1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Magn Reson Med. 2009 November ; 62(5): 1311-1318. doi:10.1002/mrm.22110.

Sensitivity and specificity of univariate MRI analysis of
experimentally degraded cartilage

Ping-Chang Lin, David A. Reiter, and Richard G. Spencer
Magnetic Resonance Imaging and Spectroscopy Section, National Institute on Aging, National
Institutes on Health, Baltimore, MD 21224

Abstract

MRI is increasingly used to evaluate cartilage in tissue constructs, explants, and animal and patient
studies. However, while mean values of MR parameters, including T, T», magnetization transfer
rate kp,, apparent diffusion coefficient ADC, and the dGEMRIC-derived fixed charge density,
correlate with tissue status, the ability to classify tissue according to these parameters has not been
explored. Therefore, the sensitivity and specificity with which each of these parameters was able
to distinguish between normal and trypsin- degraded, and between normal and collagenase-
degraded, cartilage explants were determined. Initial analysis was performed using a training set to
determine simple group means to which parameters obtained from a validation set were compared.
T, and ADC showed the greatest ability to discriminate between normal and degraded cartilage.
Further analysis with k-means clustering, which eliminates the need for a priori identification of
sample status, generally performed comparably. Use of fuzzy c-means (FCM) clustering to define
centroids likewise did not result in improvement in discrimination. Finally, a FCM clustering
approach in which validation samples were assigned in a probabilistic fashion to control and
degraded groups was implemented, reflecting the range of tissue characteristics seen with cartilage
degradation.
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Introduction

A number of MRI parameters, including T1, T, magnetization transfer ratio (MTR) and
apparent rate (ky,), self-diffusion coefficient (ADC), and T, in the presence of gadolinium
(the dGEMRIC index), have been used to characterize cartilage (1-3). These parameters all
exhibit, to a varying degree, sensitivity to cartilage pathology, and in certain cases a degree
of specificity for particular matrix components and ultrastructure. Analysis of the means of
the parameter of interest between control and experimentally degraded ex vivo cartilage, or
between normal and osteoarthritic cartilage within living subjects, indicates whether there is
a statistically significant variation in that parameter between groups.

In such experiments, T4, T, and ADC tend to increase, while MTR, kp,, and the dGEMRIC
index decrease, with matrix degradation. MTR and k,, exhibit enhanced specificity to
changes in the collagen component (3,4), while the dGEMRIC index is preferentially
specific to proteoglycan (1,2). However, although relationships between MR parameters and
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cartilage pathology have been well-documented, the sensitivity and specificity of these
parameters have not been evaluated in detail.

Osteoarthritis (OA) is characterized by loss or modification of the matrix components of
cartilage (5), so that degradation with trypsin and collagenase are frequently used as
pathomimetic interventions. Trypsin, acting primarily to digest proteoglycan, corresponds to
the loss of this component seen in the early stages of OA. Collagenase produces a more
mixed degradation; while it cleaves the collagen molecule, this loss of tissue framework
potentiates proteoglycan loss as well.

We sought to evaluate the sensitivity and specificity of several commonly used MRI
outcome measures to experimental cartilage degeneration. The parameters examined were
T4, T, magnetization transfer rate ky,, self-diffusion coefficient ADC, and fixed charge
density (FCD) as determined by the dGEMRIC technique. Our initial evaluation was based
on the notion that classification of an unknown sample based on any particular single
parameter would be performed by comparing the parameter value found for that sample, to
the overall means of that parameter in the control and digested sample groups. This provides
an objective measure of the accuracy of what is in effect a widely-used conventional
approach to tissue classification. In addition, we implemented three alternative classification
procedures based on cluster analysis. The first of these was classification based on
comparison of a sample’s parameter values with control and degraded cluster centroids
defined by k-means clustering (KMC), with k, the number of clusters, set equal to 2,
representing control and degraded groups. While both the arithmetic means and KMC
approaches would be expected to yield similar results, the KMC algorithm does not require a
priori knowledge of the classification status of training set samples. KMC provides a
potentially more robust analytic framework for classification at the expense of forming
cluster centroids that are potentially contaminated by the presence of samples that are
misclassified by the algorithm. As a second alternative to classification based on simple
means, we assigned samples to either control or degraded groups based on cluster centroids
defined using fuzzy c-means (FCM) clustering, again with ¢ = 2. While the FCM clustering
algorithm used in this way limits the influence of data outliers on the definition of cluster
centroids, it nevertheless still provides only a binary assignment of validation set samples to
one group or another. However, the primary utility of FCM clustering is through an
implementation that assigns samples to clusters in a probabilistic fashion; this is particularly
suitable for applications in which a range of tissue characteristics can be expected, such as in
osteoarthritis. Finally, therefore, we implemented a FCM clustering approach in which
cluster centroids were defined through FCM as above, and the membership strength of each
validation set sample to a given cluster was assigned using a graded weighting function.

