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Abstract

Purpose—To evaluate the sensitivity and specificity of classification of pathomimetically-
degraded bovine nasal cartilage (BNC) at 3 T and 37°C using univariate MRI measurements of
both pure parameter values and intensities of parameter-weighted images.

Materials and Methods—~Pre- and post-trypsin degradation values of Ty, Ty, To*,
magnetization transfer ratio (MTR), and apparent diffusion coefficient (ADC), and corresponding
weighted images, were analyzed. Classification based on the Euclidean distance was performed
and the quality of classification was assessed through sensitivity, specificity and accuracy (ACC).

Results—The classifiers with the highest accuracy values were ADC (ACC = 0.82 + 0.06), MTR
(ACC =0.78 £ 0.06), T (ACC =0.99 + 0.01), T, derived from a 3D spin-echo sequence (ACC =
0.74 £ 0.05), and T, derived from a 2D spin-echo sequence (ACC = 0.77 £ 0.06), along with two
of the diffusion-weighted signal intensities (b = 333 s/mm?: ACC = 0.80 + 0.05; b = 666 s/mm?:
ACC =0.85 £ 0.04). In particular, T1 values differed substantially between the groups, resulting in
atypically high classification accuracy. The second-best classifier, diffusion weighting with b =
666 ss'mm2, as well as all other parameters evaluated, exhibited substantial overlap between pre-
and post-degradation groups, resulting in decreased accuracies.

Conclusion—Classification according to T4 values showed excellent test characteristics (ACC =
0.99), with several other parameters also showing reasonable performance (ACC > 0.70). Of
these, diffusion weighting is particularly promising as a potentially practical clinical modality. As
in previous work, we again find that highly statistically significant group mean differences do not
necessarily translate into accurate clinical classification rules.

TCorresponding Author: spencer@helix.nih.gov, 251 Bayview Boulevard, Suite 04B116, Baltimore, MD 21224, 410-558-8226, FAX:
410-558-8318.
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INTRODUCTION

MRI is widely used to assess cartilage matrix status in a variety of experimental and clinical
settings. Matrix-sensitive quantitative MRI measurements include the relaxation time values
Ty, T2, T1p, and dGEMRIC index (T1 gg), as well as apparent diffusion coefficient (ADC),
magnetization transfer ratio (MTR), and magnetization transfer rate (k). Numerous in vivo
and ex vivo studies have demonstrated the dependence of group mean values of these MRI
parameters on biochemical content (1-4) and location within the joint (5). Means have also
been found to differ between clinical subject groups in many contexts, including OA status
(6), knee injury (7) and physical activity (8). Described trends include increased Tq, Tp, T1p,
and ADC values, and decreased MTR, kp,,, and T g4, as cartilage degradation progresses.
Further, a degree of macromolecular specificity is exhibited by some of these parameters
(9). The results from these MRI studies have been interpreted in terms of cartilage
macromolecular characteristics with a primary focus on the content, distribution, and
orientation of proteoglycan (PG) and collagen in addition to water content (10,11).

In spite of the these results, the extent to which matrix-sensitive MRl measurements can
define the status of cartilage in a clinical setting remains an open question (12). As an
example, it is unclear whether a statistically significant difference in group means between
patients with differing osteoarthritis (OA) status can be translated into a useful clinical test
(12); classification accuracy requires that parameter distributions for two groups exhibit
limited overlap, which may or may not correspond to a statistically significant difference in
group means.

Previous work has explored the sensitivity (SE) and specificity (SP) of classifying
pathomimetically-degraded bovine nasal cartilage (BNC) using cartilage matrix-sensitive
MRI measurements (13). The classification algorithm used a decision rule defined by group
arithmetic means for T1, T, ky, ADC, and fixed charge density (FCD) as determined by
dGEMRIC. For both18-h trypsin and 20-h collagenase degradation protocols, T1 values
were found to be the best univariate classifier, exhibiting a SE and SP in the range of 0.9 or
better. ADC also exhibited favorable classification properties, while other MRI parameters
performed substantially worse.

