
© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2017;7(2):227-237qims.amegroups.com

Introduction

Articular cartilage (AC), a thin layer of connective 
tissue coating the end of bones in joint, absorbs shock 
and distributes stress from the underlying bone. The 
major molecular components in cartilage are collagen, 
proteoglycan, and water. A unique morphological feature 
of AC that is relevant to this investigation is the depth-
dependent properties of AC over its thickness, which is 
largely determined by its collagen orientation. Starting from 

its top surface (articular surface), cartilage is commonly 
subdivided into at least three structural zones, namely the 
superficial zone (SZ) in which the collagen fibers are aligned 
in parallel to the tissue surface, the transitional zone (TZ) 
where the fibers are in random orientation, and the radial 
zone (RZ) where fibers are perpendicular to the surface (1-3).  
Cartilage degradation causes the tissue to lose its load-
bearing ability, which develops into the most common 
degenerative joint disease, osteoarthritis (OA) (4,5). Early 
detection of cartilage degeneration is the definitive yet 
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unmet goal in clinical management of OA (6). 
Most radiographic tools at the present time can only 

detect late stages of OA (7-10). Being non-invasive and 
sensitive to the molecular motions, magnetic resonance 
imaging (MRI) has undisputable potential to become the 
leading diagnostic tool for cartilage health (11-19). Several 
MRI protocols can in principle detect the early changes in 
OA cartilage, for example, T2 and T2 anisotropy, T1ρ, T1 
with the use of contrast agent, and diffusion (20-25). The 
clinical method of OA detection using these MRI protocols, 
however, still needs further improvement. A major cause of 
this insufficient diagnosis is the relatively large voxel size in 
clinical MRI, in comparison with the thin thickness of AC 
over which the molecular concentration and orientation 
change significantly (6). Consequently, many properties 
that change naturally in the tissue (such as topographical 
distributions of the collagen orientation and proteoglycan 
concentration) can be masked by the changes of MRI 
parameters caused by the disease when the MRI resolution 
is insufficient. 

In an ongoing multi-disciplinary imaging study of canine 
tibial cartilage that had surgically induced OA, we acquired 
T2 images of unopened canine knees at 200 µm pixel 
resolution. We then opened the knee joints and harvested 
the cartilage-bone specimens at the locations that were 
imaged previously, and imaged these specimens again at 
17.6 µm pixel resolution. 2D T2 maps were calculated from 
both MRI experiments. In this project, we investigated if 
the reconstruction of the 200 µm images to the 100 µm 
images by image interpolation could improve the detection 
sensitivity by MRI T2 relaxation. Since the most important 
feature of AC is its depth-dependent zonal divisions, we 
aimed to investigate if different interpolating and zonal 
division methods could improve the detection of early OA.

Methods

Sample and procedure

This study used twelve mature canines, where six were non-
operated controls and the other six each had the anterior 
cruciate ligament (ACL) transected on one of the knees 
12 weeks prior to sacrifice. One knee from each of the six 
non-operated canines was labeled as healthy (N) (three left 
knees and three right knees). Six operated knees from six 
animals were labeled as OA and six non-operated adjacent 
knee were labeled as contralateral (C). These canine joints 
belonged to a multidisciplinary study of the OA progression 

in our lab, which were approved by the Canadian Council 
on Animal Care (CCAC). Recently, a blind study of 
the gross anatomic disease progression in these canine 
joints has been completed (26). Using the OARSI scores 
of 0–4 that graded different parts of a joint (27), the  
12-week contralateral tibias had a score of 1, while the  
12-week transected tibias (OA) had a score of 2; the 
difference was statistical significant. After excess tissues 
(muscles and skins) were trimmed, all unopened knee 
capsules were placed in a sample holder and imaged (within  
24 hours of sacrifice) in a Varian MRI system with a 7T/20 cm  
horizontal magnet (Santa Clara, CA, USA)—the system 
is termed as macro-MRI in this report. After the imaging 
of the intact joints, each joint capsule was opened to 
harvest rectangular cartilage-bone blocks from the medial 
tibial plateau, with each block representing a different 
topographical location on the joint surface. Each specimen 
had an intact interface between cartilage and bone, and 
was approximately 3×3×4–5 mm3 in size. The blocks were 
immersed in the physiological saline solution, which also 
contained 1 mM in Gd-DTPA2– contrast agent (pertaining 
for the T1 study) and 1% protease inhibitor cocktail (Sigma, 
MO). The specimens were maintained at 4 ℃ (never frozen) 
and later imaged using µMRI.

