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Abstract: CA4+ is a novel cationic iodinated contrast agent utilized for contrast-enhanced microCT (CECT). In this 
study, we compared CA4+ CECT for cartilage quantification of unfixed and neutral buffered formalin (NBF)-fixed 
rabbit distal femur cartilage after 8-, 24- and 30-hours of contrast agent diffusion. The stability of CA4+ binding 
to cartilage after PBS soak and decalcification was also investigated by CECT. We further assessed the feasibility 
of cartilage histology and immunohistochemistry after CA4+ CECT. Contrast-enhanced CA4+ labeled unfixed and 
NBF-fixed cartilage tissues facilitate articular cartilage quantification and accurate morphological assessment. 
The NBF fixed tissues demonstrate higher cartilage intensity and imaging characteristics distinct from subchon-
dral bone than unfixed tissues while maintaining stable binding even after decalcification with 10% EDTA. The 
unfixed tissues labeled with CA4+, after CECT imaging and decalcification, are amenable to H&E, Alcian blue, and 
Safranin O staining, as well as Col2 immunohistochemistry. In contrast, only H&E and Alcian blue staining can be 
accomplished with CA4+ labeled NBF fixed cartilage, and CA4+ labeling interferes with downstream immunohis-
tochemistry and Safranin O staining, likely due to its positive charge. In conclusion, CA4+ CECT of NBF fixed tis-
sues provides high quality microCT cartilage images and allows for convenient quantification along with feasible 
downstream H&E and Alcian blue staining after decalcification. CA4+ CECT of unfixed tissues enables researchers 
to obtain both quantitative microCT as well as cartilage histology and immunohistochemistry data from one set of 
animals in a cost-, time-, and labor-efficient manner. 
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Introduction

Osteoarthritis (OA) treatment alternatives to 
arthroplasty remain a clinical challenge. In 
order to meet this challenge with new therapies 
(i.e., biologics), it is important to elucidate 
mechanism(s) of OA development using a vari-
ety of experimental OA models such as destabi-
lized medial meniscus (DMM) [1-3], anterior 
cruciate ligament transaction (ACT) [4-6], 
meniscus ligament injury (MLI) [7-10] and 
chemical induced OA [11]. Conventionally, the 
evaluation of the injured cartilage, its healing, 
and repair relies upon two-dimensional (2D) 

histology using staining and immunohistochem-
istry techniques for extracellular matrix compo-
nents such as collagen and glycosaminogly-
cans (GAGs) as well as cells including chondro-
cytes [12-16]. Although histology and immuno-
histochemistry reveal the 2D cartilage struc-
ture, microstructural components, and changes 
at the molecular level, 3D reconstruction of the 
entire articular cartilage offers more quantita-
tive data as well as improved information on the 
spatial relationships amongst areas of interest.

Micro-computed tomography (MicroCT) is a 
commonly used imaging modality for bony tis-
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sues based on x-ray attenuation [17]. It is an 
excellent tool for 3D imaging and quantification 
of calcified tissues; however, it has not yet been 
optimized for imaging of cartilage and other 
soft tissues. To expand its application, contrast 
agents are needed to enhance the detection of 
soft tissues in a technique referred to as con-
trast-enhanced CT (CECT). Several contrast 
agents have been described for CECT of carti-
lage based on different principles. For example, 
phosphotungstic acid (PTA) binds the collage-
nous matrix of cartilage, generating increased 
radiodensity than bone along with good cor- 
relations with histology grading (R2 = 0.8708, 
P<0.0001 for cartilage thickness, and R2 = 
0.7606, P<0.0001 for cartilage volume) [18, 
19]. A 3D histopathological grading scale of 
osteochondral tissues, based on PTA contrast-
enhanced microCT (PTA-CECT), could detect 
cartilage lesions [19]. Furthermore, PTA-CECT, 
when combined with finite element modeling 
enables assessment of cartilage mechanics 
[18]. The PTA-collagen binding in PTA-labeled 
tissues is reversible, allowing for washing and 
downstream cartilage staining [19]. But, unfor-
tunately, given PTA’s toxicity, it is not used for  
in vivo cartilage imaging. In addition, it is a very 
acidic molecule that can harm the tissues and 
cause stiffening of tissues. Another contrast 
agent is Ioxaglate sodium (Hexabrix 320) which 
has a negative (anionic) charge and as a result 
its x-ray attenuation inversely correlates with 
GAG content in cartilage [20, 21]. However, it 
was discontinued in 2015 due to its adverse 
effects when applied in vivo. Therefore, devel-
oping new agents for contrast enhanced 
microCT is a priority. 

More recently, cationic CECT reagents were 
developed such as the cationic iodinated con-
trast agent, 5,5’-(malonylbis(azanediyl)) bis  
(N1,N3-bis(2-aminoethyl)-2,4,6-triiodoisoph- 
thalamide (CA4+). The CA4+ contrast agent  
has 4 positive charges and 6 iodine atoms  
and was first designed and synthesized for 
CECT of cartilage [22, 23]. The CA4+ contrast-
imaged microCT cartilage demonstrates great-
er x-ray attenuation and a larger dynamic range 
when compared to tissues treated with anionic 
contrast agents. CA4+ CECT successfully 
imaged ex vivo bovine and human menisci [24, 
25], equine cartilage defects [26, 27], human 
cartilage [23, 28, 29], mouse tibia plateau car-
tilage and endochondral bone formation [28, 

30] as well as in vivo rabbit cartilage [31] and 
tissue engineered chondrogenic pellets [32]. 
The resulting contrast-enhanced attenuation 
positively correlates with the content and loca-
tion of GAGs within the tissue. Furthermore, 
CA4+ contrast attenuation also correlates with 
cartilage stiffness [33] and other biomechani-
cal properties [34]. Additionally, non-calcified 
cartilage thickness measured using CA4+  
CECT strongly correlates with cartilage thick-
ness measured by histology (R2 = 0.72. 
P<0.001) [35]. It can also detect cartilage 
degeneration (measured by volume and thick-
ness) in mice of different ages [35]. Using CA4+ 
for CECT provides greater sensitivity for evalua-
tion of GAG content and shows similar results 
to those obtained using the anionic contrast 
agent Hexabrix for the quantification of carti-
lage volume and thickness [35]. 

