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Background: Medical imaging has become an invaluable tool to diagnose damage to cartilage. Depletion 
of glycosaminoglycans (GAG) has been shown to be one of the early signs of cartilage degradation. In order 
to investigate the topographical changes in GAG concentration caused by the anterior cruciate ligament 
transection (ACLT) surgery in a canine model, microscopic magnetic resonance imaging (µMRI) and 
microscopic computed tomography (µCT) were used to measure the GAG concentration with correlation 
from a biochemical assay, inductively coupled plasma optical emission spectroscopy (ICP-OES), to 
understand where the topographical and depth-dependent changes in the GAG concentration occur. 
Methods: This study used eight knee joints from four canines, which were examined 3 weeks after 
ACLT surgery. From right (n=3) and left (n=1) medial tibias of the ACLT and the contralateral side, two  
ex vivo specimens from each of four locations (interior, central, exterior and posterior) were imaged before 
and after equilibration in contrast agents. The cartilage blocks imaged using µMRI were approximately  
3 mm × 5 mm and were imaged before and after eight hours submersion in a gadolinium (Gd) contrast agent 
with an in-plane pixel resolution of 17.6 µm2 and an image slice thickness of 1 mm. The cartilage blocks 
imaged using µCT were approximately 2 mm × 1 mm and were imaged before and after 24 hours submersed 
in ioxaglate with an isotropic voxel resolution of 13.4 µm3. ICP-OES was used to quantify the bulk GAG at 
each topographical location.
Results: The pre-contrast µMRI and µCT results did not demonstrate significant differences in GAG 
between the ACLT and contralateral cartilage at all topographical locations. The post-contrast µMRI and 
µCT results demonstrated topographically similar significant differences in GAG concentrations between 
the ACLT and contralateral tibia. Using µMRI, the GAG concentrations (mg/mL) were measured for the 
ACLT and contralateral respectively, the exterior (54.0±3.6; 70.4±4.3; P=0.001) and interior (54.9±5.9; 
71.0±5.9; P=0.029) demonstrated significant differences, but not for the central (61.0±12.0; 67.4±7.2; 
P=0.438) or posterior (61.6±6.3; 70.3±4.4; P=0.097) locations. Using µCT, the GAG concentrations (mg/mL)  
were measured for the ACLT and contralateral respectively, the exterior (68.8±0.4; 87.7±4.1; P=0.023) 
and interior (60.5±9.1; 82.6±8.7; P=0.039) demonstrated significant differences, but not for the central 
(53.5±5.5; 59.1±25.6; P=0.684) or posterior (52.3±6.2; 61.5±12.7; P=0.325) locations. The depth-dependent 
GAG (mg/mL) profiles showed significant differences in µMRI for the transitional zone (TZ) [exterior 
(28.1±4.7; 47.0±8.6; P=0.01) and interior (32.6±4.8; 43.8±8.7; P=0.025)], radial zone (RZ) 1 [exterior 
(49.6±4.8; 71.5±5.8; P=0.001) and interior (49.4±7.4; 66.7±6.8; P=0.041)], and RZ 2 [exterior (74.9±4.7; 
91.8±2.9; P=0.001) and interior (77.1±6.0; 94.8±4.5; P=0.015)], and in µCT for the superficial zone (SZ) 
[interior (20.6±1.2; 40.4±5.4; P=0.004)], TZ [exterior (45.6±12.0; 61.8±0.5; P=0.049) and interior (36.3±11.7; 
60.8±2.0; P=0.019)], and RZ 1 [exterior (61.1±4.1; 85.3±5.6; P=0.039) and interior (53.9±4.9; 78.0±5.1; 
P=0.041)] for the ACLT and contralateral, respectively. ICP-OES measured significant differences in GAG 
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Introduction

Osteoarthritis and animal models

Articular cartilage is a thin layer of soft tissue protecting 
the ends of diarthroidal joints. Articular cartilage has a 
structured extracellular matrix of collagen fibers that have 
a depth-dependent configuration. With reference to the 
articular surface, the collagen fibers are organized in parallel 
in the superficial zone (SZ), random in the transitional 
zone (TZ), and perpendicular in the radial zone (RZ). 
Filled in this extracellular matrix are mainly water, collagen 
fibers, and negatively charged glycosaminoglycans (GAG) 
(1,2). The proteoglycan, which contains the negatively 
charged side macromolecules GAG, attributes to the fixed 
charged density (FCD) of cartilage, which increases depth-
dependently from the surface to the underlying bone. 
Weakening of cartilage integrity, which eventually leads to 
clinical joint diseases such as osteoarthritis (OA), is a slow 
process that involves changes in hydration, disruptions 
in the collagen network, reductions in the proteoglycan 
concentration, and the loss of cartilage structure (3,4).