This work established a framework for viewing MRI measurements in terms of SE and SP,
rather than solely in terms of the statistical significance of differences between means (12).
Nevertheless, these previous results were limited to experimental conditions in which data
were acquired at 4°C at a preclinical field strength of 9.4 T. However, temperature is known
to affect virtually all imaging parameters (14), while field strength has a known substantial
effect on T as well as less well-documented effects on certain other MR parameters.
Finally, in our previous work classification was performed only according to pure
quantitative MRI parameters, rather than incorporating clinically-relevant weighted image
signal intensities (SI). In particular, results of classification according to the T;-weighted
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fast low angle shot (FLASH) sequence, proton density (PD)-, intermediate (ID)- and T,-
weighted images obtained using the Osteoarthritis Initiative (OAI) acquisition protocol
would be of particular interest (15).

In accordance with the above, the purpose of this work is to investigate the accuracy of
univariate MR classification of degraded cartilage under clinical research conditions,
incorporating i) less severe degradation, ii) parameter—weighted imaging data, iii)
acquisition at physiological temperature, and iv) a clinical field strength of 3T. This lays the
foundation for further clinical studies to address the additional complexities of articular
cartilage.

MATERIALS & METHODS

Sample Preparation

The nasal septum was obtained from two freshly slaughtered mature beef cattle (Green
Village Packing, Green Village, NJ). The septa were placed in gauze soaked in Dulbecco's
phosphate-buffered saline at 4°C (DPBS; Invitrogen, Grand Island, NY) for three days, at
which time 30 cylindrical plugs of 8 mm length and 3 mm diameter were punched from each
septum, resulting in a total sample size of n = 60. Thirty of these samples were imaged in
one imaging session, with plugs skewered securely onto hollow polyethylene tubes with
Teflon spacers to separate the 10 plugs per tube. The three skewers of plugs were placed
respectively into three of the wells of a four-well susceptibility-matched polyetherimide
(ULTEM) sample holder (each well 9 mm in diameter, 8.5 cm deep). Each of these three
wells was filled with Fluorinert® FC-77 (Sigma-Aldrich, St. Louis, MO), which served as a
hydrophobic, susceptibility-matched bath surrounding the plugs during imaging. The fourth
well was filled with DPBS at pH 7.5 + 0.1 and served as a standard for normalizing the SI of
the contrast-weighted images obtained over the four separate imaging sessions. This
permitted pre-degradation images to be obtained from all 60 control samples over two
imaging sessions. After this was completed, samples were retained on their skewers and
digested for 2.5 hours with 1 mg/ml trypsin (Sigma-Aldrich, St. Louis, MO) in DPBS at
37°C in a 5% CO, atmosphere, resulting in a matched set of 60 degraded samples.
Following this, the samples were rinsed thoroughly to remove the trypsin solution and then
treated with a protease inhibitor prepared according to the manufacturer's protocol (Sigma-
Aldrich, St. Louis, MO) and llomastat matrix metalloproteinase inhibitor (16 pL/ml;
Chemicon International, Temecula, CA) in DPBS at pH 7.0 + 0.1 to arrest further digestion;
this resulted in the cartilage maintaining structural integrity but sustaining an sulfated
glycosaminoglycan (sGAG) loss of 84% by wet weight as quantified by the dimethyl
methylene blue (DMMB) assay (16—18). With this protocol, a total of 60 samples were
imaged pre-degradation and then again post-degradation..

MRI Measurements

Imaging was performed using a 3 T Philips Achieva MRI scanner (Philips Healthcare, Best,
The Netherlands) equipped with an 8-channel SENSE knee coil. As shown in Figure 1, the
wells of the sample holder were positioned perpendicular to the B static magnetic field.
Two slices were obtained, with the first bisecting the cartilage samples in wells 1 and 2
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lengthwise, and the second bisecting the cartilage in well 3 and the DPBS in well 4, again
lengthwise. The slice thickness was dependent upon available radio frequency bandwidth
and gradient strength for the selected image acquisition sequence.