Sample Preparation

Bovine nasal cartilage (BNC) disks (8 mm diameter) were excised from the nasal septa of 5-
6 month old calves (T. D. Morris, Inc., Reisterstown, MD). Disks were threaded onto a
hollow tube through a central 2.5-mm diameter hole. Multiple samples were inserted into
each well of a susceptibility-matched four-well ULTEM sample holder and bathed in
Dulbecco’s phosphate buffered saline (DPBS) (pH 7.5 +/— 0.1) (6). After imaging,
degradation was induced by incubating two different sets of samples in DPBS to which
Img/ml trypsin (Sigma-Aldrich, St. Louis, MO) or 30 units/ml collagenase type Il
(Worthington Biochemical Corp., Lakewood, NJ) had been added at 37 °C in a 5% CO»
atmosphere. The durations of the degradation protocols were 18 hours for trypsin and 20
hours for collagenase; these degradation protocols have been found in our laboratory to
result in severe degradation in BNC as confirmed by biochemical evaluation. A total of 40
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control, 40 trypsin-digested, and 40 collagenase-digested samples were studied. Two
separate analyses were performed, using i) 80 samples consisting of the control group plus
the trypsin-digested group, and ii) 80 samples consisting of that same control group plus the
collagenase-digested group.

MRI Measurements

Imaging was performed using a 9.4T/105-mm Bruker DMX spectrometer (Bruker Biospin
GmbH, Rheinstetten, Germany), using a 30-mm proton birdcage resonator. Sample
temperature was maintained at 4.0 £ 0.1 °C. Data were acquired from sagittal slices
(thickness = 0.5 mm) through the center of each of the four wells in the sample holder,
permitting all samples within the holder (typically numbering ~6) to be imaged
simultaneously. A 64-echo CPMG sequence with TE/TR =12.8 ms/ 5 s was used for T,
measurements. T1 mapping was performed with a progressive saturation spin-echo sequence
with TE = 12.8 ms and TR varying from 100 ms to 15 s in 12 steps. MT data were obtained
using this spin-echo sequence preceded by a 6 kHz off-resonance saturation pulse of
amplitude By = 12 uT and duration t, incremented from 0.1 to 4.6 s in 8 steps.
Measurements of ADC were performed by incorporating a pair of identical gradient pulses
of 6 = 5 ms duration on either side of the 180° refocusing pulse, with a fixed interval A =
13.8 ms between pulse centers. Gradient strength was incremented from 0 to 320 mT/m in 8
steps. We found that diffusion images obtained with these parameters did not show
geometric distortion. After the above measurements were performed, 2mM Gd-DTPAZ~
(Magnevist; Berlex Laboratories, Wayne, NJ) was added to the DPBS buffer. Full
equilibration of Gd-DTPA2~ within the samples was confirmed by repeat T; mapping over a
period of approximately 12 hours, with a maximum TR = 5s. FCD was then calculated from
T, measurements made in the absence and presence of Gd-DTPAZ~ (7). Other parameters
included BW =50 kHz, FOV = 4.0 x 1.5 cm, matrix size 256 x 128, resolution 156 x 117
um (vertical x horizontal) and NEX = 2. Signal intensity was averaged over all pixels in a
region of interest (ROI) covering an entire BNC disk. Tq, To, kyy and MTR, and ADC were
then calculated by individually fitting mean ROI intensities as a function of TR, TE, off-
resonance saturation pulse length (8), and b, a function of diffusion-sensitizing gradient
strength and duration, respectively, to appropriate 3-parameter monoexponential functions
incorporating offsets from baseline. We define MTR =1 — My/Mg, where Mg; is the steady-
state magnetization after application of a long-time saturation pulse, while ki, = MTR/T144t.
Fits were performed using the Bruker-supplied ParaVision software package. Values were
calculated independently for every sample and averaged.