MRI protocols

Quantitative T2 imaging in macro-MRI used a commercial 
multi-slice multi-echo (MSME) pulse sequence. The field of 
view (FOV) was set at 5 cm with a matrix size of 256×256, 
which yielded an approx. 200 µm pixel size. The repetition 
time was 3 sec with a total scan time of 51.2 minutes; and 
the ten echo times had an increment of 10 ms with the 
minimum echo time at 10 ms. Ten image slices, each having 
a thickness of 1 mm, were acquired, approx. 2.5 mm apart 
from each other. Microscopic MRI (µMRI) experiments 
on the specimens harvested from the same locations of 
the macro-MRI have been reported and were used as a 
reference (28-30). Briefly, quantitative T2 imaging used 
a magnetization-prepared imaging sequence on a Bruker 
AVANCE II system with a 7T/9 cm vertical magnet (Bruker 
Instrument, Billerica, MA, USA). The FOV was set as  
0.45 cm and a slice thickness of 0.8 mm, resulting in a 2D 
pixel size of 17.6 µm. Other experimental details can be 
found in the papers cited above. T2 images for both macro-
MRI and µMRI were calculated using a single exponential 
model using MATLAB (Mathworks, Natick, MA, USA) 
with a good correlation factor between data and model 
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within the tissue region. 

Interpolation of macro-MRI images

The native image in macro-MRI (256×256 matrix, with a 
nominal pixel size of 200 µm) was reconstructed to 512×512 
(nominal pixel size of 100 µm) using two different methods. 
The first method (termed “FID 512”) was carried out on 
the Varian NMR spectrometer, utilizing the original time-
domain Free Induction Decay (FID) data and the Fourier 
Transform reconstruction option (zero-filling). The second 
method (termed “ImageJ 512”) was carried out utilizing the 
image-domain 2D T2 images (256×256) and the bicubic 
interpolation procedure in a public domain software 
ImageJ® (version 1.4.3, NIH, MD, USA). 

Division of sub-tissue in cartilage

The T2 profiles at both 200 µm/pixel and 100 µm/pixel were 
extracted from the 2D T2 images from five topographical 
locations on the medial tibia for each of the six healthy (N), 
contralateral and OA knees and also included the averaging 
of two adjacent columns to improve the signal to noise 
ratio (SNR). A count of sixty data points for each disease 
states resulted from six joints from five locations with two 
data pixels (ROI) per division. Since the column averaging 
was perpendicular to the direction of the cartilage depth, 
the depth resolution was still 200 or 100 µm. These T2 
profiles were further analyzed using KaleidaGraph® (version 
4.5.2, Synergy, PA, USA) by three methods of sub-tissue 
division. The first two methods divide the cartilage depth 
(thickness) into two equal-thickness divisions (upper 1/2 
and lower 1/2), and three equal-thickness divisions (upper 
1/3, middle 1/3 and lower 1/3), respectively. These equal-
thickness division methods are similar to the common 
procedure found in clinical MRI of cartilage, since accurate 
morphological division of human cartilage is not easily 
available in clinical MRI due to the low pixel resolution. 
Our method divided the cartilage depth into three unequal-
thickness zones (SZ, TZ, RZ), based on the average zonal 
thickness data from the known imaging and morphological 
findings at 17.6 µm resolution (28,30,31), with the first two 
pixels each representing the SZ and TZ respectively and the 
remaining pixels being assigned (as average) to the RZ. To 
resolve the issue of varying thicknesses across the selected 
tibial ROI, the T2 profiles were scaled at relative thickness 
with the articular surface (AS) as 0 and the bone-tissue 
interface as 1. 

Statistical analysis

A one-way ANOVA with Tukey-Kramer HSD with α level 
of 0.017 (using JMP®) was performed on all specimens 
of the medial tibia, to pairwise compare T2 differences 
among healthy (N), contralateral (C) and OA samples at 
two different resolutions, with the three distinct types of 
division methods. For a highly effective result, a resultant P 
value of less than 0.01 was considered significant.