All samples were studied at physiological temperature (37 = 0.1°C), maintained in the
magnet using an MRI-compatible warm air heating module (SA Instruments, Stony Brook,
NY) connected to flexible tubing. Temperature was monitored using a MRI-compatible
thermistor attached to the sample holder.

Quantitative and contrast-weighted MR measurements were acquired using protocols
readily available on clinical scanners, including two of the weighted scans used in the OAI
Clinical Protocol (15). The parameters measured were:

Diffusion—A 2D diffusion-prepared sequence with echo planar imaging (EPI) readout and
with echo time (TE) = 62 ms, repetition time (TR) = 2 s, and EPI factor = 3 was used to
acquire two 4 mm thick imaging slices with b-values of 0, 333, 666, 1000, 1333, 1666, and
2000 s/mm? applied in three orthogonal gradient directions, with A = 25.3 ms, § = 12.4 ms,
acquisition bandwidth (BW) = 12 kHz, field of view (FOV) = 75 x 43.75 mm? (vertical x
horizontal), acquisition matrix/in-plane voxel dimensions (MTX) = 96 x 43/0.78 x 0.95
mm?, and number of signals averaged (NSA) = 1. Total scan time = 15.5 minutes. Both
ADC and diffusion weighted (DW) image intensity values were derived from this dataset.

Magnetization Transfer (MT)—A 2D gradient echo sequence with TE =2.4 ms, TR =
517 ms, and flip angle (FA) = 25° preceded by rectangular saturation pulses with B; = 2.15
UT, 1 kHz resonance offset and saturation time durations (Tg;) = 50 ms, 100 ms, 150 ms,
and 200 ms was used to acquire two 5 mm thick slices. Other acquisition parameters
included BW = 98.9 kHz, FOV = 75 x 45 mm?2, MTX = 152 x 73/0.49 x 0.62 mm?, and
NSA = 2. Total scan time = 10 minutes. Both MTR and MT weighted (MTW) image
intensities were derived from this sequence.

T1—A 2D Look-Locker sequence with EPI readout and TE =5 ms, TR =6 s, 55 inversion
times (TI) ranging from 18 ms to 2757 ms, FA = 14°, and EPI factor = 3 was used to acquire
two 4 mm thick imaging slices with BW = 17.5 kHz, FOV = 75 x 44.5 mm2, MTX = 120 x
66/0.63 x 0.67 mm?, and NSA = 2. Total scan time = 7.7 minutes.

T1-weighted (T, W) Acquisition (OAI protocol)—A T;W 3D FLASH gradient echo
sequence (TE =7.57 ms, TR = 20 ms, FA = 13°, partial Fourier factor = 0.75) was used with
BW =31.1 kHz, FOV = 75 x 45 x 24 mm?3, MTX = 240 x 144 x 16/0.31 x 0.31 x 1.50
mm3, and NSA = 1. Total scan time = 14 s.

To—A 3D multi-echo spin echo sequence with TE = 12 ms, TR = 767 ms, and echo train
length (ETL) = 30 was used with BW = 28.2 kHz, FOV = 75 x 45 x 23 mm3, MTX = 188 x
78 x 7/0.40 x 0.58 x 3.30 mm3, and NSA = 1. Total scan time = 13.0 minutes. All 30 images
with TE ranging from 12 ms to 360 ms with echo spacing of 12 ms were used for T,
calculation.
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To-weighted (T,W) Acquisition (OAI protocol)—A 2D multi-slice multi-echo spin
echo sequence with TE = 10 ms, TR = 2700 ms, and ETL = 7 was used to acquire two 3 mm
thick slices with BW = 59.8 kHz, FOV = 75 x 45 mm?2, MTX = 240 x 101/0.31 x 0.45 mm?,
and NSA = 1. Total scan time = 4.5 minutes. Although all seven echo times from this ToW
sequence were analyzed, only three weightings, corresponding to a proton density-weighted
image (PDW; TE = 10ms), an intermediate-weighted (IDW, TE = 30ms) image, and a T»-
weighted (T,W; TE = 60ms) image, are reported (15). All seven images obtained with TE
ranging from 20 ms to 70 ms with echo spacing of 10 ms were used for T, calculation.