Assessment of Sensitivity and Specificity Based on Assignments to Particular Clusters

Assighments based on arithmetic means—Sensitivity and specificity were
calculated for each MRI parameter as follows. 53 (approximately 2/3) out of the total of 80
samples composed of the control plus trypsin- or collagenase-degraded group were
randomly selected as a training set (9). After determination of parameter means for the
control and degraded samples in this training set, the remaining 27 samples, used as a
validation set, were each assigned to the group for which the group mean was closest to that
sample's value. The sensitivity and specificity of this procedure was calculated according to:

Number of degraded samples correctly assigned to the degraded group
Total number of degraded samples in the validation group

Sensitivity=

and

Magn Reson Med. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 4

Number of control samples correctly assigned to the control group

Specificity=
P y Total number of control samples in the validation group

To account for the possibility of an unusually favorable or unfavorable random selection of
the training set, the above procedure was repeated for 100 independent selections of the
training set, with the results then averaged and reported.

In addition to classification of the validation set, after establishment of group means,
classification was also performed on the training set itself as a rough indicator of the
maximal ability of arithmetic means to distinguish between the control and degraded groups.

Assighments based on k-means and fuzzy c-means clustering centroids—The
analysis of sensitivity and specificity for each MR parameter was performed in a fashion
identical to that described above, with the exception that cluster centroids as defined by
KMC (10-12) and as defined by FCM clustering (13) were used to determine the
classification of the samples in the validation set. The clustering procedures with k =2 and ¢
= 2 were performed using the statistics and fuzzy logic tool packages in Matlab (The
MathWorks, Inc. Natick, MA), respectively.

Probabilistic Assignments to Clusters

After definition of cluster centroids in the training set by FCM clustering, membership
probabilities of the samples in the validation set were calculated using a standard metric.
The probability mjx of membership of sample x; in cluster k was taken as:

mi=d(xi, C0) 7/ Y d(xi, €))7
j=1

where d is the distance between the parameter value for sample x; and the k-th centroid Cy,
and where the summation is over all centroids Cj (14).

Statistical Analysis

Results

Data are reported as mean + SD, with statistical significance taken as p < 0.05.

Figure 1 shows a T, weighted image of one well of the sample holder with the six BNC
disks threaded onto a thin central tube. ROI's were readily defined within the cartilage.

Table 1 shows the parameter mean values. There were statistically significant differences
between the control and enzymatically digested groups in most cases. This fact by itself does
not indicate the degree to which a given parameter can be used to assign samples of
unknown status to non-degraded and degraded categories, motivating the use of the
sensitivity and specificity analysis outlined above.

Figure 2 shows the values obtained for each sample for each of the five MRI parameters
evaluated. For each parameter, overlap between the groups is clearly seen, in spite of the
generally statistically significant group mean differences obtained in these relatively severe
degradation protocols. It is this overlap which limits the sensitivity and specificity of the
parameters.
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Table 2A shows the results of the sensitivity and specificity analyses performed with respect
to simple arithmetic means. The analyses for the training sets, from which the mean values
guiding the classification were determined, and the corresponding validation sets, were
compared. A paired t-test with sample size taken as 100 was used, as the distributions of the
sensitivities and specificities over the random selections of training and validation data sets
were generally Gaussian for each parameter, each of the 100 selections of training sets
completely defined a corresponding validation set, and each entry in Table 2A is the average
of values obtained using 100 random selections of the training set. Results were further
corrected using the Bonferroni method for multiple comparisons. We found no significant
differences between the results for the training sets and the corresponding validation sets.
This indicates that the classification scheme is not highly sensitive to the random choice of
data subset. We see that for trypsin degradation, classification according to both T4 and
ADC values achieved excellent sensitivity and specificity of approximately 90% or greater
in the validation set. For collagenase digestion, classification according to T, was the most
successful, with sensitivity and specificity above 80%, while diffusion was again the
second-best discriminator. Interestingly, while T, and k., are often regarded as having a
particular sensitivity to collagen content, classification according to these parameters was
substantially less accurate for collagenase digestion than for trypsin digestion. However,
FCD as determined by the dGEMRIC procedure performed better in the trypsin digestion
protocol than in the collagenase protocol, consistent with its greater sensitivity to GAG than
to collagen. However, direct comparison of the trypsin and collagenase protocols is
problematic, given the preferential action of these two enzymes on different
macromolecules.