CECT using CA4+ has been reported for ex vivo 
imaging of human trapeziometacarpal cartilage 
to assess gross structure and morphology as 
well as mechanical properties [36]. Recently, 
dual contrast imaging of human cartilage using 
clinical grade full body CT and CA4+/gadoteri-
odol showed promise for simultaneous mea-
surement of cartilage, water (Gadoteridol), and 
GAG (CA4+) content [29, 37]. In an equine 
impact-induced cartilage injury model, in vivo 
CA4+ CECT x-ray attenuation negatively corre-
lated with cumulative Osteoarthritis Research 
Society International (OARSI) histology score 
(Safranin O staining based, R = -0.61, P< 
0.0001) [38]. 

Given the abundant application and utility of 
CA4+ CECT, the aims of this study were to  
investigate whether CA4+ can be used to image 
fixed rabbit cartilage tissues, to determine the 
stability of the CA4+ staining protocol, and to 
assess the feasibility of downstream histology 
and immunohistochemistry after CA4+ CECT.

Materials and methods

CA4+ synthesis and contrast labeling 

5,5’-(malonylbis (azanediyl)) bis (N1,N3-bis(2-
aminoethyl)-2,4,6-triiodoisophthalamide (CA- 
4+) was synthesized as previously described 
[23] in the Grinstaff’s laboratory at Boston 
University and shipped to the Huard laboratory 
at the University of Texas Health Science Cen- 
ter in Houston. It has 4 positive charges and 6 
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iodine atoms and was first designed and syn-
thesized by Grinstaff’s laboratory for CECT of 
cartilage [20, 21]. The use of animals for this 
study was approved by the Institutional Animal 
Care and Use Committee of University of Texas 
Health Science Center at Houston (AWC-17-
0022). Rabbit distal femurs were dissected 
from the uninjured side of 6-7 month-old New 
Zealand white rabbits (Charles River) that  
were used for previous investigations to mini-
mize animal sacrifice. These rabbits previously 
underwent generation of a patellar groove 
osteochondral defect with microfracture and 
either losartan oral treatment [39] or bevaci-
zumab intra-articular injection [40]. In total, 40 
distal femur tissues were used for this study. 
The distal femur tissues were divided into 2 
groups: the unfixed group and the 10% neutral 
buffered formalin (Sigma-Aldrich, HT501128-
4L) fixed cartilage group (NBF fixed). N = 5 was 
used for each group and each diffusion time 
and No CA4+ groups. For the unfixed group, all 
the rabbit distal femurs were dissected and 
stored at -80°C prior to CA4+ contrast labeling 
and imaging. For the NBF fixed group, distal 
femurs were fixed in NBF for 10 days or 4 
months at room temperature until CA4+ label-
ing because no differences were found for NBF 
fixation time. Both groups of tissues were 
washed with PBS, immersed in 10 mL CA4+  
(24 mg/ml, pH = 7.4, 400 mOsm/Kg) as re- 
ported before [23, 38] and then agitated on  
a horizontal shaker at 60 rpm and room tem-
perature for 8, 24, and 30 hours. Three sam-
ples were labeled and scanned for each diffu-
sion time of the two groups due to the size of 
the microCT scan holder. This was also because 
CA4+ labeling may require immediate scanning 
of samples after labeling to ensure signaling is 
maintained. The tissues were then subjected to 
microCT imaging at 8, 24, and 30 hours after 
labeling as detailed below.

MicroCT scanning

Immediately after CA4+ contrast staining for all 
30 samples of both groups, the distal femurs 
with intact joint cartilage were rinsed with 
deionized water for 2 minutes, wrapped with 
parafilm and scanned with a Viva CT 40 using 
70 kVp, 114 μA, x-ray energy and 38 µm re- 
solution (voxel size). The scanning parameters 
were integration time/averaging (200 ms/1), 
1024×1024 size, calibration: BH, 1200 mgHA/

cm3. In total, 550-650 slices were scanned in 
about 30 minutes for each sample to cover the 
entire distal femur joint. After scanning, the 
samples were placed in sterile PBS (magne-
sium and calcium free, pH 7.4) for 5 days at 4°C 
and then scanned via microCT using the same 
parameters to determine the stability of CA4+ 
binding. After the second round of microCT 
scanning following PBS soaking, both groups of 
distal femur tissues were decalcified in 10% 
ethylenediaminetetraacetic disodium (EDTA) 
plus 1% sodium hydroxide (pH 7.2) for 4 months. 
Samples in the unfixed femur group were kept 
unfixed during the entirety of the decalcification 
process. The same cohort of distal femurs were 
then scanned a third time via microCT using the 
same protocol (control file) after decalcification 
as stated above. 