A number of animal models have been used to study 
the onset and progression of OA when it is still difficult to 
be clinically diagnosed at the early stages in humans (5).  
Among the animal models of OA, the Pond-Nuki model 
in canines has been widely studied (6-8), which involves 
a surgical anterior cruciate ligament transection (ACLT) 
(9-11). The disruptions to canine cartilage by the ACLT 
procedure have been found to be similar to human 
OA (5). Studies have found that this disruption can be 
topographically and depth-dependently on the tibial 
plateau, which bring additional difficulties in the diagnosis 

and monitoring of the disease (12,13).

Imaging in OA detection

Magnetic resonance imaging (MRI) and computed 
tomography (CT) have been used in recent years to study 
and diagnose OA (14-18). In order to probe the tissue 
integrity, contrast agents can be used in MRI and CT, since 
the diffusion of charged ions is related to the negatively 
charged GAG in cartilage (19). Clinically, the contrast agent 
is injected into the synovial cavity or intravenously and the 
exercise of the patient allows the contrast agent to diffuse 
into the cartilage. Pre-clinically, ex vivo cartilage can be 
placed in a bath of contrast agent that allows the cartilage 
to reach equilibrium with the bath. By the Gibbs-Donnan 
equilibrium, a reduction in GAG could directly influence 
the diffusion rate and equilibrium concentration of any 
charged contrast agent in cartilage (20,21). This diffusion 
rate can be influenced by the characteristics of the contrast 
agent, including its molecular size, number and type of the 
charges (22-24). 

Microscopic MRI (μMRI), which shares the same physics 
principle and engineering architecture with clinical MRI, 
has been used to non-invasively detect cartilage degradation 
at high resolution (~17 μm compared to ~200 μm pixel size) 
(10,25). The GAG quantification by μMRI involves the use 
of the gadolinium (Gd) ions, which is a negatively charged  
paramagnetic contrast agent that reduces the T1 relaxation 
time in tissue. The reduction of T1 can be correlated 
with the Gd concentration in cartilage, which is inversely 
proportional to the GAG concentration in cartilage (26-30).  
Microscopic CT (µCT), which shares the technical features 

were found for the exterior (42.1±19.6; 65.3±16.2; P=0.017), central (43.4±4.4; 65.3±10.6; P=0.0111), and 
interior (46.8±5.6; 61.7±7.3; P=0.0445) but not for the posterior (52.6±12.1; 59.0±2.6; P=0.9252) medial tibia 
locations compared for the ACLT and contralateral, respectively. 
Conclusions: The detection and correlation between the three techniques show a topographic depth-
dependency on the initial GAG loss in injured cartilage. This topographic and high resolution investigation 
of ACLT cartilage demonstrated the potential of using µMRI and µCT to study and help diagnose cartilage 
with very early stages of osteoarthritis. 
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with human CT scanners, can measure a number of changes 
in cartilage and bone, including the tissue volume, X-ray 
attenuation, and bone mineral density (31-33). The use of 
a negatively charged contrast agent ioxaglate enables µCT 
to measure the GAG concentration in cartilage (34-36). 
Similar to the use of Gd in MRI, the negatively charged 
ioxaglate ions distribute inversely proportional to the GAG 
molecules in cartilage, which can be used to calculate the 
GAG concentration. 

Purpose/aim

This study aimed to detect quantitatively the GAG 
concentration in articular cartilage from different 
topological locations on the medial tibial plateau, from both 
ACLT and contralateral canine knees 3 weeks after ACLT 
surgery. In addition to two imaging techniques (µMRI and 
µCT), a biochemical analysis by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) was also used to 
quantify the GAG concentration in cartilage. We aimed to 
gain a better understanding of the initial changes in the OA 
process.