Table 2B shows the results of classification with respect to k-means clustering centroids.
Overall results were generally similar to those obtained using arithmetic means. Again, the
sensitivity and specificity for each parameter and both degradations were similar for the
training set and validation set. The specificity of T, for classification of the trypsin-degraded
samples was 89.0% when based on k-means centroids, while it was 76.4% using arithmetic
means. In contrast, the sensitivity achieved for T, using the k-means approach was 51.1%
which was lower than the value of 69.2% obtained using arithmetic means.

We also performed classification in which cluster centroids were defined in accordance with
FCM clustering, with each validation sample then assigned to the cluster with the closer
centroid. The results (not shown) were virtually indistinguishable from the KMC results,
indicating that the small change in cluster centroid location resulting from use of FCM
clustering rather than KMC did not lead to any improvement in classification.

Results of implementation of FCM clustering with probabalistic assignments to clusters are
shown in Table 3. For this, sensitivity and specificity of the aggregate test results are no
longer the appropriate outcome measures. Instead, results for each sample in the validation
set must be displayed individually. The Table shows the probabilities of membership of
validation samples to clusters; the clusters were defined using a single random selection of
53 total digested and control samples, with the 27 remaining samples forming the validation
set. Assignments can be seen to vary among samples within a given treatment group
(control, trypsin-degraded, or collagenase-degraded). As noted, the FCM clustering analysis,
avoiding definite cluster assignments in favor of probabilities, is motivated by recognition of
the fact that there will be a continuous variation of parameter values both within the group
of control samples and within the group of degraded samples. Nevertheless, means of the
assignment probabilities are shown illustrative purposes, and indicate the average degree to
which samples were assigned to groups according to the various parameters studied. It is of
note that T, was again the most accurate classifier in terms of these averages, showing a
high degree of average probability in assigning control and degraded samples to the
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appropriate group. Classification based on the other parameters was of limited accuracy due
to much wider variation in the measured values. Interestingly, FCD was a very poor
classifier for the mixture of control and collagenase-degraded samples, but performed much
better for the mixture of control and trypsin-degraded samples. This is consistent with the
known primary action of typsin to digest proteoglycans, which are the primary contributor to
FCD, while collagenase has a large effect on both the proteoglycan and collagen
components of cartilage matrix.

Discussion

Early changes in cartilage associated with OA are characterized by degradation and potential
loss of matrix components (5), followed by decrease in cartilage volume (15). To date, there
are no well-established methods to achieve early detection of this process, which is an
established goal towards development of therapeutic interventions. Given the noninvasive
nature of MRI studies, interest has been attached to differences in mean values of several
MRI parameters, including Tq, T2, MTR, kp,, and ADC as they relate to tissue status (1—
3,16,17). Cartilage tissue status can be altered through degradation by pathomimetic
enzymes, including trypsin and collagenase as used in the present study. However, even
with significant mean differences being observed in MRI parameters of control as compared
to degraded samples, for any given parameter there is still a large overlap between groups
(Figure 2). Thus, the issue of sensitivity and specificity of the various parameters becomes
of interest.

As expected, the ability of each parameter investigated to distinguish control from degraded
samples was related to the amount by which its mean value changed under the degradation
protocols, with a greater change indicating a generally greater sensitivity and specificity, and
the standard deviation of the measurements, with a smaller standard deviation being more
favorable. We interpret the magnitude of the change in mean parameter values to reflect the
average extent of matrix degradation, while the standard deviations are related to the
homogeneity of matrix composition in control samples, and, in addition, to the uniformity of
enzymatic action in degraded samples. In spite of the limitations in using pathomimetic
enzymatic degradation as a model for disease, evaluation of classification sensitivity and
specificity is meaningful because such differences and variations are observed as well in
healthy and diseased cartilage.

The studies presented here were performed at a field strength substantially greater than those
used for clinical studies. It has been well-documented that T1's increase with field strength.
Similarly, field strength has a known, though smaller, effect on T, values. An excellent
discussion of these phenomena in the context of brain imaging has been previously
presented (18). It has been pointed out that with increasing B and increasing T1's, the
difference in tissue T,'s may decrease, but the overall-contrast-to-noise ratio may be
maintained or even increased, given the increase in signal-to-noise ratio (SNR) at higher
field. Thus, the applicability of our results to studies at lower field will depend upon several
factors, including the unknown dependence upon field strength of the difference in Tq's
between control and degraded cartilage, and SNR of the imaging protocols implemented.
Similar comments apply to cartilage T, values, although the dependence on field strength is
more complex (18).