Results

T2 map of a healthy medial tibia using the 7T macro-MRI 
imaged at the resolution of 200 µm/pixel (Figure 1A) showed 
the pixilation of a low-resolution whole joint image that is 
commonly seen in clinical MRI. The white region of interest 
(ROI) box depicted the region on the tibia from which a 
cartilage-bone specimen was later imaged at 17.6 µm/pixel  
in µMRI. Much like the original image (Figure 1B), 
similar ROIs were selected from the reconstructed images 
(100 µm/pixel) by two different types of interpolation 
methods: the ImageJ reconstruction (Figure 1C) and 
the FID reconstruction (Figure 1D). It is clear that both 
reconstruction methods produced smoother images  
(Figure 1C,D) that are lesser pixelated than the original 
image (Figure 1B) with minor differences in different 
regions of the joint. The smaller ROI within Figure 1B, C, 
and D depict ROI from which depth-dependent T2 profile 
analyses were performed and a similar location from which 
µMRI data were analyzed. 

From the two-dimensional T2 maps, the depth-
dependent T2 profiles for both healthy and OA cartilage 
(Figure 2A) were extracted from the ROI, with and without 
the image interpolation. Even though the images in  
Figure 1C and D had slight overall differences, the profiles 
showed near identicalness of the two interpolation methods 
as well the resolution difference between the original image 
and the interpolated images. The horizontal error bars 
in the original [256] T2 profile showed the pixel location 
at 200 µm and the site reference to the pixel locations at 
100 µm. Since a 200 µm pixel is substantial in size when 
compared with the cartilage thickness (about 600–1,000 µm),  
the T2 value at 200 µm/pixel was placed in the middle of 
each large voxel in the horizontal scale (i.e., at the 100 µm 
location), as a representation of an average T2 value of the 
finite-sized voxel. For the 100 µm pixels, the T2 values 
were placed at the beginning, mid-point and end of each 
256-pixel location. The most significant difference in T2 
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between healthy and OA cartilage is shown to occur near 
the top 20% of the tissue (Figure 2A). A careful inspection 
of the error bars and the comparison of the interpolated 
images using both methods showed that the time-domain 
(FID) reconstruction resulted in a slightly less noisy profile, 
and as such, was used for the rest of the analysis.

Comparison between the macro-MRI T2 profile of 
healthy cartilage (N), which were harvested from the 
ROI shown in Figure 1D, and their equivalent µMRI 
T2 profiles (Figure 2B) showed significant similarity  
(Figure 2B). The high-resolution µMRI data showed 
significantly more information in terms of the depth-
dependency of cartilage T2 when compared to the macro-
MRI data. The zonal markings on the µMRI profiles clearly 
indicated the resolution differences between the macro-MRI 
(~200 and 100 µm) and µMRI (~20 µm). This comparison 
demonstrated that the missing information in the low-
resolution MRI is mainly in the top 20% of the cartilage 
in a typical clinical MRI setting. This missing information 
would depend on the ROI selection and the partial volume 

effect, which are critical for the early OA detection. The 
subtle yet critical difference between the 200 and 100 µm 
T2 profiles (N, healthy) where the 100 µm profile showed 
the lamina effect that is evident also in the 20 µm T2 profile 
(32,33). This difference is also documented in Table 1 in the 
unequal division of zone column (in italic) where the T2 
pattern for 200 µm is SZ > TZ > RZ whereas the 100 µm 
follows a pattern of TZ > SZ > RZ, much similar to findings 
of healthy tissue T2 profiles in µMRI. This is a key finding 
in the importance of the reconstruction and minimum 
resolution needed for zonal division.

T2 profiles of the images at 200 µm/pixel resolution 
(Figure 3) and the “time-domain” interpolated images at  
100 µm/pixel resolution (Figure 4) showed statistical 
findings among three different division methods (the two 
equal-thickness division, the three equal-thickness division, 
and the three unequal-thickness zones), and among three 
types of cartilage (healthy, contralateral, OA). 

Table 1 summarizes the statistical findings (shown in 
Figures 3,4) as mean and standard error of the mean (SEM) 

Figure 1 Macro-MRI T2 map of a healthy canine medial tibia. (A) Quantitative T2 images of a canine medial tibia in a sagittal slice. The 
white square shows the selected ROI, which is enlarged on the right: (B) the ROI with the original resolution (~200 µm/pixel), (C) the ROI 
with the bicubic interpolated resolution (100 µm/pixel) in ImageJ software, and (D) the ROI with the FID-based reconstructed resolution  
(100 µm/pixel) in the Varian NMR spectrometer. The white rectangle on B, C and D represent the ROI selected for depth-dependent 
profiles. The 0 to 100 ms gray scale is used for all images. 
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with their respective statistical P values. Several conclusions 
can be drawn from the comparisons of the three division 
methods based on the strong statistical results.

