microCT40; 
Scanco Medical, Brütisellen, Switzer-
land) at an isotropic voxel resolution 
of 36 µm3

, 70-kVp tube voltage, and 
113-µA current. The CT data sets were 
imported into Analyze (Mayo Clinic, 
Rochester, Minn), and the cartilage was 
segmented by using a semiautomatic 
contour-based segmentation algorithm 
(R.C.S.). The mean x-ray attenuation 
value (Hounsfield scale) for each plug 
was converted to contrast agent con-
centration (in milligrams of iodine per 
milliliter) by using a standard curve and 
was plotted as a function of reservoir 
concentration. To ensure uniformity 
of GAG content across the plugs, GAG 
content was quantified by using the 

Figure 1

Figure 1: Cationic and anionic CT contrast agents used in our study and their proposed electrostatic in-
teractions with GAGs in articular cartilage. The electrostatic attraction between the negatively charged GAGs 
and the cationic agent affords greater contrast agent accumulation in cartilage, whereas the anionic agent is 
partially excluded from the cartilage. atten = Attenuation.
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have similar GAG contents (P = .98; 
Appendix E1 [online]).

In the color maps showing intact 
ex vivo rabbit knees injected with ei-
ther 12 mg I/mL CA4+ or ioxaglate (Fig 
4, A, B), only CA4+ produced clear at-
tenuation differentiation between soft 
tissues, cartilage, and the underlying 
subchondral bone. This concentra-
tion of ioxaglate did not yield sufficient 
cartilage signal to distinguish it from 
the surrounding soft tissue (Fig 4, B),  
but the second injection of ioxaglate at 
80 mg I/mL did allow the cartilage to be 
more clearly seen as a low-attenuation 
space between the highly attenuating iox-
aglate pooled in the joint space and the 
underlying subchondral bone (Fig 4, C).

In the in vivo imaging study, ioxa-
glate (80 mg I/mL) diffused into the 
femoral groove cartilage tissue, with 
the contrast-enhanced CT attenuation 

6 0.12 for ioxaglate and CA4+, respec-
tively, which were statistically different 
(P = .02). Given the diffusion profiles 
(Fig 2), data for the uptake experiments 
were collected at 24 hours of immersion 
in reservoirs of CA4+ and ioxaglate.

As shown in the mixed-effects con-
trast agent uptake models (Fig 3), ioxa-
glate tissue concentration increased 
linearly with ioxaglate reservoir con-
centration, with a slope of 0.59 6 0.02. 
Conversely, CA4+ cartilage tissue con-
centration increased nonlinearly with 
CA4+ reservoir concentration, yielding 
an EC50 of 23.62 mg I/mL 6 2.10. At 
low reservoir concentrations, CA4+ 
uptake into the cartilage was approxi-
mately 400%–600% of the concentra-
tion in the surrounding reservoir. At 
higher reservoir concentrations, this 
uptake tapered off. In the uptake ex-
periment, all six plugs were verified to 

synovial membrane necrosis and the co-
mposition of the inflammatory infiltrate 
were also noted (18–22). Joint fluid aspi-
rates were processed by using SurePath 
(Becton-Dickinson/TriPath, Burlington, 
NC) and were cytologically evaluated by  
using a semiquantitative score. Histo-
pathologic evaluations were performed 
by a pathologist (R.M.N.) who was 
blinded to the study protocol (Appendix 
E1 [online]).