Methods

Experimental animals

Specimens of articular cartilage were harvested from the 
eight medial tibias of four canines 3 weeks after ACLT 
surgery from both the operated (‘ACLT’) and unoperated 
(‘contralateral’) stifles shown in Figure 1A,B, respectively. 
The surgery was carried out by a skilled veterinarian 
surgeon, who has more than 20 years of experience in the 
procedure. The experimental procedure was approved by 
the Canadian Council on Animal Care (CCAC). The four 
canines used in this study were all female mongrels, of 
mature age (>2 years old), weighed between 20–20.5 kg,  
and the ACLT surgery was performed on right (n=3) and 
left (n=1) stifles. From each medial tibia, 12 blocks of 
fresh cartilage-bone specimens were harvested from four 
topographical locations: the exterior medial tibia (EMT), 
central medial tibia (CMT), interior medial tibia (IMT), 
and posterior medial tibia (PMT), as shown in Figure 1C. 
The largest blocks [Figure 1C(i)] were imaged using μMRI; 
the smaller adjacent blocks below [Figure 1C(ii)] were 
imaged using μCT; and the blocks further below [Figure 

A CACLT

B Contralateral

Figure 1 The surfaces of the ACLT (A) and contralateral (B) tibias after the removal of the meniscus, respectively [medial (M), lateral (L)]; (C) 
the approximate locations of the specimens on the medial tibia, labeled as exterior medial tibia (EMT), central medial tibia (CMT), interior 
medial tibia (IMT), and posterior medial tibia (PMT). Each location had three experiments performed for μMRI (i), μCT (ii), and ICP-OES 
(iii). ACLT, anterior cruciate ligament transection; ICP-OES, inductively coupled plasma optical emission spectroscopy. 
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1C(iii)] were used for ICP-OES. The sizes of the blocks 
were approximately 3 mm × 5 mm for μMRI, approximately 
2 mm × 1 mm for μCT, and approximately 3 mm × 2 mm 
for ICP-OES, respectively. Each block was equilibrated in 
saline with 1% protease inhibitor (PI) (Sigma, St. Louis, 
MO, USA) solution and stored at 4 °C (never frozen) until 
experimentation. 

μMRI experiments

The μMRI experimentations used a Bruker AVANCE II 
spectrometer that has a vertical bore superconducting magnet 
(7T/89 mm) with a micro-imaging attachment (Bruker 
Instrument, Billerica, MA, USA). Each sample was placed 
in a 4.34-mm glass tube (Wilmad Glass, Buena, NJ, USA), 
which was inserted into a custom made 5 mm solenoid coil, 
and imaged with the articular surface oriented at the magic 
angle (55°) with respect to the B0 field in order to minimize 
the dipolar interaction. The general μMRI experimental 
parameters were kept constant for all experiments: the field 
of view was 0.45×0.45 cm2; the imaging matrix was 256×128 
pixels that were reconstructed to 256×256 pixels; the pixel 
size for the depth-dependent profiles was 17.6 μm; the slice 
thickness was 1.0 mm; the accumulations were 8; and the 
minimum echo time was 7.2 ms (37,38).

Two of the four big blocks from each of the eight tibias, 
for a total of 16 blocks, were T1-imaged without contrast 
agent; these pre-contrast data are termed ‘T1b’ for this 
study. The locations of the T1b blocks were rotated equally 
among the four canines for a total of two T1b images at 
each of the four locations. The T1b experiments used a 
magnetization-prepared imaging sequence, which had an 
inversion recovery contrast segment with five inversion 
points (0, 0.4, 1.1, 2.2, and 4 s) and a repetition time of 1.5 s. 
After the T1b imaging, all 32 blocks from both ACLT and 
contralateral tibias were equilibrated in 1 mM Gd solution 
(Magnevist, Berlex, NJ, USA) with saline + PI cocktail for at 
least 8 h and then imaged post-contrast with five inversion 
points of 0, 0.1, 0.3, 0.5, 1.0 s and a repetition time of 0.5 s;  
these data are termed ‘T1a’ for this study. There were a 
total of 32 T1a experiments at each topographical location 
(blocks i in Figure 1C) (30,38). 

The T1b and T1a images were then calculated pixel-
by-pixel using a single exponential function in MATLAB 
(MathWorks, Natick, MA, USA). The measurements of 
the Gd concentration, the FCD, and the GAG content in 
the tissue were based on the Gibbs-Donnan equilibrium 
equations (27,29,30):

t
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R T1a T1b
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×  
 

-   [1]

+ t b
b

b t

[Gd] [Gd]
FCD = [Na ]

[Gd] [Gd]
-

 
 ×
 
 

  [2]

t
502.5[GAG] = FCD
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where [Gd]t is the Gd concentration in the tissue; R is the 
relaxivity of the Gd ions; T1a and T1b are the T1 values 
after and before equilibration with Gd, respectively; [Na+]b  
is the bathing sodium concentration; FCD and [GAG]t is 
the fixed charge density and the GAG concentration in the 
tissue, respectively; the “−2” and “502.5” assumes that there 
are 2 mols of negative charge per mol of disaccharide with 
a molecular weight of 502.5 g/mol. Both R value (R =5.77) 
and T1b value (T1b =1.456 s) were kept constant for the 
GAG calculations. All μMRI experiments were performed 
within five days after sacrifice.

