
Table 2   Classification analyses of normal vs. degraded BNC samples 
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Table 1   MRI parameters in non- and degraded BNC discs 
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Introduction:   MR parameters including T1, T2, Τ1ρ, magnetization transfer ratio (MTR) and apparent rate (km), apparent diffusion coefficient (ADC), and 
dGEMRIC indices, have been utilized to identify and describe cartilage degeneration [1].  While these parameters each exhibit a certain degree of specificity to 
matrix components and characteristics, a large degree of overlap in measured values between normal and degraded cartilage limits the ability of uniparametric 
observations to characterize cartilage degradation. Therefore, we employed two multivariate analytic procedures, model-based discriminant analysis and the 
support vector machine (SVM), to categorize normal and degraded cartilage.  We applied these techniques to cartilage degraded by trypsin and by collagenase in 
order to examine the effect of preferential loss of specific matrix components, and rigorously compared their sensitivity and specificity with those of the usual 
uniparametric analyses in which classification is based on mean values.   

 
Materials and Methods: Sample Preparation: 8-mm diameter bovine nasal cartilage (BNC) disks were excised from nasal septa of 5-6 month-old calves. These 
samples were separated into control (N = 40) and two enzyme-degraded groups.  Degradation was performed by incubating samples in either 1mg/ml trypsin (6 
hours; N = 40) or 30 units/ml collagenase type II (16 hours; N = 40).  MRI Measurements: Images were acquired using a 9.4T/105-mm Bruker DMX spectrometer. 
Acquisition parameters included NEX = 2, FOV = 4.0 × 1.5 cm, matrix size = 256 × 128 and slice thickness = 0.5 mm. T2 data were collected using a 64-echo 
CPMG spin echo sequence with TE/TR = 12.8 ms/5s.   T1 values were measured using a progressive saturation sequence with TE = 12.8 ms and TR varying from 
100 ms to 15 s.  MT data were obtained using the same spin-echo sequence (TE/TR = 12.8 ms/5 s) preceded by a 6 kHz off-resonance saturation pulse of amplitude 
B1 = 12 μT and duration incremented from 0.1 to 4.6 s. Measurements of ADC were performed using a pulsed gradient spin-echo (PGSE) sequence with δ = 5ms 
and Δ = 13.8 ms, with a gradient strength ranging from 0 to 320 mT/m. Data Analysis: Signal intensity was averaged over a region of interest (ROI) covering each 
BNC disk and then fitted to appropriate three-parameter monoexponential functions to yield T1, T2, km = MTR/T1sat  and ADC [2]. A random selection of 53 out of 
a total of 80 samples for both (control + degradation) sample sets was used as a training set to construct classification models applied to the remaining 27 samples.  
Sample classifications were performed using multi-parametric model-based discriminant analysis, the MCLUST algorithm, and using the "libsvm" SVM software 
script, with routines written in the R language [3 - 5]. The entire classification procedure was repeated 100 times in order to provide a large number of randomly 
selected training and validation sets, permitting an accurate estimate of the sensitivity and specificity of these approaches.  Results were compared to those sample 
classifications obtained according to simple arithmetic means. Averages of MR parameters are reported as means ± SD, and p < 0.05 by t-test was considered to be 
statistically significant. 
 
Results:  Table 1 shows that, as expected, mean values for T1, T2 and ADC were larger in degraded than in control tissue, while km was lower.  Figure 1A 
illustrates a particular result for model-based discriminant analysis based on standardized (normalized to unit variance) T1, T2, and km values. A single sample of 
control tissue and 4 samples in the trypsin-degraded subgroup were found to be misclassified in the validation set (solid symbols), indicating a sensitivity of 71.4% 
and a specificity of 92.3%.  Figure 1B illustrates categorization in accordance with the libsvm SVM software script applied to the same data points, based on T1 and 
km values [5]. The level 0 curve (black) separates the parameter space into two disjoint regions, representing control and degraded tissue.  There were a total of 7 
misclassified samples in the validation set, indicating a sensitivity of 78.6% and specificity of 69.2%.  Of all univariate classifications tested, classification 
according to T1 values exhibited the best performance; however, the sensitivity and specificity according to such analysis remained below 70%.  Results are 
summarized in Table 2 for a number of parameter combinations.  
 