To*—A 2D gradient echo sequence with TE = 1.5 ms, ATE=4.2ms, TR =2, FA = 25°,
and ETL = 30 was used to acquire two 3.5 mm thick slices with BW = 98.9 kHz, FOV =
75x45 mm2, MTX = 152 x 73/0.49 x 0.62 mm?, and NSA = 2. Scan time = 4.9 minutes.

MRI Data Analysis

Each BNC plug image was bisected by the skewer, and, for each plug, a single region of
interest (ROI) was selected excluding the region defined by the skewer, with SI defined as
the average value across the ROI. ADC, Ty, T, and T,* values were obtained through a
conventional three-parameter, monoexponential fit including baseline offset (19,20). For 3D
spin echo T, acquisitions, all echoes were fit to calculate T, values. Due to stimulated echo
effects, the 10 ms echo was excluded from the calculation of T, values based on the 2D spin
echo acquisitions. MTR was calculated as 1 — (Mgzt / Mg) with Mgy taken as Sl for Tgy =
200 ms and M taken as the Sl in the absence of off-resonance saturation. Weighted image
Sls were calculated by normalizing the observed Sl of the plug by the SI of the DPBS
standard, resulting in DW, MTW, T;W, PDW, IDW, and T,W intensity values.

Inter-session variability was assessed based on measurements of a single control BNC plug
collected in one day over five independent sessions, with the sample removed after each
imaging session and re-inserted prior to the next measurement, with orientation preserved.
These data were used to calculate the coefficient of variation (CV) for each measured
parameter.

Statistical Analysis

Sample and MRI parameter data are reported as mean + standard deviation. Parameter
changes due to degradation were calculated using a paired, two-tailed t-test with statistical
significance denoted as p < 0.05 (*) or p < 0.01 (**).

Euclidean distance classification analysis was performed as follows. For each MRI
measurement, SE, SP, and accuracy (ACC) of classification into the control group (Ctl, ncy
== 60) or trypsin degraded group (Deg, Npeg = 60) was assessed using a Euclidean distance
metric as previously described (13). Briefly, a training set was constructed from of a random
selection of two-thirds of the set of Ctl and Deg samples (nyy = 80), with the remaining
samples forming a validation set (ny5 = 40). For each MRI measurement, the arithmetic
means of the control (pcy) and degraded (Upeg) samples in the training set were calculated
and then used to assign each of the validation set samples (S.ey) based on its parameter
value (Pnen)- Assignment was performed according to:
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|pnew - ,uctz|<‘pnew - :LLDeg| = Spew € Ctl [1]

and

<|pnew - lu’(,‘f,l| = Snew S Deg [2]

|pnew - /Jneg

The number of correct and incorrect classifications for control and degraded samples was
recorded over 100 independent iterations of the above procedure, that is, over 100
independent random selections of training and validation sets, to account for possible
training set selection bias. This randomization procedure resulted in an overall equal
selection of Ctl and Deg samples in the training sets to within 0.15%. Results for the training
and validation sets are reported separately as the means + standard deviations, taken over
these 100 random selections, of SE, that is, the rate of true positives, SP, that is, the rate of
true negatives, and ACC. For a balanced dataset such as this, with equal numbers of control
and degraded samples, ACC is the average of SE and SP. All calculations were performed
using a MATLAB script (The MathWorks, Inc. Natick, MA) developed in-house.

RESULTS

Table 1 shows group mean MRI parameter values indicating, in most cases, a statistically
significant difference between the control and trypsin degraded BNC. In particular, changes
in all pure parameter values, as opposed to changes in several normalized parameter-
weighted Sls, were statistically significant. As expected, ADC, Tq, Tp, and To* values
increased, and MTR decreased, with degradation. However, these group means do not
clearly indicate the degree of overlap between groups. Table 1 also shows the CV for each
MRI parameter obtained from repeated experiments on a single sample, as described above.
Pure parameter values were stable with CVs of 2.8%, 1.7%, 2.9%, 2.5%, and 5.7% for ADC,
MTR, Ty, T»-3D, and T,*, respectively. The T, derived from six echoes from the 2D spin
echo sequence had a higher CV of 9.0%. Certain contrast-weighted measurements had a
wider range of variation, with DW measurements exhibiting a CV of up to ~15% and T,W
measurements showing a CV of ~7%.