Sample temperature in our study was maintained at 4.0 °C during MR data acquisition in
order to attenuate any degradation, while clinical studies are performed at body temperature
of approximately 37 °C. To our knowledge, the difference between cartilage tissue
relaxation times at 9.4 T as a function of temperature has not been studied. However, any
such effect would be expected to be small, given the relatively weak dependence of
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relaxation times on temperatures in this range. Similar comments apply to ADC, which
increases weakly with temperature.

Matrix inhomogeneity in the control and degraded samples can be estimated in several
ways. Matrix inhomogeneity is reflected by inhomogeneity in the T, weighted images
shown in Fig. 1, and is also evident in typical histological sections of control and degraded
BNC when stained with alcian blue for GAG or with picrosirius red for collagen (not
shown). More quantitatively, Fourier transform imaging spectroscopy of BNC subjected to a
trypsin degradation protocol resulted in a spatial distribution of cartilage matrix constituents
with a coefficient of variation (CV) of 24% (collagen) and 43% (proteoglycan) relative to
their averaged amounts (19). In contrast, biochemical analysis of BNC samples prepared in
the same way as for those in the present study demonstrated a CV of less than 10% for GAG
content; this value increased to 20% for collagenase digestion and 40% for trypsin
degration. In terms of average matrix composition, these samples lost 10% of their GAG
content upon digestion with collagenase, and 73% under trypsin degradation.

The maximum parameter CV's resulting from the fits of MR data to appropriate functional
forms were, for T4, T, k,, and ADC, 4%, 6%, 16% and 11%, respectively, with much
smaller values for the mean errors over all analyses taken together. As these values are on
the order of or smaller than observed sample inhomogeneities, we conclude that errors due
to finite SNR and potentially incorrect data models are negligible in this study.

We conclude from these observations that the sample changes due to degradation are larger
than both the expected inhomogeneity within control samples and the variation between
control samples; that is, degradation produces changes larger than those attributable to
biologic variability. This indicates that alterations in MR parameters are potentially
sufficient to distinguish between control and degraded samples in this study. Clearly,
however, given the intra-sample variability, a classification approach in which maps of MR
parameters, as opposed to global characterization of entire samples, may demonstrate
superior performance. This approach, which is akin to segmentation, would be complicated
by the loss of sensitivity inherent in localized as compared to bulk analyses.

A related point is that the bulk-sample approach undertaken in the present study does not
address the sensitivity and specificity of measurements of MR parameter variation, such as
the gradient in To values that is observed from deep to superficial cartilage and which may
be a marker for pathology. Such studies would require discriminant analysis based on
spatially localized parameter measurements.

Analysis through use of arithmetic means

As expected, both trypsin- and collagenase-induced matrix degradation caused increases in
the mean values of T1,T», and diffusivity, and decreases in mean kp, and dGEMRIC index
(3). There was a statistically significant change in the mean values of all of these parameters
with both enzymatic degradation protocols, with the exception of the minimal increase in T,
under collagenase digestion. This was consistent with the relatively low sensitivity displayed
by T in both classification schemes, which we attribute to sample inhomogeneity and to
non-uniformity of trypsin-induced depletion of proteoglycans (20,21). In contrast, the large
changes in Ty resulting from degradation, combined with relatively small standard
deviations, led to the high degree of sensitivity and specificity of that parameter to
distinguish control from degraded samples. This is consistent with T, being relatively
insensitive to minor sample inhomogeneities and small variations in degradation. A
particularly large mean change in MRI-determined FCD was seen under trypsin digestion,
with that value decreasing by nearly a factor of three. This is consistent with the well-known
specificity of the gadolinium exclusion technique for the proteoglycan component of the
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matrix. However, the large standard deviation associated with this measurement limited its
sensitivity to degradation. Under collagenase digestion, the mean value of the FCD changed
by only 13%; this, combined with the large standard deviation, was reflected in the poor
ability of that parameter to characterize collagenase degradation. In contrast, although the
change in the mean value of ADC after trypsin digestion was small, the small standard
deviations in that parameter for both the control and the degraded tissue resulted in a high
degree of sensitivity and specificity for ADC. However, with a smaller change in mean
value and a somewhat larger standard deviation, ADC performed much more poorly in the
collagenase digestion. This is analogous to the results for T,. Furthermore, differences in the
variance between non-degraded and degraded groups influenced the relationship between
sensitivity and specificity for a given parameter. As an example, the variance of FCD was
larger in the trypsin-degraded group than the control group. Therefore, a degraded sample
would be more likely to be assigned to the control group than conversely; that is, the
specificity of this parameter is greater than its sensitivity. Similarly, the variance of ky, was
smaller in the trypsin degraded group than the control group, so that this parameter exhibited
greater sensitivity than specificity.