MicroCT 3D analysis 

SCANCO Medical MicroCT software (Brut- 
tisellen, Switzerland) was utilized by manually 
contouring 50 slices of femur patellar groove 
cartilage at the axial level of the condyle, allow-
ing both the patellar groove and condyle carti-
lage to be visualized (axial view). A sigma = 1, 
gauss support = 0.8, threshold = 280 was  
chosen for 3D quantification. This threshold is 
60 higher than the threshold used for rabbit 
trabecular bone (threshold = 220). Because 
there is no software for cartilage volume quan-
tification, most studies transferred DICOM  
data to another software system such as 
Analyze™ [29] or Seg3D software to analyze 
[41]. We adopted the concept of bone volume 
and density quantification for bone in microCT 
software for cartilage volume and density  
quantification. The total contoured cartilage 
volume (view of interest) based on CA4+ CECT 
(total volume), total volume density (cartilage 
density), bone volume (cartilage volume, BV), 
and bone volume density (cartilage density) 
were automatically generated by the software 
for 3D quantification. The total volume repre-
sents view of interest. The bone volume given 
by the microCT quantification data here is actu-
ally cartilage volume which is defined by con-
touring high intensity tissues above subchon-
dral trabecular bone, and was segmentalized 
by applying thresholds. The BV density is in 
essence cartilage density which represents 
GAGs contents that are bound by CA4+ through 
electrostatic charges. In addition, 2D microCT 
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images were converted to DICOM images and 
downloaded for visualization. Furthermore, 
DICOM images from microCT were converted 
into TIFF files using photoshop CC (Adobe, San 
Jose, CA, USA). TIFF files of 100 slices of 
microCT 2D images were then used to create 
videos using Image J to show the CA4+ con-
trast-labeled cartilage on the patellar groove 
and condyle in a continuous view. Repre- 
sentative videos were generated using 24 h 
labeling of NBF fixed and unfixed tissues both 
at the time immediately following staining and 
after decalcification. 

Cartilage thickness measurement

For both unfixed and NBF fixed microCT images 
captured immediately following CA4+ contrast 
labeling, cartilage thickness measurements 
were performed at three different locations 
using microCT 3D distance measuring tools: 
central patellar groove (thickest cartilage), 
patellar groove periphery (midpoints between 
groove and ridge), and condyle cartilage. The 
thickness measured was the same as the 3D 
slices range (50 slices) and measured every 5 
slices. Each sample’s cartilage thickness was 
an average of 10 measurements and was 
shown as mm. 

Histology

After undergoing microCT scans, the tissues 
were then processed using gradient ethanol, 
cleared with xylene, and embedded in paraffin. 
5 μm thickness paraffin sections were cut 
using a microtome. H&E staining was then per-
formed after section mounting using Sigma 
Harris Hematoxylin and Eosin Y reagents 
(Sigma. St. Louis, MO, USA). Alcian blue stain-
ing was performed using the IHC world proto- 
col (http://www.ihcworld.com/_protocols/spe-
cial_stains/alcian_blue.htm) with the reagents 
Alcian Blue 8GX and nuclear fast red (Sigma). 
Safranin O staining was performed using the 
IHC world protocol with modification by staining 
for 30 minutes (http://www.ihcworld.com/_pro-
tocols/special_stains/safranin_o.htm). 

Immunohistochemistry

Paraffin slides of all groups were deparaffiniz- 
ed and rehydrated. Antigen retrieval was per-
formed using 2% hyaluronidase (H3506, 
Sigma-Aldrich/Millipore) in PBS (pH = 7.4) at 
room temperature for 30 minutes. Slides were 

then washed with PBS and incubated with 5% 
donkey serum in PBS at room temperature  
for 1 hour. The sections were then incubated 
with mouse anti-collagen II (Col2) (MA1-37493, 
Invitrogen/Fisher [Hampton, NH, USA]) at  
1:200 dilution at 4°C overnight. On the second 
day, the slides were washed with PBS. The 
slides were then immersed in 0.5% hydrogen 
peroxide in PBS for 30 minutes to inactivate 
endogenous hydrogen peroxidase. After an 
additional wash with PBS, slides were incubat-
ed with biotinylated horse anti-mouse second-
ary antibody (BA2000, Vector Laboratories, 
Burlingame, CA, USA) for 2 hours at room tem-
perature. The slides were subsequently incu-
bated using the Elite ABC kit (PK-6100, Vector 
Laboratories) after PBS washes. DAB color 
reaction was performed using the DAB Kit  
(SK-4100, Vector Laboratories) for 6 minutes. 
Slides were rinsed with tap water thoroughly 
and nuclei counterstaining was performed 
using Hematoxylin QS (Vector Laboratories, 
H-3404-100) for 20 seconds. Subsequently, 
slides were rinsed in running tap water for 10 
minutes before dehydration using gradient eth-
anol and xylene and then cover slipped with a 
xylene based Cytoseal mount medium (Fisher 
Scientific).

Statistical analysis 

Power analysis was performed based on previ-
ous microCT analysis to determine sample size. 
All values are mean ± SD. Statistical an- 
alysis was performed using Microsoft Excel 
(Redmond, WA, USA). The Student t-test was 
used for comparisons amongst groups at each 
time point; P<0.05 was considered statistically 
significant. 

Results 

CA4+ CECT of NBF fixed cartilage shows im-
proved cartilage image quality compared to 
unfixed cartilage