Figure 2 shows individual measured values for each of the pure parameters, each of which
exhibited a statistically significant change (p<0.01) upon degradation. The pulse sequences
used for ADC (2a), Tq (2c) and T (2d), using a 3D spin echo acquisition, are relatively
time-consuming, while MTR (2b), using a single 200 ms saturation pulse, and T,* (2¢)
acquisitions are relatively rapid. With the exception of T, values, all parameters showed
considerable overlap in the values obtained before and after degradation.

Figure 3 shows the DPBS-normalized T{W results from the FLASH sequence and the T,
relaxation time and DPBS-normalized PDW, IDW, and T,W results from the 2D spin echo
sequence corresponding to the OAI protocols. Statistically significant (p<0.01) changes
(Table 1) were seen in the T, value and the PDW and T,W images. However, all DPBS-
normalized S| parameters, including those that changed with a high degree of statistical
significance upon degradation, exhibited a substantial overlap in the values obtained before
and after degradation.
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Figure 4 shows results for each of the DW image Sls, while Figure 5 shows results for the SI
of each of the MTW images. Again, even for statistically significant differences in group
means, there is a great deal of overlap between pre- and post-degradation values.

As noted, the goal of the present work is to provide SE and SP values for classification of
BNC samples via parameter measurements made under clinical MRI acquisition conditions.
These test characteristics, as derived from our experimental results, are shown in Table 2.
Results shown for the training and validation sets indicated, as expected, somewhat lower
SE, SP, and ACC for the latter. However, the differences between results for the training and
validation sets are small, indicating that the iterated simple-split classification analysis
performed here did not result in a significant degree of overfitting (13). Results described
below are those for the validation sets.

The best classifiers (Table 2) were the pure MRI parameter values of ADC, MTR, T4, and
T, from the 3D and 2D spin echo sequences, along with two of the relatively modestly-
weighted DW image Sls. Classification cutoffs for pure parameters, as defined by group
means according to Egs. (1) and (2), are indicated in Figure 2. Samples in a given group that
exhibit parameter values closer to the mean of the other group are those that are
misclassified.

As expected, the limited overlap in experimental T4 values between the two groups resulted
in a statistically significant difference in group means, and nearly-perfect classification
results. However, results from the other parameters show that this is not generalizable. For
example, the mean T,-3D value increased by over 10% upon degradation, from 78.5 ms to
88.3 ms (P < 0.01). This is both a highly statistically significant difference and a substantial
increase in absolute terms (CV = 2.5%). However, the classification based on this result is
quite poor, with a SE of 0.72 + 0.09, SP of 0.76 + 0.09, and ACC of 0.74 + 0.05. Similar
comments apply to MTR and ADC, the other highly statistically significant outcomes, with
SE of 0.79 £ 0.09, SP of 0.77 £ 0.10, and ACC of 0.78 £ 0.06, and SE of 0.85 + 0.07, SP of
0.80 + 0.07, and ACC of 0.82 + 0.06, respectively.

In addition to classification by these pure parameters, classification according to normalized
DW Sls acquired with b-values of 333 and 666 s/mm?2 was comparable to classification
according to ADC, with SE of 0.82 + 0.08, SP of 0.77 £ 0.08, and ACC of 0.80 £ 0.05, and
SE of 0.90 £ 0.07, SP of 0.80 £ 0.07, and ACC of 0.85 + 0.04, respectively.

DISCUSSION

There is a substantial literature relating MRI measurements to both cartilage degradation, as
assessed by histology and biochemistry, and to clinical or other status of research subjects
(1-8). In spite of this, no range of normal values has been established, or even proposed, for
any MRI parameter. One difficulty in moving towards this goal is the variability in the
values obtained through use of pulse sequences that differ subtly between vendors, through
different analysis methods, or even between different similarly-named sequences on a given
instrument. However, a substantial overlap in parameter values between control and
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degraded cartilage is seen even under highly controlled experimental conditions. The
resulting difficulties in classification and diagnosis have been pointed out previously (13).