Computational and Statistical Methods
Nonlinear mixed-effects models with 
maximum likelihood estimates of the 
regression parameters were used to fit 
the ioxaglate and CA4+ diffusion kinetics 
and relative uptake data (nlmefit routine, 
MATLAB R2011a; Mathworks, Natick, 
Mass). For each model parameter, a 
fixed effect (typical value) and a random 
effect (representative of interindividual 
variability) component were included; 
all model results are reported as fixed 
effect (typical value) 6 standard error 
of the mean. Diffusion data were fit to 
a curve of the form A·[1 2 exp (2t/t)], 
where A is maximum percentage CT at-
tenuation, t is diffusion time, and the t 
value was calculated as the time required 
to reach 63.2% of the maximum CT at-
tenuation (9). Relative uptake data were 
fit with a linear curve for ioxaglate and a 
Langmuir isotherm of the form (A·x)/(x 
+ b), where A is the maximum contrast 
agent concentration in the cartilage, x is 
contrast agent reservoir concentration, 
and b is the reservoir concentration at 
which the cartilage internal concentra-
tion is at 50% of its maximum value (or 
EC50), for CA4+ (23). Student t tests were 
used to compare GAG contents and diffu-
sion time constants (SPSS, version 17.0; 
SPSS, Chicago, Ill). In vivo contrast-to-
noise ratio (CNR) was computed as the 
ratio between the image contrast between 
segmented cartilage regions and adjacent 
joint space regions and the image noise. 
For all analyses, P < .05 was considered 
to indicate a significant difference.

Results

The diffusion kinetics experiment in 
osteochondral plugs yielded t values 
of 1.12 hours 6 0.20 and 1.74 hours 

Figure 2

Figure 2: Graph of diffusion data shows mean contrast-enhanced CT attenuation in articular cartilage 
plugs as a percentage of contrast agent reservoir attenuation for plugs immersed in ioxaglate and CA4+ 
for 20 hours (n = 5 each). Ioxaglate and CA4+ data are modeled with nonlinear mixed-effects models with 
curves of the form A · [1 2 exp (2t/t)]. Solid lines = plug-specific fits (fixed plus random effects), dashed 
lines = typical diffusion behavior (fixed effects only). The time constants for CA4+ and ioxaglate were signifi-
cantly different (P = .02). atten = Attenuation. 
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had diffused out of the joint space, with 
the cartilage tissue still clearly visible.

Representative color map images 
of peripheral quantitative CT data 
from the femoral groove in the same 
knee injected with CA4+ or ioxaglate at 
60 minutes after injection provided a 
closer comparison between the agents. 
For ioxaglate, the high-concentration 
contrast agent solution appeared as a 
highly attenuating region in the joint 
space (Fig 7, top), whereas the fem-
oral groove cartilage appeared as a 
lower-attenuation region between the 
pooled contrast agent and the underly-
ing bone. For CA4+ (Fig 7, bottom) the 
cartilage was more easily distinguished 
from the surrounding joint space and 
was clearly distinguishable from the 
underlying bone. The CNR for ioxa-
glate and CA4+ was plotted as a func-
tion of diffusion time (Fig 8). For ioxa-
glate, CNR was highest immediately 
after contrast agent injection, and 
CNR decreased as the contrast agent 
penetrated into the cartilage. Con-
versely, for CA4+, the CNR increased 
with time.

Both contrast agents were cleared 
from the joint by 24 hours, as deter-
mined at CT imaging, and we observed 
no gross inflammation or swelling of 
the knee after injection of CA4+ or ioxa-
glate. No animals exhibited any obvious 
pain or atypical cage behavior indica-
tive of an adverse reaction to the ex-
perimental protocol. At histopathologic 
examination, the articular cartilage 
structure and chondrocytes showed no 
or modest changes, and an intact tide 
mark was observed in all cases. Syno-
vial membrane evaluation for hyper-
plasia and inflammation also revealed 
no or modest histologic changes, with 
absence of vascular dilatation. Lack of 
acute toxicity was further supported by 
the absence of neutrophils in synovial 
fluid cytopreparations (Appendix E1 
[online]).