CA4+ effectively stained the patellar groove 
and condyle cartilage that covered the sub-
chondral trabecular bone and demonstrated a 
higher radiodensity than subchondral bone in 
both unfixed and NBF fixed groups at 8, 24,  
and 30 hours after labeling. The femoral carti-
lage in the NBF fixed samples was more easily 
distinguished from subchondral bone than in 
the unfixed tissues (Figure 1A). For the tissues 
not treated with CA4+, the cartilage was indis-
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Figure 1. Comparison of CA4+ CECT results of unfixed and NBF fixed cartilage at different incubation times. A. 2D 
microCT images of CA4+ CECT for unfixed and NBF fixed cartilage at different time points. Red boxes represent en-
largements from original images of the patellar groove cartilage. For the unfixed tissues, articular cartilage intensity 
(attenuation) is enhanced and visible but not easily distinguishable from subchondral bone, while in the no-CA4+ 
(control) tissue, cartilage is not visible. For NBF fixed tissues, cartilage showed higher intensity than subchondral 
bone at all time points (8, 24, 30 hours). In the NBF fixed no-CA4+ samples, cartilage is not visible compared to 
surrounding area. Scale bar = 5 mm. B. Micro3D images of 50 slices patellar groove cartilage for NBF fixed and un-
fixed tissues. Cartilage surface in the unfixed groups appears rough (lower density) while that of NBF fixed cartilage 
appears smooth. Scale bar in 3D images is 1 mm. C. Comparison of cartilage density (intensity). NBF fixed tissues 
showed significantly higher density than those of unfixed cartilage density. In addition, 24 and 30 hours labeling 
also showed significantly higher density than the 8-hour incubation time for NBF fixed cartilage. There were no sig-
nificant differences between 24 and 30 hours incubations compared to the 8 hours incubation for unfixed tissues. 
*P<0.05, ****P<0.0001. D. Cartilage volume showed no statistical differences between unfixed cartilage and NBF 
fixed cartilage at 8 and 30 hours. However, at 24 hours, the NBF group showed higher cartilage volume. *P<0.05; 
**P<0.01. 
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tinguishable in both unfixed and NBF fixed 
groups (Figure 1A). MicroCT 3D images show- 
ed that the cartilage surface of the patellar 
groove of NBF fixed tissues was smoother and 
had higher density at 8, 24 and 30 hours  
post-contrast staining relative to unfixed carti-
lage by applying the same threshold (Figure 
1B). The continuous views of 24 hour labeling 
of NBF fixed and unfixed cartilage are shown in 
Supplementary Videos 1 and 2, respectively. 
The NBF fixed cartilage tissue density (at- 
tenuation) was significantly higher than that of 
the unfixed CA4+ contrast labeled tissue group 
at all three diffusion times (Figure 1C, P = 
1.9×10-6, 4.72×10-5, and 2.14×10-7 for the 8, 
24 and 30 hour diffusion times, respectively, 
for the NBF fixed group versus unfixed group). 
For the NBF fixed group, the 24 and 30 hour 
labeling times also showed significant higher 
cartilage density than 8 hours. A time-depen-
dent labeling of cartilage density was observ- 
ed for NBF fixed tissues (R2 = 0.9999, P = 
0.062). The correlation coefficient of time and 
density for unfixed femoral tissues was less sig-
nificant (R2 = 0.8381, P = 0.2636) (Figure 1C). 
Cartilage volume was not statistically different 
for both groups for 8 and 30 hour labeling 
groups. But at 24 hours, NBF fixed cartilage 
showed significant higher cartilage volume. 
This discrepancy may be caused by the labeling 
density difference between the two groups 
(Figure 1D, P = 0.0064). However, the total vol-
ume which showed the cartilage tissue size 
based on CA4+ CECT showed no difference 
between the two groups at 8, 24 and 30 hours 
labeling (P = 0.50, 0.10, 0.35 respectively for 8, 
24 and 30 hours labeling time point, data not 
shown). 

CA4+ CECT of unfixed and NBF fixed tissues 
both yields accurate cartilage thickness mea-
surement

When measuring cartilage thickness for both 
unfixed and NBF fixed femoral cartilage after 
CA4+ labeling on representative 2D images at 
different axial levels, the NBF-fixed CA4+ 
labeled cartilage structures were more distin-
guishable with easier identification of the carti-
lage boundary when compared to the CA4+ 
labeled, unfixed cartilage tissues (Figure 2A). 
Three regions of cartilage were measured: the 
center of the patellar groove cartilage (the 
thickest area between two red arrows), the cen-

ter between patellar groove and ridge (between 
two blue arrows), and the condyle cartilage 
(between two yellow arrows) (Figure 2A). No 
statistical differences were found for the carti-
lage thickness in the three locations of distal 
femur between CA4+ labeled unfixed and NBF 
fixed cartilage (Figure 2B-D). These results indi-
cate that it is feasible to measure cartilage 
thickness accurately using CA4+ CECT for both 
unfixed and NBF fixed cartilage. 

CA4+ binds cartilage in NBF fixed tissues in 
a more stable manner than in unfixed tissues 
after PBS wash

After soaking the CA4+ CECT labeled tissues in 
PBS for 5 days, the cartilage layer intensity of 
unfixed cartilage with CA4+ contrast staining 
for 8 and 24 hours decreased significantly 
when compared to the signal immediately fol-
lowing CA4+ labeling. However, some signal 
was still visible for the samples stained with 
CA4+ for 30 hours. In contrast, the NBF fixed 
femoral cartilage did not lose signal intensity at 
any time point when compared to fresh CA4+ 
labeled cartilage and exhibited consistently dis-
tinguishable articular cartilage from subchon-
dral bone (Figure 3A). By contouring the patel-
lar groove cartilage and applying the same 
threshold, the cartilage signal in 3D images  
in both the 8 and 24 hours labeled unfixed tis-
sues was almost invisible, whereas there was 
still visible signal at the 30 hours labeling dura-
tion (Figure 3B). In contrast, the attenuation  
of the patellar groove cartilage was almost 
identical to fresh labeled tissues in the NBF 
fixed tissue group at all time points (Figure  
3B). Quantification of the 3D microCT of carti-
lage density revealed a significantly higher car-
tilage density in NBF fixed tissues than unfix- 
ed CA4+ labeled tissues at all labeling time 
points (Figure 3C, P = 9.4×10-10, 9.7×10-8, 
6.8×10-5 respectively for the 8, 24 and 30 
hours time points). The cartilage volumes at dif-
ferent labeling times were also significantly 
higher in the NBF fixed group than those of  
the unfixed group (Figure 3D, P = 6.9×10-7, 
4.2×10-5, 1.6×10-4 for 8, 24, 30 hours diffusion 
times, respectively). These results indicated 
that CA4+ binding to the NBF fixed cartilage is 
more stable, while the CA4+ binding in the 
unfixed cartilage can be washed out in PBS 
(reversible). 

http://www.ajtr.org/files/ajtr0133467supplvideo1.pptx
http://www.ajtr.org/files/ajtr0133467supplvideo2.pptx
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CA4+ labeled cartilage signal is maintained in 
NBF fixed tissues compared to loss of signal in 
unfixed femur tissue after decalcification