The present work extends this analysis to clinically relevant magnetic field and sample
temperature. In addition, we incorporated normalized contrast-weighted images, rather than
focusing only on parameter values, due to their ubiquity in the clinical and clinical research
literature. We elected to retain the same type of experimental samples, that is, digested
BNC, in order to isolate the effect of imaging conditions on the results, although we applied
a less severe degradation protocol as a further move towards a more clinically-relevant
analysis. Of course, the numerical results obtained on native and pathomimetically-degraded
BNC are not expected to correspond to those obtained from human subjects. Nevertheless, it
is of interest to investigate the results of the specific contrast weightings available in the
OA\ data in the context of the present experimental design.

Of the best-performing univariate classifiers, six were pure parameters: ADC, MTR, T,
derived from 2D and 3D spin-echo sequences, and T;,. ADC and DW images may be of
particular interest because they can reflect in a fairly direct fashion underlying tissue
architecture (2,21). In contrast, the interpretation of T, as a correlation-function dependent
relaxation time, is substantially more complicated (22), with sensitivity to multiple details of
macromolecular content and architecture. In the case of BNC, with relatively limited
anisotropy as compared to articular cartilage, changes in ADC are most readily interpretable
in terms of net water molecule displacement through tissue. We found that ADC, as well as
the DW images with b-values of 333 s/mm?2 and 666 s/mm?, performed well as classifiers.
Although these relatively small b-values are expected to result in less sensitivity to small
differences in diffusivity than would be obtained with stronger diffusion weighting, this
disadvantage is compensated for by their higher SNR (21). The ability to classify according
to these weighted images, which can be acquired much more rapidly than an ADC map, is
potentially of great clinical utility. It is of note that diffusion was the only parameter for
which the pure parameter and weighted images achieved comparably high classification
accuracy.

In contrast, MTW images did not perform as well as MTR. MTR showed a much greater
difference in pre- and post-degradation means, and exhibited much more favorable
classification characteristics. This again indicates the lack of close correspondence between
statistical significance and test characteristics. MTR has been explored as a biomarker for
changes in macromolecular content in cartilage (23,24). Yao et al. reported no significant
differences in MTR between normal subjects and patients diagnosed with OA, but as
demonstrated here, statistical significance may be a limited indicator of the SE and SP of
group assignment (25). We should emphasize that due to specific absorption of radiation
(SAR) and hardware duty cycle limitations, the available MT weightings presented are
insufficient to reach steady state.

The near-perfect classification ACC using T, relaxation time values was an unexpected
result, although the fact that T, was the best classifier was consistent with earlier findings at
9.4 T (13). The usefulness of T as a classifier is limited by its relatively lengthy acquisition
time. In addition, the SI for T{W FLASH, using the parameters indicated, resulted in very
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poor classification ACC. Although T1 values may be related primarily to PG content and
tissue hydration status (26), interpretation in terms of tissue properties remains incomplete.

The T, relaxation time of cartilage is dependent upon water and collagen content, and
collagen orientation (27-29). In contrast, the direct effect of PG content on T, value is
relatively modest (11,22,30-32). Trypsin acts primarily to deplete the PG component of
cartilage, as is also seen in early OA (16). Nevertheless, changes in water content resulting
from PG loss lead indirectly to an influence of PG content on T, (10). We found the
differences between the mean values of T, in the pre- and post-degradation groups to be of
the same order of magnitude as in previous work, as well as classification results that were
comparable (13). While T, did show some classification capability, it was more modest than
that obtained from ADC, MTR, or Tq values. In addition, classification according to any of
the normalized ToW image S| was quite poor. There was no appreciable difference in
classification performance based on T5's derived from the 2D and the 3D spin echo
sequences.