Discussion

Although electrostatic interactions are 
relatively weak, we hypothesized that 
sufficient attraction between CA4+ and 
GAGs in cartilage could be attained to 

a t value of 13.8 minutes 6 2.5 was de-
termined from the diffusion data (Fig 6). 
The diffusion time constant (t) was sta-
tistically different between ioxaglate and 
CA4+ (P = .04). For CA4+, the contrast-
enhanced CT attenuation started to pla-
teau after 40 minutes and increased only 
a few percentage points thereafter be-
fore leveling off. Representative contrast-
enhanced CT color map images (Fig 6,  
bottom) show the diffusion profile of the 
cationic contrast agent into the femo-
ral groove cartilage. The contrast agent 
penetration increased with time, as in-
dicated by the increase in attenuation 
(blue color). The CT attenuation of the 
cationic contrast agent in the joint space 
continuously decreased until the end of 
the scanning period. The concentration 
in the joint space decreased by approx-
imately 70% in the first 20–25 minutes 
and then slowly decreased over the re-
maining time. At the end of the scanning 
period, about 90% of the contrast agent 

of the femoral groove cartilage increas-
ing to a maximum value of 1554 HU 6 
102 in the first 40 minutes after con-
trast agent injection (Fig 5). The t value 
was 6.5 minutes 6 1.0. At the end of 
the scanning period, about 69% of the 
contrast agent had diffused out of the 
joint space. The contrast-enhanced CT 
images (Fig 5, bottom) reflected the 
diffusion profile of the anionic contrast 
agent into the femoral groove cartilage. 
The ioxaglate solution appeared as a 
highly attenuating (blue-green) region 
in the joint space, which decreased in 
attenuation over the scanning period. 
The cartilage was visible as a lower-
attenuation space between the ioxaglate 
solution and the subchondral bone.

The CA4+ (12 mg I/mL) also diffused 
into and enabled imaging of the femo-
ral groove cartilage tissue; the contrast-
enhanced CT attenuation of the femoral 
groove cartilage increased to a maxi-
mum attenuation of 1410 HU 6 86, and 

Figure 3

Figure 3: Graph shows contrast agent concentration inside articular cartilage plugs as a function of 
contrast agent reservoir concentration for plugs immersed in ioxaglate and CA4+ (n = 3 each). Mixed-effects 
models for ioxaglate and CA4+ data are fitted with a linear and a nonlinear curve, respectively. Solid lines = 
plug-specific fits (fixed plus random effects), dashed lines = typical uptake behavior (fixed effects only). EC

50
 

= reservoir concentration at which the cartilage internal concentration is at 50% of its maximum value.
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Over time, as the higher-attenuating 
ioxaglate diffuses out of the joint space, 
the CT attenuations of cartilage and 
the surrounding joint space converge, 
impairing the ability to differentiate 
the boundary. With CA4+, on the other 
hand, a low concentration (6.7 times 
lower than that of ioxaglate) is highly 
taken up into the tissue (attenuation in-
creases), while CA4+ diffuses out of the 
joint space, which results in good dis-
tinction between cartilage, surrounding 
joint space, and bone. This is advanta-
geous from a segmentation standpoint 
and highlights the improved CNR over 
longer imaging windows provided by a 
contrast agent, like CA4+, with an af-
finity to GAGs in cartilage. Addition-
ally, improved CNR may provide better 

authors to elucidate the mechanism 
behind the observed affinity of the 
contrast agent for GAG.

Micro-CT imaging of ex vivo intact 
rabbit knees by using CA4+ and ioxa-
glate revealed that a relatively low con-
centration (12 mg I/mL) of CA4+ and 
a higher concentration (80 mg I/mL) 
of ioxaglate could be used to visualize 
the cartilage, and thus these contrast 
agent concentrations were selected for 
the in vivo study. In vivo, the diffusion 
profile for ioxaglate highlights a charac-
teristic challenge with the use of anionic 
contrast agents for cartilage imaging. 
Because ioxaglate is partially excluded 
from cartilage, high concentrations are 
needed, and the tissue appears as a 
low-attenuating space on the CT image. 

produce a beneficial in vivo imaging 
outcome. Accordingly, we first deter-
mined the affinities of CA4+ and ioxa-
glate, which have the same number of 
iodine atoms and similar structures, 
to GAGs within cartilage tissue sam-
ples. This experiment was performed 
in a manner similar to that in classic 
protein binding studies in which the 
binding of a radioactive small molecule 
to a protein is determined. However, in 
our experiment we utilized a micro-CT 
scanner along with a standard curve 
to measure the concentrations of the 
iodinated contrast agent present with 
the GAGs. Specifically, the affinity of 
the contrast agents to GAGs in ex vivo 
osteochondral plugs was determined in 
serial contrast agent concentration im-
mersions. The data showed ioxaglate 
being partially (41%) excluded from 
the tissue matrix, owing to electrostatic 
repulsion, which leads to less contrast 
agent being present in the tissue com-
pared with the reservoir. On the other 
hand, CA4+ demonstrated an affinity to 
the anionic GAGs in cartilage, which re-
sulted in enhanced uptake of CA4+ into 
the cartilage (up to six times compared 
with the reservoir).