The distal femur tissues were microCT scanned 
after 4 months of decalcification. The results 
showed that the signal in the unfixed cartil- 
age had completely disappeared for all diffu-
sion time points (Figure 4A, upper panel). 
Subchondral bone signal was also not visible 
due to decalcification. A continuous view of the 
microCT images is shown in Supplementary 
Video 3. In contrast, the NBF fixed samples 
showed visualization of cartilage structure 
while subchondral trabecular bone was not vis-

ible due to decalcification. The signal is easily 
distinguishable and enables easy identification 
and contouring. Some residual subchondral 
bone that was not fully decalcified can still be 
visualized as seen in Figure 4A (lower panel). 
The distinct cartilage contrast images are also 
clearly demonstrated in a continuous view  
seen in Supplementary Video 4. The control 
samples without CA4+ contrast (No-CA4+) in 
both groups demonstrated no signal after 
decalcification (Figure 4A). MicroCT 3D images 
demonstrated that, after decalcification, the 
patellar groove cartilage appeared as distinct 
as both fresh-labeled and PBS soaked for 5 
days at all three labeling time points (Figure 

Figure 2. Measurement of cartilage thickness of CA4+ CECT microCT 2D images. A. Comparison of cartilage thick-
ness of CA4+ contrasted unfixed tissues and NBF fixed tissues. Representative red arrows point to the patellar 
groove cartilages at the deepest concavity where articular cartilage is the thickest. Representative blue pairs of 
arrows indicate the cartilage thickness at the midpoint between the center of the groove and the lateral extent. 
Pairs of yellow arrows indicate the region of the condyle articular cartilage. Articular cartilage in NBF fixed cartilage 
is more easily defined than unfixed tissues. Scale bars = 5 mm. B. Comparison of the cartilage thickness at deep-
est patellar groove level showed no statistical difference between unfixed and NBF fixed cartilage. C. Cartilage 
thickness at the point between deepest and shallowest patellar groove cartilage showed no statistical difference 
between unfixed and NBF fixed tissues. D. Measurement of cartilage thickness at the condyle cartilage showed no 
statistical difference between unfixed and NBF fixed groups. The slightly variations were likely caused by the animal 
size variation rather than the accuracy of contouring for cartilage for both unfixed and NBF fixed groups of cartilage. 

http://www.ajtr.org/files/ajtr0133467supplvideo3.pptx
http://www.ajtr.org/files/ajtr0133467supplvideo3.pptx
http://www.ajtr.org/files/ajtr0133467supplvideo4.pptx
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Figure 3. The stability of CA4+ CECT after PBS soaking. A. 2D microCT images showed significant signal decrease 
in the cartilage of unfixed tissues at 8 and 24 hours of incubation time at both the groove and condyle locations. 
The cartilage in the 30-hour group also showed intensity reduction. In contrast, the cartilage of the NBF fixed groups 
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showed no decrease in signal with a more distinguishable interface between articular cartilage and subchondral 
bone. Scale bars = 5 mm. B. MicroCT 3D images of 50 slices of patellar groove cartilage. The signal of cartilage 
in unfixed tissues significantly diminished with faint visible cartilage when using the same threshold as for fresh 
labeled cartilage. In contrast, NBF fixed cartilage demonstrates intense cartilage image morphology. Scale bars = 
1 mm. C. Cartilage densities are significantly higher in NBF fixed tissues than unfixed tissues. *P<0.05, ***P<0.001. 
D. Cartilage volumes are significantly higher in NBF fixed cartilage than those in unfixed cartilage at all tested time 
points. *P<0.05, **P<0.01, ****P<0.0001.

Figure 4. CA4+ labeled cartilage imaging after decalcification. A. 2D images of cartilage at the patellar groove level. 
The unfixed tissues have lost cartilage and bone signal after decalcification. Bone is not visible in the no-CA4+ 
labeled tissues. In contrast, the cartilage signal at the patellar groove and condyle of NBF fixed tissues showed 
visible cartilage structure. No signal is visualized in the subchondral bone except for residual trabecular bone in 
the 24- and 30-hour CA4+ labeled tissues. Scale bars = 5 mm. B. Micro3D image demonstrates clearly defined 
patellar groove cartilage and condyle cartilage in the NBF fixed cartilage after decalcification. Scale bars = 1 mm. C. 
Comparison of cartilage density for fresh CA4+ labeled, PBS soaked, and decalcified NBF fixed tissues. Specimens 
soaked in PBS for 5 days did not cause signal loss compared to fresh-labeled cartilage. Decalcification caused ap-
proximately a 20% decrease in density compared to fresh labeled and PBS soaked tissues. **P<0.01, ***P<0.001, 
****P<0.0001. D. Quantification of cartilage volume showed no statistical differences after decalcification compared 
to fresh labeled, PBS soaked for 5 days.
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4B). Quantification of cartilage density of fresh 
labeled, PBS soaked, and decalcified NBF fixed 
cartilage demonstrated that PBS soaking did 
not cause intensity loss, while decalcification 
did result in approximately 20% decrease in 
cartilage density compared to both fresh 
labeled tissues and PBS soaked tissues in the 
NBF fixed tissue group at all time points (Figure 
4C, P = 4.52×10-7, 0.0023, 3.56×10-6 respec-
tively compared to fresh labeled for 8, 24 and 
30 hours; P = 1.86×10-4, 8.0×10-4, 5.24×10-5 
compared to PBS soaked tissues for 8, 24, and 
30 hours, respectively). However, the cartilage 
volume quantification did not change after 
decalcification (Figure 4D). These results indi-
cate that, for NBF fixed CA4+ contrasted carti-
lage, it is feasible to quantify cartilage volume 
and thickness accurately even after decalcifi-
cation. In contrast, cartilage could not be iden-
tified after decalcification for unfixed CA4+ 
labeled cartilage and therefore was not mea-
sured. These results indicate that the NBF fixed 
CA4+ labeled tissues are stable, with CA4+ sig-
nal remaining in the tissue after decalcification. 
As subchondral bone signal was removed after 
decalcification, only CA4-labeled cartilage sig-
nal can be visualized, thus enhancing ability to 
quantify cartilage (volume, thickness). 