Although Mamisch et al. showed that T,* relaxation times was correlated with T, values in
measurements made on healthy volunteers and on subjects after microfracture cartilage
repair (33), To* resulted in the worst classification ACC of any of the pure parameters.
Indeed, as seen in Fig. 2, To* exhibited the greatest overlap in values between the control
and 2.5-h trypsin samples, with the group mean values falling within one standard deviation
of each other. Interpretation of tissue T,* measurements presents substantial difficulties due
to the influence of both intrinsic tissue susceptibility and local field inhomogeneities.
However, we incorporated T,* values into our analysis because of the rapidity of gradient-
echo imaging as compared to spin-echo imaging. The modest efficacy of T,* relaxation
times for classification may indicate limited clinical utility for diagnosis based on parameter
values, as this study was performed under optimized experimental conditions using a small
well-shimmed sample.

Overall, pure MRI parameter values were more effective for classification than their
weighted counterparts. This may be due in part to the effective averaging of noise that
results from fitting noisy data to multiple points of a defined curve. However, weighted
images are more readily available than are pure component maps, so that this issue,
including the potential utility of diffusion-weighted images, merits further investigation.

Measurement of the pure parameter ADC, MTR, and T, values are all relatively time-
consuming. However, these were the three most effective classifiers. In contrast, T»-2D and
T,* relaxation times can be measured relatively rapidly, but neither displayed favorable
classification characteristics. Of the contrast-weighted images, with relatively favorable
acquisition times, DW contrast showed the greatest potential as a useful classifier.

Our study has several important limitations. The analysis was performed on BNC,
permitting a relatively direct assessment of parameter classification based on cartilage
matrix characteristics. In fact, earlier work of fundamental importance (34,35), as well as
more recent work (36-38), also used BNC for this reason. In actual clinical practice,
however, classification must be performed on human articular cartilage, which is highly
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structured, especially in terms of its collagen network, and which also displays certain
biochemical differences as compared to BNC, such as a lower degree of hydration (16,39).
In addition, although we evaluated classification under clinical imaging conditions, the study
was performed on cartilage explants, eliminating such considerations as scanning time and
motion. We further note that an enzymatic degradation paradigm was used to explore
classification characteristics. While enzymatic degradation is referred to as pathomimetic, in
fact enzymatic degradation differs substantially from the degradation process that occurs in
human OA (40).

The present work investigated binary classification of cartilage samples. However, OA is a
progressive disease, and effective characterization with MRI or any other modality requires
the ability to provide graded evaluation. The extension from binary to continuous grading
can be performed in a number of ways; several examples are provided in the recent literature
(3,13,18). The approaches described in these papers all provide a probabilistic measure of
degradation status; the approach of Lin et al. (13) can be applied without difficulty to the
present results. We have not reproduced this analysis in the present work.

In conclusion, we have extended previous work on pathomimetically-degraded BNC by
evaluating classification under clinical imaging conditions, and incorporating weighted
images, as opposed to restricting attention to pure parameter maps. The results of this
analysis identified pure parameter maps as, overall, the best classifiers, but DW contrast as a
promising and potentially more practical modality. Further, we again find that highly
statistically significant group differences do not necessarily translate into highly accurate
decision rules.
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FIGURE 1.
Proton density weighted images (2D spin echo with TE = 10 ms) of the ULTEM sample

holder containing ten BNC plugs per well (wells 1, 2, and 3), along with a DPBS standard
(well 4) for intensity normalization of weighted images. BNC plugs were threaded onto
hollow polyethylene tubes and separated by Teflon spacers. A single ROI consisted of two
BNC regions, on either side of a polyethylene tube, from a single plug. These images
indicate the slice orientation for each contrast modality. Note that the first slice bisected
wells 1 and 2 (a), while the second bisected wells 3 and 4 (b).
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FIGURE 2.
Values of pure MR parameters for control (open circles) and 2.5-h trypsin-degraded (open

triangles) BNC samples. Group means and standard deviations are shown as adjacent solid
shapes and error bars. The classification boundary based on the Euclidean distance metric is
indicated with a square to indicate which samples which would have been misclassified
based on the group means of the total set of control (n = 60) and 2.5-h trypsin degraded (n =
60) datasets. The actual classification results were obtained using a cross-validation
procedure as described in the text. (a) ADC, with 12 control and 9 degraded misclassified
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samples; (b) MTR, with 15 control and 12 degraded misclassified samples; (c) Ty, with 1
control and 0 degraded misclassified samples; (d) T, — 3D, with 13 control and 17 degraded
misclassified samples; and (e) To*, with 22 control and 23 degraded misclassified samples.
*p < 0.05 control vs. 2.5-h trypsin, ** p < 0.01 control vs. 2.5-h trypsin
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F