μCT experiments

The μCT experiments used a SkyScan 1174 system 
(Bruker, Kontich, Belgium) with the following imaging 
parameters: 40 kV, 110 mA, 5 averages, 0.3° rotation step, 
180° rotation, 0.2 mm Al filter, and 652 × 512 data matrix 
per image. Approximately 608 images were acquired for 
each specimen, which were used to construct a 3D image 
at an isotropic voxel size of 13.4 μm. All reconstructions 
used the commercial software NRecon (Bruker, Kontich, 
Belgium) with the same parameters, where a global 
intensity threshold was fixed for all scans to include the 
full range of attenuation values from the cartilage. The 
scans were converted from gray values to Hounsfield units 
(HU) based on the properties of air (−1,000 HU) and 
water (0 HU) (39): 

HU = 30.84 (gray value) 1000-×
    

[4]

The μCT scans used the blocks ii in Figure 1C and 
were carried out before (‘baseline’) and after [ioxaglate 
(Hexabrix, Mallinckrodt, MO, USA)] equilibrating 
the blocks in a solution containing 40% ioxaglate and 
60% saline + PI for approximately 24 h. All the µCT 
experiments were performed within five days after 
sacrifice. Before each scan, the cartilage block was gently 
blotted to remove any excess saline or ioxaglate and was 
placed in a custom made ‘airtight’ holder with a saline-
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soaked gauze nearby to minimize any evaporation or 
shrinkage of the cartilage during the scan. The calculation 
of the GAG concentration used the following conversion of 
HU to ioxaglate concentration (36): 

y = 65.15 + 1900x
                     

[5]

and both Eqs. [2] and [3], similar as in the µMRI GAG 
calculation, replacing Gd concentration with the ioxaglate 
concentration of the bath and in the tissue. 

ICP-OES experiments

Four cartilage blocks (blocks iii in Figure 1C) from each 
tibia were biochemically treated to measure the bulk GAG 
content using a PerkinElmer Optima 7000DV ICP-OES 
(Waltham, MA, USA). For each of the 32 measurements, 
the cartilage was weighed for wet weight after the 
underlying bone was removed. The tissue was liquefied by 
concentrated 100 μL HNO3 overnight and then diluted 
to 10 mL using deionized water. A calibration curve was 
measured as well as the saline solution concentration for 
accuracy and quality control in ICP-OES. The procedure 
has been documented before in our previous work (17). 

Image and data analysis

All cartilage images from before and after equilibration in 
contrast agents were analyzed using ImageJ (the National 
Institutes of Health, Bethesda, MA, USA) for image 
registration to determine a similar region of interest (ROI) 
for the depth-dependent analysis. The μMRI experiments 
used the preliminary coronal images to manually find similar 
imaging ROI and surface alignment for the sagittal T1b and 
T1a images. The μCT images were examined in 3D space, 
rotated, and aligned to find a similar ROI for the baseline 
and ioxaglate images; ten consecutive 2D images were 
averaged to produce one 2D µCT image for final analysis. 
The 2D images from both μMRI and μCT experiments used 
a 10-column (pixel) average from the surface to the bone 
to obtain 1D depth-dependent profiles. A representative 
ROI is shown in Figure 2 for the respective techniques, 
and all the T1 scans were rotated 55º when calculating 
the depth-dependent profiles. The 1D depth-dependent 
profiles begin at the articular surface (defined as 0)  
and end at the subchondral bone (defined as 1). The full-
thickness of cartilage is defined as ‘bulk’ and the sub-tissue 
zones were defined from the articular surface as: SZ is 10%; 
TZ is 10%; RZ1 is 40%; RZ2 is 40% (25).

Statistical analysis

All statistical analyses were performed using KaleidaGraph 
(Synergy, Reading, PA, USA) and JMP (SAS, Cary, NC, 
USA). The data was calculated as the mean ± standard 
deviation. Analysis of variance (ANOVA) with Tukey’s post-
hoc test was used to find significant differences between the 
ACLT and contralateral sections for full thickness and GAG 
for bulk and all sub-tissue zones. Statistical significance was 
demonstrated when P values were <0.05. 