(I)	 The subtle differences between the 200 µm/pixel 
data (Figure 3) and the 100 µm/pixel data (Figure 4)  
show that the image interpolation can improve 
the OA detection by MRI T2, even when the 
imaging resolution is still insufficient to resolve the 
structural zones in cartilage. This is best illustrated 
in the three equal-thickness division (Figure 4B), 
where the middle 1/3 gains T2 sensitivities to OA 
after image interpolation.

(II)	 Comparing the two and three equal-thickness 
division methods (Figures 3A/4A vs. Figures 3B/4B), 
it is clear that the three equal-division method 
at 100 µm resolution is more sensitive than the 

two equal-division—it is capable of picking up 
the differences between healthy and contralateral 
cartilage, as well as between contralateral and OA 
cartilage when the image interpolation is used. 
This shows the improvement of image resolution, 
in both acquisition and analysis, should be the top 
priority in clinical MRI development.

(III)	 The more revealing division method is the 
unequal-thickness zonal division, which requires 
the knowledge of the true zonal structure in 
cartilage, obtainable only by histology or µMRI. 
This unequal zonal division is capable of detecting 
the T2 changes not only between healthy and OA 
cartilage, but also between healthy to contralateral 
cartilage (Figures 3C and 4C), in both 200 and  
100 µm/pixel images. The latter difference between 
healthy and contralateral cartilage in SZ cannot be 
seen in any of the equally divided regional analysis 
(Figures 3A,B and 4A,B) at both resolutions (200 
and 100 µm). This is a significant finding.

Discussion

I t  i s  rare  that  one has  the  opportunity  to  s tudy 
approximately the same cartilage specimens using both 
macro-MRI at 200 µm resolution and µMRI at 17.6 µm 
resolution, quantitatively, with the same MRI parameter (T2 
relaxation), at the same field strength (7T), and with both 
healthy and well-characterized OA. Given our extensive 
experience with similar canine cartilage at microscopic 
resolutions (2,21,28,34), the multidisciplinary properties 
of this type of cartilage are well understood. Our study of 
canine tibial cartilage at 200 µm per pixel by macro-MRI 
has approximately the same length scale in comparison 
to the clinical MRI of a thicker human tibial cartilage at 
a fraction of millimeters per pixel using a whole-body 
MRI scanner, both resolving about three pixels across 
the thickness of cartilage based on the clinical settings 
implemented. Consequently, this animal MRI study and 
the common human MRI scans share a similar structural 
averaging in cartilage within each depth-dependent pixel, as 
well as the averaging between cartilage and its surrounding 
tissues (6). Since T2 is an important indicator in MRI study 
of cartilage damage due to OA (28,35,36), this project could 
help better illustrate the issues of MRI resolution at early 
stages of osteoarthritic cartilage.

Some of the early lesions in human OA can be localized 
near/around the surface of the tissue (37). The averaging 

Figure 2 T2 comparison of healthy and OA cartilage using 
different interpolation and resolution methods. (A) The depth-
dependent T2 profiles of healthy (N) cartilage and OA cartilage 
depicting the influence of different image interpolation, shown in  
Figure 1B,C,D. The articular surface (AS) is marked with 0 and the 
cartilage-bone interface (TM) with 1. (B) The depth-dependent 
T2 profiles of healthy cartilage between µMRI (~20 µm/pixel) and 
macro-MRI (both original and interpolated pixel sizes) with tissue 
divided into the three distinct zones; superficial (SZ), transitional 
(TZ) and radial (RZ) zones.
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Figure 3 Statistical comparison between healthy (N), contralateral 
and OA groups based on the two equal (A), three equal (B) and 
three unequal (C) division of the T2 profiles at 200 µm resolution. 
The statistical significances are donated as * (P<0.01).