Histology 

H&E staining demonstrated that the unfixed 
CA4+ labeled cartilage showed similar mor-
phology as the No-CA4+ labeled cartilage tis-
sues in the patellar groove cartilage. However, 
the nuclear stains in the subchondral bone 
were not intense in all CA4+ labeled unfixed tis-
sues. The NBF fixed tissue group exhibited 
enhanced red cytoplasm color in the cartil- 
age layer that could be distinguished from sub-
chondral bone at all time points. A clear bound-
ary delineation between cartilage and sub- 
chondral bone at the tidemark cartilage area 
was identified. This observation indicated that 
the binding of CA4+ to cartilage was specific 
(Figure 5A). Alcian blue staining showed blue 
cartilage matrix in the unfixed CA4+ labeled tis-
sues at all time points, which was nearly the 
same as the No-CA4+ labeled cartilage tissues. 
NBF fixed tissues also showed blue matrix. 
Qualitatively and quantitatively, the subchon-
dral bone residual blue stained cartilage matrix 
was equivalent to that of the No-CA4+ labeled 
NBF fixed group. However, there is a pink layer 

between cartilage and subchondral bone which 
showed residual blue cartilage matrix (Figure 
5B, pointed by black arrows). Safranin O stain-
ing for unfixed CA4+ labeled tissues revealed 
orange-red cartilage staining, which was com-
parable to that of No-CA4+ labeled unfixed car-
tilage. However, for CA4+ contrasted NBF fixed 
tissue, the cartilage was not stained orange-
red by Safranin O staining while No-CA4+ 
labeled fixed cartilage stained orange-red in 
the cartilage layer (Figure 5C). This result indi-
cates that CA4+ specifically binds to GAG, simi-
larly to Safranin O, which also possesses a 
positive charge, and likely inhibited Safranin O 
staining. 

Immunohistochemical staining of Col2 show- 
ed the presence of Col2 positive matrix in 
unfixed CA4+ contrasted femur cartilage layers 
(brown) which were similar to no-CA4+ labeled 
unfixed cartilage. However, cartilage of CA4+ 
labeled NBF fixed tissues was negative for Col2 
at 8, 24 and 30 hours labeling times, while the 
No-CA4+ labeled fixed cartilage showed robust 
brown Col2 positive staining in the cartilage 
layer (Figure 5D). These results correlated with 
the stable presence of CA4+ even after decalci-
fication in NBF fixed cartilage. 

Discussion 

In this study, CECT with CA4+ staining to  
image ex vivo unfixed and NBF fixed rabbit dis-
tal femur articular cartilage was investigated as 
well as its effect on downstream histology  
commonly used for comprehensive cartilage 
evaluation. For unfixed tissues labeled with 
CA4+, cartilage could be visualized, but could 
not be easily distinguished from subchondral 
bone especially at longer diffusion times. 
Furthermore, it was feasible to perform both 
histology and immunohistochemistry for un- 
fixed CA4+ labeled tissues after decalcifica-
tion. In contrast, for the NBF fixed tissues,  
CECT cartilage images were distinct and exhib-
ited a time-dependent increase in x-ray attenu-
ation or intensity with CA4+ incubation time. 
H&E and Alcian blue staining were successful 
after decalcification for NBF fixed cartilage, 
however, Safranin O staining and immunohi- 
stochemistry were interfered with due to the 
presence of CA4+ even after decalcification in 
the cartilage layer, likely due to its positive 
charges. 
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CA4+ CECT imaging is a relatively new cartilage 
imaging technology. Its advantages include 
attenuation values which positively correlate 
with GAG concentration and equilibrium mo- 
duli as well as a greater dynamic range of atten-
uation values compared to images obtained 
using anionic contrast agents. Previous studies 
employing the CA4+ contrast agent primarily 
used unfixed cartilage tissues [34, 36, 37, 42], 
and only one study used fixed tissues from 
mice [35], but did not directly compare between 
unfixed and fixed tissues. The goal of the cur-
rent study was to establish a protocol to opti-
mize the use of one set of animals to gain  
multi-sets of data pertinent to cartilage analy-
sis using CA4+ CECT. Most of the previous  
studies using CA4+ CECT did not focus on the 
entire view of the cartilage area nor did they 
provide volume and density quantification [27]. 
Therefore, in this study we evaluated the use of 
the microCT quantification system to perform 
3D quantification of cartilage density, volume, 
and thickness using CA4+ CECT.

In this study, the results demonstrate that 
CA4+ contrast labeled unfixed tissues not only 
allow us to quantify cartilage volume and thick-
ness using microCT built-in software, but the 
same tissues also retain their suitability for rou-
tine cartilage histology and immunohistochem-
istry evaluation. Consistent with this study’s 
results, a previous study showed that tissues 
can be soaked overnight in a preservative solu-
tion to remove CA4+, followed by fixation with 
NBF, and then decalcification with formic acid 
to allow for downstream H&E and Safranin O 
staining. However, these investigators did not 
perform immunohistochemistry [38]. A previ-
ous study using human cadaver hand cartilage 
joint tissues for CA4+ CECT showed that 

Safranin O staining was also feasible for unfixed 
tissues [43]. Previously, it also has been shown 
that cartilage tissues undergoing CECT with 
ioxaglate sodium before fixation, and then fixed 
with formalin after CECT allowed further down-
stream histology evaluation using H&E and 
Safranin O staining [44, 45]. However, we 
noticed the nuclear stain in the subchondral 
bone was decreased in all staining which may 
be caused by tissue degradation as we did not 
fix the tissue for the entire process for CA4+ 
labeled unfixed cartilage. This can be avoided 
by fixing the tissues after the PBS soak follow-
ing imaging as previously reported [38]. This 
study also demonstrated that the CA4+ label-
ing of unfixed tissues was reversible and can be 
removed by soaking in PBS. Hence, CA4+ label-
ing is not permanent and suitable for live ani-
mal imaging. Indeed, CA4+ has been used in 
vivo for equine cartilage imaging 4 hours after 
intraarticular injection [38]. Therefore, CA4+ is 
a promising contrast agent for CECT of unfixed 
ex vivo cartilage (and in vivo live cartilage imag-
ing) and for the diagnosis of cartilage injury, 
while permitting generation of multi-sets of 
data using just one set of animal tissues.