Results

Cartilage images and thickness 

Three weeks after ACLT surgery, a varying degree of visual 
differences could be found on several surfaces of ACLT and 
contralateral tibias, a representative of which is shown in 
Figure 1A,B. The total thickness between the ACLT and the 
contralateral locations did not demonstrate any significant 
difference from both the μMRI and μCT measurements, 
shown in Figure 3 and Table 1. 

Depth-dependent profiles

In the µMRI data, the general trends in the depth-
dependent profiles were similar in both ACLT and 
contralateral specimens. From the articular surface to the 
cartilage-bone interface, T1b (pre-contrast) decreased, 
T1a (post-contrast) increased, and GAG increased. The 
depth-dependent profiles for the PMT and IMT locations 
are shown in Figure 4A and Figure 4B, respectively. The 
GAG profiles with the Gd contrast agent exhibited a visible 
difference between the ACLT and contralateral specimens 
at the IMT location, but not between these two specimens 
at the PMT location. The data at the EMT and CMT 
locations had the similar trends and differences as the IMT 
and PMT, respectively (the profiles not shown; the zonal 
data summarized in Table 1).

In the µCT data, similar trends as in µMRI were 
observed between the PMT and IMT specimens (as well as 
between the EMT and CMT specimens, not shown). From 
the articular surface to the cartilage-bone interface, the 
pre-contrast profiles measured similar X-ray attenuations 
between ACLT and contralateral cartilage at both PMT and 
IMT locations (Figure 5). The GAG profiles with the use of 
the contrast agent, however, exhibited a visible difference 
between the ACLT and contralateral cartilage at the IMT 
location, but not between these two specimens at the 
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PMT location (Figure 5). The data at the EMT and CMT 
locations demonstrated similar trends and differences as the 
IMT and PMT, respectively (profiles not shown; zonal data 
summarized in Table 1).

Thickness and GAG concentrations

Table 1 summarizes the total tissue thickness as well as 
the zonal averaged GAG concentrations for all four 
topographical locations on the medial tibial surface (EMT, 
PMT, CMT, IMT). Some of the comparisons in the Table 1  
are plotted in Figure 3 as the bar diagrams. Several trends 
could be clearly identified:

(I)	 The total thickness of the tibial cartilage was 
location-dependent, topographically. In our canine 
specimens, the thickness increased from EMT to 
PMT to CMT to IMT. There was no statistical 

difference between the ACLT and the contralateral 
cartilage at the same topographical location (EMT 
P=0.101, 0.278; PMT P= 0.916, 0.541; CMT 
P=0.671, 0.271; IMT P=0.597, 0.221) for µMRI 
and µCT measurements, respectively; both ACLT 
and contralateral cartilage had the same trend of 
topographical increment, by both methods (µMRI 
and µCT);

(II)	 The bulk GAG showed a significant increase from 
the ACLT cartilage to the contralateral cartilage 
for both EMT and IMT locations on the tibia, by 
both µMRI and µCT methods. The bulk GAG 
in the other two locations (PMT and CMT) also 
showed an increase from the ACLT to contralateral 
cartilage; but the differences were not statistically 
significant. Note that the EMT and IMT locations 
were also the thinnest and the thickest cartilage on 
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Figure 2 µMRI and µCT images of diseased and contralateral cartilage. (A) A representative set of µMRI T1 images from the PMT and 
IMT locations oriented at 55º, before (T1b) and after (T1a) equilibrating with the Gd contrast agent; (B) a representative set of μCT images 
from the same locations of PMT and IMT, before (baseline) and after equilibrating with the ioxaglate contrast agent. The black and white 
rectangles show the representative ROIs for the μMRI and μCT analysis, respectively. The intensity ranges for µMRI T1b and T1a images 
have a max of 2 and 1 ms, respectively, with 0 as the minimum for both T1 images. The intensity ranges for the µCT images are 1,750 to 
−500 HU for the baseline images and 3,500 to −500 HU for the ioxaglate images. PMT, posterior medial tibia; IMT, interior medial tibia.
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the tibia;
(III)	 The bulk GAG from the non-imaging ICP-OES 

measurement demonstrated a significant difference 
between the ACLT and contralateral cartilage for 
the EMT, CMT, and IMT locations; but not the 
PMT locations;

(IV)	 The zonal GAG showed consistent statistically 
significant differences between the ACLT and 

contralateral cartilage, at both EMT and IMT 
locations, by both µMRI and µCT, for the 
middle tissue (TZ and RZ1). µCT also showed a 
statistically significant difference between the two 
kinds of cartilage in the SZ at the IMT location; 
while µMRI showed statistical differences between 
the ACLT and contralateral cartilage in the deepest 
cartilage (RZ2) at the EMT and IMT locations.