The partitioning of freely mobile 
charged species within a matrix con-
taining immobile charges can be char-
acterized by the Donnan equilibrium. 
In this model, the fixed negative charge 
of cartilage enhances or diminishes 
uptake (or partitioning) of a positively 
charged or negatively charged con-
trast agent, respectively. If the affinity 
is sufficiently strong because of a col-
lection of electrostatic and other non-
covalent interactions, there is the ad-
ditional possibility of binding between 
the contrast agent and the GAGs. For 
example, previous studies with singly 
charged ions (Na+) and cartilage ex-
plants have shown that the interac-
tion with GAGs can be described by 
Donnan partitioning (24,25), whereas 
the binding of multicharged peptides 
to GAG can be governed by binding 
and/or Donnan partitioning, depend-
ing on the specific composition being 
investigated (23,26,27). Mechanistic 
studies, including competitive bind-
ing experiments, are planned by the 

Figure 4

Figure 4:  A–C, Contrast-enhanced CT color maps in intact ex vivo rabbit knee joint 4 hours 
after injection with, A, CA4+ at 12 mg I/mL, B, ioxaglate at 12 mg I/mL, and, C, ioxaglate at 80 
mg I/mL. In A, increasing attenuation from the femoral groove cartilage surface to the deep 
zone is evident, as is the clear interface between cartilage and subchondral bone. Note the 
lack of attenuation from the femoral groove cartilage in B. In C, the cartilage can be seen as a 
low-attenuation space between the highly attenuating contrast agent pooled in the joint space 
and the underlying bone.
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first in vivo imaging with CA4+, there 
were several limitations to our study, 
as well as additional experiments to 
be performed. First, in our study we 
evaluated only healthy cartilage tissue. 
Going forward, it is critical to explore 
the capacity of contrast-enhanced CT 
with CA4+ to depict changes associ-
ated with osteoarthritis in a trauma- or 
drug-induced model with animals. An-
other limitation of our study was the 
inability of the peripheral quantitative 
CT scanner to capture sufficient im-
ages to create volumetric reconstruc-
tions within a short time frame. Also, 
different cartilage surfaces within a 
joint will vary in thickness and extra-
cellular matrix component proportions, 
which may also affect contrast agent 
uptake and diffusion kinetics. Finally, 
additional safety and pharmacokinetic 
studies must be performed prior to any 
future clinical use.

In summary, the high affinity of a 
cationic iodinated contrast agent for 
cartilage provides better tissue visu-
alization, easier segmentation, higher 
CNR, and a longer usable imaging 
window and requires a lower dose of 
injected contrast agent compared with 
an anionic contrast agent. These attrib-
utes translate to high-quality in vivo 
imaging with contrast-enhanced CT in 
a rabbit model. Hence, this method 
complements other imaging modalities 
being explored for cartilage imaging, 
including MR imaging (19,28–33), US 
(34,35), fluorescence (36), and optical 
coherence tomography (37–39). With 
regard to tissue-specific CT contrast 
agents (40–44), the results here pro-
vide further guidance for optimization 
of the contrast agent for characterizing 
cartilage in vivo. In addition, this tech-
nique may be useful for assessment in 
longitudinal animal models of cartilage 
degeneration, where destructive tech-
niques are most often used for bio-
chemical analysis. The development of 
a sensitive, minimally invasive cartilage 
imaging technique that allows assess-
ment of cartilage thickness, morphol-
ogy, equilibrium compressive modulus, 
and GAG content will aid in the diagno-
sis, treatment, and monitoring of oste-
oarthritis. Hence, the development and 

contrast agent administration and were 
similar to those described for well-tol-
erated contrast media using these tech-
niques (22).