The findings in this study are impactful as the 
protocol enables a researcher to obtain both 
quantitative MicroCT and histology data for car-
tilage using a single set of animals or speci-
mens, which is both time and resource optimiz-
ing. In most experimental designs, many ani-
mals are potentially euthanized at the same 
time, but since labeling often needs to be per-
formed in a batch-by-batch basis, the process 
might introduce potential inconsistences in the 
contrast labeling amongst specimens, espe-
cially when leaving samples at room tempera-
ture or 4°C. Therefore, after tissue harvest, it is 

Figure 5. Histology of CA4+ contrasted unfixed and NBF fixed cartilage. A. H&E staining. CA4+ labeled unfixed 
cartilage stained similarly to no-CA4+ labeled control cartilage. The cartilage layer showed faint blue color in the 
cytoplasm. NBF fixed cartilage showed pink staining at the cartilage layer above the tidemark which differed from 
the no-CA4+ labeled NBF fixed cartilage which stained light blue. Cells and structures are clearly visible. B. Alcian 
staining showed that CA4+ contrasted unfixed cartilage is stained blue and the same as no-CA4+ labeled cartilage. 
CA4+ contrasted NBF fixed cartilage also showed a blue cartilage layer, however, there is a region of pink staining 
(black arrows) near the tidemark compared to no-CA4+ labeled NBF fixed cartilage. C. Safranin O staining. CA4+ 
contrasted unfixed cartilage showed a similar orange-red pattern to no-CA4+ labeled unfixed cartilage. However, 
CA4+ contrasted NBF fixed cartilage showed no orange-red staining in the cartilage layer while the no-CA4+ labeled 
NBF fixed cartilage stained positive for safranin O staining. D. Immunohistochemistry of Col2. CA4+ contrasted un-
fixed cartilage showed Col2 positivity at the cartilage layer which is similar to the no-CA4+ labeled unfixed cartilage. 
In contrast, CA4+ contrasted NBF fixed cartilage showed negative staining at the entire cartilage layer while the 
subchondral bone had positive staining in the residual cartilage matrix as brown color matrix. The no-CA4+ labeled 
NBF fixed cartilage showed Col2 positive in the cartilage layer. The slight color difference between CA4+ labeled 
and no CA4+ labeled either unfixed or NBF fixed cartilage was because staining was performed at different times. 
Scale bars = 100 µm for all the images. 
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recommended that all samples are frozen at 
-80°C for future contrast labeling and scanning 
to be performed on a batch basis to maintain 
consistency. 

Importantly, this study also demonstrated that 
CA4+ CECT for NBF fixed cartilage is more dis-
tinguishable from subchondral bone than  
CA4+ labeled unfixed tissues. CA4+ labeling is 
stable and the samples did not lose signal after 
a PBS soak of 5 days with very distinctive imag-
ing of the articular cartilage after decalcifica-
tion. The reason why the CA4+ labeled cartilage 
showed more distinguishable morphology and 
high density is unknown. This may be due to  
the increased attenuation values, i.e., signal 
obtained. However, it is not because the sub-
chondral bone hydroxyapatite decreased, as it 
is common practice to scan bone specimen in 
NBF. A previous study investigated the influ-
ence of formalin fixation on equilibrium parti-
tioning of anionic contrast agent with microCT 
tomorgraphy (EPIC-CT) of the anionic contrast 
agent ioxaglate, and demonstrated that forma-
lin fixation decreased x-ray attenuation by 
14.3% [46]. Furthermore, the attenuation (den-
sity) of EPIC-CT inversely correlates with GAG 
contents and high GAG contents will demon-
strate lower attenuation because more anionic 
ioxaglate molecules are expelled. The observed 
decrease in x-ray attenuation in formalin fixed 
tissue occurred because more anionic agent 
was expelled. In this study, we used the catio- 
nic CA4+ contrast agent and found that forma-
lin fixation enhanced attenuation which means 
increased binding of CA4+ on GAG despite its 
similar contents. Since the previous study 
showed that this difference was not due to  
GAG contents or the physical properties of car-
tilage [46], we believe that the influence of for-
malin fixation on CECT microCT images may be 
caused by cross links formed by formalin fixa-
tion which act to stabilize the negative charges 
in GAG of cartilage. Because the two contrast-
enhanced agents have opposite electric charg-
es, our results are in fact consistent with this 
previous study [46]. CA4+ has further advan-
tages because formalin fixation increased the 
attenuation and distinction from subchondral 
bone.

A second advantage of CECT using NBF fixed 
cartilage is that it allows for subsequent H&E 
staining and Alcian blue staining despite the 

color being slightly different from No-CA4+ 
labeled NBF fixed tissues. The cartilage struc-
ture and cell components are easily identified. 
However, Safranin O, also a cationic molecule 
which primarily binds to GAGs, no longer stain- 
ed the articular cartilage layer, but still stained 
the subchondral cartilage residual GAG as the 
CA4+ diffusion stopped at the cartilage tide-
mark. This result reinforces that CA4+ binding 
to cartilage is specific to GAGs, which is similar 
to the binding of Safranin O to GAGs. In addi- 
tion to the inability to subsequently perform 
Safranin O staining, it was also not feasible to 
perform subsequent Col2 immunohistochemis-
try. This is possibly due to the strong CA4+ car-
tilage signals still present as shown in microCT 
scanning even after decalcification which may 
prevent the antigen-antibody binding. Hence, 
the disadvantage of using NBF fixed cartilage  
is that it is difficult to use one set of animals to 
perform both microCT quantification and a 
complete set of histology. While the advantage 
of using NBF fixed cartilage is that one can 
obtain more distinguishable CECT cartilage 
images and the tissues can be stored for many 
days in formalin at room temperature. 