Discussion

This study investigated early degradation in canine cartilage 
only 3 weeks after the animals underwent an ACLT surgery. 
The full-thickness ACLT damaged cartilage was slightly 
less than the contralateral cartilage for almost every location 
by both µMRI and µCT. The GAG concentration in 
cartilage was quantified in both high-resolution µMRI and 
µCT, which were correlated with the biochemical method 
ICP-OES. A number of significant differences between the 
ACLT and contralateral cartilage were found in this study, 
which were both topographical and zonal dependent. 

Pre-contrast µMRI and µCT

Although not all individual blocks were scanned for T1b 
relaxation times in µMRI due to time constraint, two blocks 
per each topological location were scanned to investigate 
the effect of Gd on the difference between the ACLT and 
contralateral cartilage. The depth-dependent T1b relaxation 
times without the use of Gd contrast agent were found to be 
independent of the early degradation (Figure 4). T1b were 
also found to have slight but insignificant differences among 
topographical locations in the medial tibia. In clinical 
setting, Trattnig et al. (40) demonstrated that the T1b scan 
was not necessary in the evaluation of healthy and repaired 
tissue. In this study, since the R value in Eq. [1] is not 
routinely measurable in the clinics, a constant R value was 
used to obtain better alignment with the clinical situation.

In the µCT experiments, the baseline X-ray attenuation 
(without the use of a contrast agent) was found to be 
indifferent for all topographical locations in the medial tibia 
and between the ACLT and contralateral cartilage. This 
observation confirmed the difficulty in the detection of a 
cartilage lesion without the contrast agent, because of the low 
attenuation of X-rays in soft tissues (34,41). It should be noted 
that the baseline attenuation in CT could measure some other 
properties of cartilage (e.g., cartilage thickness) and the bone 
structure (e.g., porosity, bone mineral density) (31,42).

Figure 3 The bar graphs that compare the ACLT (black) and 
contralateral (gray) specimens for the μMRI and μCT data, 
showing the total thickness, the bulk GAG, the SZ GAG, the TZ 
GAG, the RZ1 GAG, and the RZ2 GAG. The stars mark the 
locations where a statistical significance between the ACLT and 
contralateral cartilage has been found. Contra, contralateral; ACLT, 
anterior cruciate ligament transection; GAG, glycosaminoglycans; 
SZ, superficial zone; TZ, transitional zone; RZ, radial zone. 
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Post-contrast µMRI and µCT

The post-contrast T1 relaxation time (T1a) was found to 
be lower in the EMT and IMT locations of the ACLT 
cartilage than the contralateral cartilage, and not markedly 
different in the PMT and CMT locations of both types of 
cartilage. This reduction in T1a reflects an increased Gd 
concentration, indicating a reduced FCD that can be linked 
to the reduction of the GAG concentration in cartilage. It 
should be pointed out that the cartilage specimens in this ex 

vivo µMRI study were kept at ~55° to minimize the dipolar 
interaction and a stable equilibration was maintained in 
the ex vivo specimens. Clinically, it would be difficult to 
orient any joint surface consistently to the magic angle; 
however, T1 relaxation has been found to be isotropic in 
cartilage, hence the tissue orientation plays little role in the 
T1 experiment (38). A second issue between ex vivo and in 
vivo imaging is that a stable equilibration would be difficult 
to maintain in any living subject, hence different influx and 
retreat of the Gd ions could affect an accurate quantification 

Table 1 The μMRI, μCT, and ICP-OES results

Parameters
µMRI* µCT* ICP-OES#

ACLT Contra ACLT Contra ACLT Contra

Thickness 
(µm)

EMT 765.6±65.1 800.8±72.6 701.3±165.4 730.3±123.2 – –

PMT 827.2±115.9 897.6±169.7 607.5±124.5 609.7±28.4 – –

CMT 1,029.6±37.3 1,144.0±117.6 1,028.5±143.2 1,072±226.1 – –

IMT 1,361.1±100.1 1,454.9±50.8 1,136.8±168.9 1,102.2±99.5 – –

Bulk GAG 
(mg/mL)