* %

Values of the DPBS-normalized T4 weighted MRI measurements, T, relaxation time, and T,
weighted MRI measurements obtained using the OAI protocol for control (open circles) and
2.5-h trypsin degraded (open triangles) BNC samples. Group means and standard deviations
are shown as adjacent solid shapes and error bars. (a) T{W; (b) T, — 2D (ms); (c) PDW (TE
=10 ms); (d) IDW (TE = 30 ms) and (e) T,W (TE = 60 ms). * p < 0.05 control vs. 2.5-h
trypsin, ** p < 0.01 control vs. 2.5-h trypsin
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FIGURE 4.

Values of DPBS-normalized diffusion-weighted MRI measurements for control (open
circles) and 2.5-h trypsin degraded (open triangles) BNC samples. Group means and
standard deviations are shown as adjacent solid shapes and error bars. (a) DW (b = 333
s/mm3); (b) DW (b = 666 s/mmZ); (c) DW (b = 1000 s/mm2); (d) DW (b = 1333 s/mm?); (e)
DW (b = 1666 s/mm?); and (f) DW (b = 2000 s/mm?2). * p < 0.05 control vs. 2.5-h trypsin,
** p < 0.01 control vs. 2.5-h trypsin
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FIGURE 5.
Values of DPBS-normalized magnetization transfer-weighted MRl measurements for

control (open circles) and 2.5-h trypsin degraded (open triangles) BNC samples. Group
means and standard deviations are shown as adjacent solid shapes and error bars. (a) MTW
(Tsat = 50 ms); (b) MTW (Tgg: = 100 ms); () MTW (Tg5 = 150 ms); and (d) MTW (Tggt =
200 ms). * p < 0.05 control vs. 2.5-h trypsin, ** p < 0.01 control vs. 2.5-h trypsin
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TABLE 1

MRI parameters means in control and 2.5-h trypsin degraded BNC samples

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

MRI Control 2.5-h Trypsin Coefficient of

Measurement (n=60) (n=60) Variation (%)
ADC (x 108 mm%s)  1.90£0.10  208+0.09 ™ 28
DW (b=333s/mm?)  L112+0.11  1014+006"" 23
DW (b =666 s/mm2)  1.79+0.20  31574011*" 4.6
DW (b=1000s/mm?) 2.60+0.41  539.035** 125
DW (b =1333s/mm?) 1.89+0.61 1.85+0.55 6.3
DW (b = 1666 s/mm?)  1.14+0.20 1.17+£0.17 13.5
DW (b=2000s/mm?) 097+0.13 1094014 ** 14.2
MTR 046+0.02 (434002 17
MTW (T =50ms)  0.69 +0.04 0.69 +0.03 15
MTW (Te =100 ms)  0.68 +0.04 0.69 +0.03 2.0
MTW (T =150ms)  058+0.06  (gp+003*" 15
MTW (T =200ms)  053+0.03  (54+003* 14
T, (ms) 866.8+314 1000.7+31.7 %" 2.9
T,W 1.31+0.15 1.32+0.09 7.2
T,-3D (ms) 78563  gg3+79*" 25
T, - 2D (ms) 50261  g37+99** 9.0
PDW(TE=10ms)  120£013  {4g+041"" 09
IDW(TE=30ms)  0.97 +0.11 0.97 +0.09 0.9
T,W(TE=60ms) 0722009 75+ 008*" 07
T,* (ms) 2147 25+6** 5.7

p < 0.05 control vs. 2.5-h trypsin,

*%

p < 0.01 control vs. 2.5-h trypsin
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