Figure 4 Statistical comparison between healthy (N), contralateral 
and OA groups based on the two equal (A), three equal (B) and 
three unequal (C) division of the T2 profiles at 100 µm resolution. 
The statistical significances are donated as * (P<0.01).
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of the surface tissue in diagnostic imaging could therefore 
hide vital information that is essential to the detection of 
early OA. Many clinical MRI analyses often compare just 
one bulk T2 value between the healthy and OA cartilage 
(3,38). With the improvement of clinical MRI technology, 
resolving cartilage thickness in 2–4 or more pixels becomes 
possible for quantitative human MRI (39). Consequently, 
these pixels of equal size could be used to represent different 
depths of cartilage (40,41). This type of depth-dependent 
regional analysis is superior to the bulk analysis, since a 
regional analysis separates the different characteristics 

between surface and deep cartilage. Since the combined 
thickness of both SZ and TZ is likely less than 1/3 of the 
total thickness, an equal thickness division essentially groups 
the complex surface structures of cartilage into one pixel, 
which could mask subtle changes of T2 in early OA (Figure 2).  
This project demonstrates clearly the additional detection 
sensitivity gained from the image interpolation, even when 
the original data is inadequate to resolve the zonal structure 
of cartilage. The approach in this animal cartilage study 
could be equally applied to clinical MRI of human cartilage, 
based on the scaling of imaging resolution in MRI (6). 
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This project has benefited from the knowledge from 
µMRI T2 profiles of the same cartilage (28-30), which 
clearly indicate the strong and distinct zonal profiles 
of cartilage T2 over its thickness, especially near the 
surface. Proper zonal division permits the best separation 
of superficial and transitional zones, which increases the 
sensitivity of the MRI protocol. This study therefore 
calls for the determination of the minimum resolution 
required for MRI of osteoarthritic cartilage. This 
determination, however, can be complicated in practice by 
the heterogeneity of the zonal structures in cartilage over 
a joint surface such as tibia or femur (42), as well as the 
dimension and orientation of the imaging voxel, which is 
commonly non-isotropic (2). By averaging only within each 
zone, a much better detection of the morphological changes 
occurring in early OA cartilage can be obtained.

In the post-acquisition image interpolation from 
the original 256 matrix to a 512 matrix, two different 
reconstruction methods showed minimal difference. This 
result is beneficial to most users since few could have 
repeated access to the original MRI system after the data 
acquisition. Since the scaling factor of two was used in 
both interpolation methods, the quantitative information 
from the interpolation is sufficiently within the limitations 
reported by other image interpolation studies where 
interpolation was shown a statistical improvement in 
structural changes and reduction of partial volume effect 
(43-45). For canine tibial cartilage, a minimum resolution 
of 100 µm/pixel is both necessary and sufficient, since µMRI 
results at a much higher resolution showed the thinnest 
zones were about 80–100 µm in thickness (46).

One methodological consideration in this data analysis is 
the location of the T2 values on the depth scale of cartilage. 
We placed the T2 values at the center of the pixels in the 
depth scale (at 100 µm, 300 µm, and so on). Arguments 
could be formulated to place the T2 value at the upper edge 
of the pixels (at 0 µm, 200 µm, and so on). Since the voxel 
size is large in comparison with the collagen structure in 
cartilage, the partial volume effect is an important factor 
when deciding the depth location of the first pixel of the 
tissue (47). We recommend that as long as the depth-
dependent analysis approach is consistent, which merely 
represent a relative shift of the relaxation profile, the 
analysis should result in a similar conclusion. However, 
it does leave an ambiguity in the profile matching, as the 
selection is user dependent. Since the shape of a MRI voxel 
is commonly elongated (6), the averaging of the surface 

reflects the contribution not only from different cartilage 
but also some surrounding tissues. This is represented by 
the surface portion of the T2 profiles in Figure 2A, which 
include two possible scenarios, that is, whether the T2 
values in the adjacent non-cartilage regions is lower or 
higher than the T2 values of the first cartilage pixel. 

In conclusion, we demonstrate that interpolation of T2 
images can better detect OA in cartilage, in the situation 
when the MRI resolution is insufficient to resolve the 
depth-dependent T2 characteristics in AC. Several 
zonal divisions of AC were compared using quantitative 
macro-MRI data. An unequal zonal division is shown to 
be much more statistically informative than the typical 
equal zone division and hence able to detect earlier signs 
of T2 changes due to OA. Since the relative length scale 
of canine cartilage and macro-MRI is nearly identical 
to those of human cartilage and whole-body MRI, this 
image analysis approach can benefit the clinical detection 
of early OA in humans. 
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