EMT 54.0±3.6† 70.4±4.3† 68.8±0.4† 87.7±4.1† 42.1±19.6† 65.3±16.2†

PMT 61.6±6.3 70.3±4.4 52.3±6.2 61.5±12.7 52.6±12.1 59.0±2.6

CMT 61.0±12.0 67.4±7.2 53.5±5.5 59.1±25.6 43.4±4.4† 65.3±10.6†

IMT 54.9±5.9† 71.0±5.9† 60.5±9.1† 82.6±8.7† 46.8±5.6† 61.7±7.3†

SZ GAG  
(mg/mL)

EMT 24.0±3.7 31.2±5.0 42.6±10.4 48.4±7.8 – –

PMT 25.8±5.6 29.6±7.7 24.7±7.2 29.3±16.5 – –

CMT 26.2±1.2 31.3±4.3 21.6±6.4 25.0±18.3 – –

IMT 21.7±3.3 27.2±6.1 20.6±1.2† 40.4±5.4† – –

TZ GAG  
(mg/mL)

EMT 28.1±4.7† 47.0±8.6† 45.6±12.0† 61.8±0.5† – –

PMT 37.9±6.8 47.7±5.1 34.4±3.0 46.4±11.0 – –

CMT 36.2±3.4 47.5±6.5 30.8±5.9 37.0±23.4 – –

IMT 32.6±4.8† 43.8±8.7† 36.3±11.7† 60.8±2.0† – –

RZ1 GAG 
(mg/mL)

EMT 49.6±4.8† 71.5±5.8† 61.1±4.1† 85.3±5.6† – –

PMT 56.9±6.2 62.5±5.7 53.1±5.3 59.8±3.6 – –

CMT 60.5±13.0 65.5±5.4 49.8±8.6 54.0±26.8 – –

IMT 49.4±7.4† 66.7±6.8† 53.9±4.9† 78.0±5.1† – –

RZ2 GAG 
(mg/mL)

EMT 74.9±4.7† 91.8±2.9† 93.4±10.8 113.4±8.0 – –

PMT 83.9±6.8 91.9±3.9 66.5±15.5 83.3±14.9 – –

CMT 79.8±16.1 87.1±7.6 76.0±9.2 72.5±10.0 – –

IMT 77.1±6.0† 94.8±4.5† 74.4±6.2 87.8±11.6 – –
†, the numbers show statistical significance between the pairs. The values indicate the demonstrated significant differences at P<0.05, 
when comparing the ACLT and contralateral locations; *, the average thickness, and the average GAG concentrations for bulk, SZ, TZ, 
RZ1, and RZ2 that compare the ACLT with the contralateral specimens for each topographical location; #, the bulk GAG concentrations by 
the ICP-OES experiments, for each location. μMRI, microscopic magnetic resonance imaging; μCT, microscopic computed tomography; 
ICP-OES, inductively coupled plasma optical emission spectroscopy; ACLT, anterior cruciate ligament transection; contra, contralateral; 
EMT, exterior medial tibia; PMT, posterior medial tibia; CMT, central medial tibia; IMT, interior medial tibia; GAG, glycosaminoglycans; SZ, 
superficial zone; TZ, transitional zone; RZ, radial zone.
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Figure 4 The μMRI depth-dependent profiles of T1b, T1a, and GAG concentration for PMT (A) and IMT (B), respectively. The profiles 
are plotted in a relative depth where the articular surface is denoted as 0 and the bone is 1. The solid circles represent ACLT specimens 
and the open squares represent the contralateral specimens. The error bars are the standard deviations. Contra, contralateral; GAG, 
glycosaminoglycans; PMT, posterior medial tibia; IMT, interior medial tibia; ACLT, anterior cruciate ligament transection.

Figure 5 The μCT depth-dependent profiles of the baseline, ioxaglate, and GAG concentration for PMT (A) and IMT (B), respectively. 
The profiles are plotted in a relative depth where the articular surface is denoted as 0 and the bone is 1. The solid circles represent the ACLT 
specimens and the open squares represent the contralateral specimens. The error bars are the standard deviations. Contra, contralateral; 
GAG, glycosaminoglycans; PMT, posterior medial tibia; IMT, interior medial tibia; ACLT, anterior cruciate ligament transection. 
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of the GAG concentration in cartilage. 
The post-contrast µCT measurement with the use of 

the ioxaglate attenuation showed an increase for EMT and 
IMT locations of the ACLT cartilage than the contralateral 
cartilage, and no difference in the PMT and CMT 
locations between the ACLT and contralateral cartilage. 
There was a significant increase in attenuation with the 
use of the contrast agent, which can be used to improve 
the detection of cartilage lesion (43). This study shows that 
high resolution fast imaging with µCT can quantitatively 
measure the GAG over topographical locations in ex vivo 
cartilage. A recent work also showed the use of µCT to 
determine GAG in both in vivo and ex vivo cartilage based 
upon time-dependent equilibria of a contrast agent (44). 
The potential for human diagnosis in clinics has been 
demonstrated (45,46). 