Why CA4+ remains in the NBF fixed cartilage 
after decalcification with EDTA is not known. 
Formalin’s active molecule is formaldehyde, 
which forms cross-links between proteins via 
binding to lysine, tyrosine, asparagine, trypto-
phan, histidine, arginine, cysteine, and gluta-
mine in all the proteins present in a specimen. 
These cross-links may prevent the dissociation 
of CA4+ from its binding protein GAG or the 
CA4+ bound to reactive sites remaining in the 
tissue due to the fixation process.

It has been shown that for formalin-fixed carti-
lage treated with 30% Hexabrix™ 320 for  
CECT, Safranin O [47] and Toluidine blue [48] 
staining can be performed after decalcifi- 
cation. In contrast to CA4+, the mechanism as 
to why it remains feasible to perform Safranin  
O after a Hexabrix stain likely relates to its 
anionic nature. The anionic Hexabrix does not 
avidly bind to the negatively charged GAGs and 
thus does not block Safranin O staining (in fact, 
Hexabrix remaining in the tissue may artificially 
increase the Safranin O signal). In the current 
study, the absence of the Safranin O staining 
signal after decalcification of CA4+ contrast 
labeled NBF fixed cartilage was likely due to the 
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negative charge of the GAG bound to CA4+ 
which prevented Safranin O binding. Another 
study investigated the effects of formalin fixa-
tion on CECT x-ray attenuation. The tissues 
were labeled with Hexabrix, microCT scanned, 
fixed with formalin, and again scanned with 
microCT. These investigators found that for- 
malin fixation reduced x-ray attenuation by 
11%, but the specimens retained propensity for 
later Safranin O and H&E staining which was 
likely due to Hexabrix’s anionic nature [49]. 
Furthermore, it was previously demonstrated 
that using the PTA-contrast agent for cartilage 
imaging after formalin fixation allows down-
stream Safranin O staining and H&E staining 
after a 70% ethanol wash [18, 19]. These 
results may be explained by the hypothesis that 
PTA binds to collagenous extracellular matrix, 
rather than GAG molecules themselves.

Finally, regarding CA4+ incubation time, both 
the 24 and 30 hours incubations provided 
strong x-ray attenuation for unfixed and NBF-
fixed cartilage when compared to the 8 hours 
incubation. Although the 24 hours incubation 
yielded slightly lower x-ray attenuation com-
pared to the 30 hours, in both unfixed and  
NBF-fixed groups, the cartilage was easily dis-
tinguishable from the subchondral bone. 
Furthermore, the 24 hours incubation time was 
convenient for performing ex vivo experiments. 
However, given that the 8 hours incubation  
time also achieved effective contrast between 
cartilage signaling and subchondral bone, this 
time of incubation may be suitable for in vivo 
studies such as intraarticular injection for live 
imaging. Additionally, since PBS soaking  
significantly decreased the signal in unfixed 
cartilage after imaging, it is likely CA4+ will dif-
fuse out from cartilage over time into the physi-
ological environment of joint fluid which has 
similar pH as PBS. Therefore, this technique 
may be suitable for in vivo cartilage imaging. 
This is corroborated by a recent study investi-
gating equine clinical CA4+ CECT, which show- 
ed that CECT can be captured 4 hours after 
CA4+ injection [38].

Conclusion

In summary, CA4+ CECT of both unfixed and 
NBF fixed cartilage tissues enables accurate 
and facile cartilage quantification and morpho-
logical assessment. Importantly, it is feasible to 

perform downstream H&E, Alcian blue, Safr- 
anin O, and Col2 immunohistochemical stain-
ing after decalcification with EDTA for unfixed 
tissue labeled with CA4+. This regimen allows 
investigators to obtain both quantitative 
microCT data and histology data on the same 
tissue specimen allowing for lower cost and 
processing time, while being labor efficient. 
Furthermore, because the CA4+ binding to 
unfixed cartilage is reversible and can be 
washed out by PBS, it is suitable for in vivo 
CECT imaging cartilage. NBF fixed cartilage tis-
sues, labeled with CA4+, are more distinguish-
able (intense) from subchondral bone by 
microCT than unfixed cartilage and can be sub-
sequently stained with H&E and Alcian blue 
after decalcification with EDTA. However, it is 
not feasible to perform Safranin O staining and 
immunohistochemistry after CA4+ labelling of 
NBF fixed tissues. CA4+ is a promising contrast 
enhancement reagent for cartilage imaging and 
quantification ex vivo and in vivo. 
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Supplementary Video 1. Continuous view of CA+ CECT images of 24-hour labeling of NBF fixed cartilage immedi-
ately after labeling. Both trochlear groove and condyle cartilage are clearly imaged and show higher density than 
subchondral bone. Cartilage is clearly distinct from subchondral bone.

Supplementary Video 2. Continuous view of CA4+ CECT images of 24-hour labeling of unfixed cartilage right after 
labeling. Both trochlear groove and condyle cartilage are visible and show higher density than subchondral bone.

Supplementary Video 3. Continuous view of CA4+ CECT images for 24-hour labeling of unfixed cartilage after de-
calcification. Cartilage regions are not visible. Subchondral bone is also not visible due to decalcification. High 
background is due to no signal.

Supplementary Video 4. Continuous view of CA4+ CECT images for 24-hour labeling of NBF fixed cartilage after de-
calcification. Cartilage regions are clearly distinguishable while subchondral bone is invisible due to decalcification. 
Subchondral trabecular bone in certain area is still visible due to incomplete decalcification.