Although this study quantified the 
higher affinity of a cationic iodinated 
contrast agent compared with an an-
ionic contrast agent for cartilage and, 
to our knowledge, demonstrated the 

opportunities for quantitative GAG im-
aging in addition to visual morphologic 
assessment, as shown here. In support 
of this hypothesis, we have recently re-
ported GAG quantification in ex vivo 
cartilage tissue samples using contrast-
enhanced CT and the CA4+ contrast 
agent (17). The histopathologic findings 
revealed no to modest changes with 

Figure 5

Figure 5: Top: Graph shows change in contrast-enhanced CT (CECT) attenuation (atten) (in 
Hounsfield units) of the femoral groove cartilage and the contrast agent in the joint space as 
a function of time (in minutes) after injection for the anionic contrast agent (ioxaglate). The 
diffusion data were modeled by using mixed-effects modeling. Solid lines = subject-specific 
fits (fixed plus random effects), heavy dashed line = typical diffusion behavior (fixed effects 
only), light dashed lines = contrast agent dilution in and diffusion out of the joint spaces over 
time. Bottom: Representative time-series contrast-enhanced CT images for a knee injected 
with ioxaglate. With increasing time, there is an increase in the intensity in the femoral groove 
cartilage and a corresponding decrease in the dark blue color in the synovial joint space above 
the femoral groove cartilage. The intense blue color above the femoral groove cartilage is note-
worthy, indicating the high concentration of the contrast agent used. Color map scale = x-ray 
attenuation values in Hounsfield units for cartilage and bone.
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Figure 6

Figure 6: Top: Graph shows change 
in contrast-enhanced CT (CECT) attenua-
tion of the femoral groove cartilage and 
the contrast agent in the joint space 
as a function of time (in minutes) after 
injection for the cationic contrast agent 
(CA4+). The diffusion data were modeled 
by using mixed-effects modeling. Solid 
lines = subject-specific fits (fixed plus 
random effects), heavy dashed line = 
typical diffusion behavior (fixed effects 
only), light dashed lines = contrast agent 
dilution in and diffusion out of the joint 
spaces over time. Bottom: Represen-
tative time-series contrast-enhanced 
CT images for one knee injected with 
the cationic contrast agent (CA4+). With 
increasing time, there is an increase 
in the intensity in the femoral groove 
cartilage, as indicated by the increase 
in the blue color. If observed closely, 
there is also a corresponding decrease 
in the green-yellow color with time in the 
synovial joint space above the femoral 
groove cartilage. This intensity is very 
low because of the low concentration of 
the contrast agent used. Color map scale 
= x-ray attenuation values in Hounsfield 
units for cartilage and bone.

Figure 7

Figure 7: Enlarged contrast-enhanced CT images of an in vivo rabbit 
knee injected with (top) CA4+ at 12 mg I/mL and (bottom) ioxaglate at 
80 mg I/mL. Both images are from the same knee and were captured 1 
hour after injection. For ioxaglate (top), the exclusion of ioxaglate from the 
femoral groove cartilage (relative to the injected contrast agent in the joint 
space) appears as a region of lower attenuation between the bright blue-
purple subchondral bone and the blue ioxaglate solution pooled in the joint 
space. For CA4+ (bottom), the cartilage is highlighted in green-blue, having 
attained a much higher tissue CA4+ concentration than the surrounding 
solution in the joint space, which is itself indistinguishable from the 
surrounding soft tissue.
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Figure 8

Figure 8:  Graph shows CNRs for ioxaglate and CA4+ in femoral groove 
cartilage as a function of time (in minutes) after injection in five rabbit knees. For 
ioxaglate, CNR decreases rapidly with time, whereas CNR increases with time for 
CA4+, providing a longer imaging window with good contrast enhancement.

evaluation of new imaging techniques, 
image processing routines, instrumen-
tation, and contrast agents should be 
encouraged.
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