GAG concentration

The two imaging techniques measured consistent GAG 
loss from the ACLT compared to the contralateral 
cartilage shown in Table 1. Both µMRI and µCT found 
significant differences in the EMT and IMT locations 
for the bulk GAG. The µMRI measured increased bulk 
GAG compared to the µCT results for the EMT and 
IMT locations but less GAG for the PMT and CMT 
locations. The biochemical assay found the bulk GAG to 
be slightly less compared to the imaging techniques. The 
use of the different contrast agents and techniques showed 
comparable GAG measurements but each technique could 
have different sensitivities towards the measured GAG, 
which could explain some of the differences as well as 
topographical GAG differences. The depth-dependent 
GAG measurements using both imaging techniques found 
significant differences in the TZ and RZ1 for the EMT and 
IMT locations which could be an indicator of where the 
cartilage initially degrades. Since the SZ and RZ have the 
most organized fibers, the GAG could be better constrained 
than among the more random fibers in the TZ and RZ1. 

Recently, Lee et al. (47) investigated topographically the 
healthy medial tibia plateau and found that the meniscus 
covered region (EMT and PMT) contained a larger bulk 
GAG concentration than the uncovered region (IMT and 
CMT). Compared to the healthy cartilage, the bulk GAG 
values in the contralateral locations of the covered regions 
decreased, while the GAG in the uncovered regions did not 
show much change. In this study, all three techniques found 
a decrease in GAG in the ACLT cartilage compared with 

the contralateral cartilage, at all topographical locations 
in medial tibia; two locations had statistical significant 
difference among all three techniques and one additional 
location was significant in ICP-OES measurement. These 
observations show that there is a detectable GAG loss at the 
initial stage of cartilage disease—as early as 3 weeks after 
the ACLT surgery. These observations support the idea 
that GAG loss is one of the very first signs of OA, which is 
also characterized later by the loss of collagen integrity (13).  
The differences in these molecule-level markers have 
the potential to reveal how the tissue reacts to trauma/
injury both topographically and time-dependently. The 
complementary nature of our three separate modalities 
could help to differentiate the mechanisms in the disease 
progression and allow future correlation from bench to 
bedside.

ACLT surgery

The Pond-Nuki model of OA in canines is likely the most 
studied large animal model of OA (6,8,10), which have been 
shown to have the closest similarities with human OA (5). 
After the ACL has been transected, the stifle subluxation 
increases the gait irregularity of the joint, which can induce 
a number of tissue degradation, such as inflammation and 
surface damage. The damage has been shown to occur over 
the whole ACLT stifle, including the medial and lateral 
parts of the tibia and the femur as well as the patella. After 
the ACL destabilization, the medial compartment has 
been shown to manifest larger/earlier damage than the 
lateral compartment (48). To the best of our knowledge, 
this is the first multi-disciplinary microscopic quantitative 
imaging study that quantifies the topographical and depth-
dependent GAG concentration across the medial plateau 
only 3 weeks after the ACLT surgery (10,11).

Limitations

In this project, the sample size was limited by the difficulties 
in investigating a large number of animals and statistical 
power could be further increased with access to larger 
sample sizes in future studies. The topographical positions 
were manually sectioned from the tibias and placed in 
the coil, which could vary slightly for each different tibia. 
However, for each topographical location in µMRI, the pre- 
and post-contrast positions were close to be identical, by 
imaging the sample in the same slice plane (by taking the 
coronal pilot images of the blocks). 
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In conclusion, three independent and complementary 
techniques were able to quantitatively measure the GAG 
loss topographically across the medial tibia plateau in 
canines only 3 weeks after the ACLT surgery. Two different 
contrast agents were used in two different imaging 
techniques, which produced consistent results. The ability 
for these techniques to quantitatively measure the depth-
dependent and topographical varying GAG concentration in 
OA cartilage allows for future investigations that could lead 
to better understanding and ultimately a better monitoring 
regarding how OA develops and how it affects the cartilage 
and other tissues in a joint. 
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