Discussion:  With the mild degradation protocols employed, no statistically significant differences between parameter means of control and degraded cartilage 
were observed, with the exception of T1. This is consistent with the limited sensitivity and specificity of classification according to an individual parameter, 
although T1 performed best in this regard.  However, classification accuracy was markedly improved for both enzymatic degradation protocols through use of 
formal multiparametric analysis.  This was the case in spite of the large degree of overlap in sample values between normal and degraded tissue.  The flexibility of 
model-based discriminant analysis, including incorporation of nonlinear kernel functions, and adjustability of error penalty in the SVM [6], allowed for a 
substantial reduction in classification errors.  Of note is the fact that the correct classification rates in the randomly-selected validation sets were substantially larger 
than in the training sets for both multivariate procedures, reflecting the multiple free parameters available for model construction.  However, although performance 
on the training sets was equivalent, the SVM analysis yielded greater sensitivity and specificity in the validation sets.  In summary, the classification by formal 
multivariate procedures resulted in substantially improved performance as compared to univariate analysis due to the flexibility inherent in the construction of data 
models.  These results indicate the diagnostic potential for such analyses in the clinical evaluation of early cartilage degeneration.  
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 T1 (ms) T2 (ms) km ( s-1) ADC (× 10-4 mm2/s) 

Control 1208 ± 101 55.0 ± 11.1 0.87 ± 0.22 9.29± 1.00 

6-hr trypsin 1303 ± 93* 59.0 ± 10.3 0.82 ± 0.22 9.55 ± 1.02 

16-hr collagenase 1335 ± 108* 60.0 ± 12.0 0.82 ± 0.21 9.70 ± 0.91 

Category Method Parameter 
Training set  Validation set 

Sensitivity  Specificity  Sensitivity  Specificity 

Normal 

vs. 

6-hr trypsin 

arithmetic mean T1 0.67 ± 0.05  0.63 ± 0.06  0.67 ± 0.12  0.62 ± 0.13 

MCLUST 
T1-km 0.88 ± 0.04  0.87 ± 0.06  0.79 ± 0.16  0.79 ± 0.15 

T1-T2-km 0.94 ± 0.04  0.92 ± 0.06  0.78 ± 0.23  0.72 ± 0.26 

libsvm in R 
T1-km 0.88 ± 0.04  0.86 ± 0.05  0.83 ± 0.10  0.82 ± 0.10 

T1-T2-km 0.93 ± 0.03  0.92 ± 0.05  0.86 ± 0.10  0.81 ± 0.10 

Normal 

vs. 

16-hr 

collagenase 

arithmetic mean T1 0.67 ± 0.04  0.69 ± 0.05  0.68 ± 0.11  0.68 ± 0.12 

MCLUST 
T1-km 0.96 ± 0.03  0.95 ± 0.03  0.89 ± 0.10  0.86 ± 0.12 

T1-T2-km 0.98 ± 0.03  0.99 ± 0.02  0.79 ± 0.24  0.83 ± 0.23 

libsvm in R 
T1-km 0.96 ± 0.03  0.93 ± 0.04  0.89 ± 0.08  0.89 ± 0.09 

T1-T2-km 0.98 ± 0.03  0.97 ± 0.03  0.90 ± 0.08  0.88 ± 0.09 
Figure 1   Classification of normal and trypsin-degraded BNC discs in the validation set  by (A) 
model-based MCLUST; (B) libsvm SVM algorithm 

normal trypsin-depleted misclassified 

(A) (B) 

Proc. Intl. Soc. Mag. Reson. Med. 17 (2009) 1977