In the context of a larger survey of diagnostics for cartilage degradation, Kiviranta et al.
determined cut off values of Ty in the presence of Gd-DTPAZ~ and of T, that maximized the
sum of sensitivity and specificity in distinguishing between non-degenerative and
spontaneously degenerated bovine patellae as defined by Mankin scores (22). They found
that these two parameters gave identical performance. This approach uses sensitivity and
specificity themselves to determine a parameter cut-off value between tissue groups. In
contrast, we have implemented objective classification techniques, including k-means
clustering and FCM clustering, which do not require knowledge of tissue status to perform
classification. Only after sample assignments were made according to pre-established
procedures were sensitivity and specificity calculated. It is unclear how the results of
Kiviranta et al. would translate into analysis of a test set of unknowns based on cut off
values established from a training set.

Analysis through use of k-means clustering and fuzzy c-means clustering

Unlike classification based on mean values, KMC and FCM clustering do not require a
priori knowledge of the status of training set samples. In addition, the centroids resulting
from these two clustering approaches are less influenced by data outliers than are mean
values. Therefore, we compared classification based on means with classification based on
cluster centroids defined through use of KMC and FCM clustering, respectively, finding that
the sensitivity and specificity of all three approaches was essentially indistinguishable.

This study was carried out on cartilage samples which had been subjected to relatively
severe degradation protocols in order to examine the basic performance of MRI parameters
in classification. With more subtle changes, such as in the early stages of osteoarthritis, more
extensive overlap between normal and depleted cartilage data sets, and therefore possibly
more limited discrimination ability, can be expected as compared to the present study.

The three clustering and discriminant analyses described above all yield binary results, that
is, designation of a sample as being either in the control or degraded group. However, a
gradation in degradation was seen in these samples and is characteristic of degenerative
cartilage in general. Therefore, use of a clustering approach in which the training set
centroid is defined by a FCM clustering algorithm and further, each validation set sample is
assigned in a probabalistic fashion to control and degraded groups jointly, may be more
appropriate. The sample-by-sample results we have obtained with this approach are
consistent with this range of degradation. Although this approach necessarily does not
designate whether an assignment is correct or incorrect, it is interesting to note that T, was
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again the most accurate classifier based on average probability of assignment of validation
set samples to the control or degraded groups.

In summary, even given statistically significant changes in mean parameter values under
enzymatic digestion of cartilage, individual MRI parameters demonstrated very different
sensitivity and specificity to degradation, with T, exhibiting the most favorable
characteristics for both collagenase and trypsin digestions. Classification accuracy based on
training set mean values, k-means clustering centroids, and FCM clustering centroids was
similar. Probablistic assignment through FCM clustering was also implemented
successfully. We conclude that formal assessment of test performance as applied here to uni-
parametric MRI characterization of cartilage may be an important component in the
development of high-quality cartilage assessment protocols.
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Figure 1.

To-weighted MR image of one well of the sample holder. Data were acquired using a 64-
echo CPMG pulse sequence with TE = 12.8 ms and a constant TR of 5s at 4 °C. The
cartilage disks are clearly delineated from surrounding bath fluid. Similar images were
simultaneously acquired for the other wells of the same sample holder at each time point,
which permitted direct comparison of the effects of the various bath fluids. A typical ROl is
indicated by the outline and arrow; the ROI's determined using the T,-weighted images were
applied to all parameters investigated.
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Figure 2.

Plots of the values of MRI modalities influenced by enzymatic depletion in BNC disk
samples. The triangle symbols in the left column of each panel represent the measured
values in control set, the diamond symbols in the trypsin-degraded set, and the square
symbols in the collagnease-degraded set. The solid circle with error bar in each column
depicts the mean and standard deviation of the indicated parameter. Data variation in (A) Ty,
(B)T», (C) ki, (D) translational diffusion coefficient, ADC, and (E) fixed charge density,
FCD is readily appreciated.
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