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Abstract
Association of MR parameters with cartilage matrix components remains an area of ongoing
investigation. Multiexponential analysis of non-localized transverse relaxation data has previously
been used to quantify water compartments associated with matrix macromolecules in cartilage.
We extend this to mapping the proteoglycan-bound water fraction (wPG) in cartilage, using mature
and young bovine nasal cartilage model systems, towards the goal of matrix component-specific
imaging. wPG from mature and young bovine nasal cartilage was 0.3±0.04 and 0.22±0.06,
respectively, in agreement with biochemically-derived proteoglycan content and proteoglycan-to-
water weight ratios. Fourier transform infrared imaging spectroscopic-derived proteoglycan maps
normalized by water content (IR-PGww) showed spatial correspondence with wPG maps.
Extensive simulation analysis demonstrated that the accuracy and precision of our determination
of wPG was within 2%, which is substantially smaller than the observed tissue differences. Our
results demonstrate the feasibility of performing imaging-based multiexponential analysis of
transverse relaxation data to map proteoglycan in cartilage.
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Introduction
Nondestructive analysis of cartilage through association of MR outcome measures with
cartilage degradation remains an area of active investigation. T1, T2, magnetization
exchange rate and ratio, apparent diffusion coefficient, and T1ρ all show sensitivity to
changes in matrix composition (1–3), but lack specificity to particular matrix components
(4–7).
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Multiexponential relaxation analysis has been used to detect and quantify water
compartmentation in biological tissues associated with tissue microstructure, providing
information on macromolecular content (8–10). As compared to localized measurements,
non-localized MR experiments permit more sensitive characterization of multiple relaxation
components and detection of more rapidly relaxing components (9–11) due primarily to
greater SNR, shorter pulse lengths, and shorter echo times. However, results from non-
localized measurements are difficult to interpret in anisotropic and heterogeneous tissues
such as articular cartilage, as relaxation components can reflect either regional tissue
differences or water compartments related to different microscopic environments.

In previous work, we applied multiexponential analysis to non-localized T2 relaxation data
to identify water fractions reflecting macromolecular composition (12,13). Bovine nasal
cartilage (BNC) was an appropriate tissue model in that study, since it has a matrix
composition similar to articular cartilage but is largely isotropic and homogeneous,
permitting interpretation of the non-localized measurements in terms of tissue
microstructure. Two of the T2 components identified were assigned to water tightly bound to
proteoglycan (CPG) and bulk water loosely bound to matrix macromolecules (CLB) and had
T2s of ~25 ms and ~96 ms, respectively (12). We showed that even with the relatively long
TEs (~10ms) required for imaging, these components could be reliably detected with
reasonable values of SNR. These results indicated the potential extension of
multiexponential analysis of T2 relaxation data to quantify regional proteoglycan (PG)
distribution in cartilage.

Accordingly, in the present work, we apply multiexponential T2 analysis to map the PG-
bound water compartment in cartilage towards the goal of MR-based matrix component-
specific imaging. We demonstrate this approach on BNC taken from animals of different
ages and therefore exhibiting different macromolecular composition. MR results are
supported with biochemical analysis to quantify the bulk amounts of water, PG, and
collagen per sample. In addition, Fourier transform infrared imaging spectroscopy (FT-IRIS)
was used to provide spatially resolved quantitative maps of PG and collagen content for
comparison with MR results. We also performed extensive multiexponential analysis of
simulated relaxation data to determine the accuracy in quantifying component T2s and
fractions given the available SNR and acquisition parameters required for imaging (12,14–
16). Finally, we note that nondestructive matrix assessment is primarily of interest in
articular cartilage. Therefore, we also apply multiexponential T2 analysis to young bovine
patellar cartilage, showing that this approach can readily be applied to articular cartilage.

Methods
Sample Harvest and Preparation

BNC plugs—BNC plugs (diameter = 6 mm) were excised from the nasal septum of a
young (approx. 3 months old) and a skeletally mature (approx. 2 years old) cow (Green
Village Packing, Green Village, NJ), were moistened with Dulbecco’s Phosphate Buffered
Saline (DPBS) and stored at 4°C until imaged. Prior to imaging, each plug was removed
individually and excess surface water was removed by gently blotting the sample. All
samples were tested within 5 days of harvest.

Bovine patella—A patella was excised from the stifle joint of a young cow (approx. 3
months old; Green Village Packing) and kept moist in DPBS at 4°C until experimentation.
Again, excess surface water was removed prior to imaging.
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MRI
Data were acquired with a 9.4T Bruker DMX NMR spectrometer (Bruker Biospin, GmbH,
Rheinstetten, Germany) at 4°C. All samples were immersed in Fluorinert FC-77 (Sigma-
Aldrich, St. Louis, MO) to maintain sample hydration while imaging.

BNC plugs—A custom Ultem sample holder was used to position the centers of 3 BNC
plugs along the diameter of a 25 mm NMR tube permitting acquisition of a single mid-
sagittal slice through all samples at the instrument iso-center. Relaxation data were acquired
using a single slice multi-echo CPMG imaging sequence with the following acquisition
parameters: TE/TR = 5.5ms/5s, 128 echoes, slice thickness = 2mm, FOV = 3×3 cm, matrix
= 128×128, NEX = 32. The even echoes were analyzed resulting in an effective TE = 11 ms
and 64 echoes.

Patella—Relaxation data were measured using the same resonator, sequence and
acquisition parameters as in BNC but with a 3mm slice thickness.

Fitting of T2 Relaxation Data
The regularized non-negative least squares (NNLS) method was used for multiexponential
T2 analysis as previously described (12). The NNLS method makes no a priori assumptions
about the number of relaxation components present. Conventional monoexponential analysis
was also performed. All fits were performed on an individual pixel basis producing
monoexponential T2 and multiexponential T2 distributions at each pixel. Multiexponential
T2 and magnetization fraction maps were generated using the first moment and the
integrated area for each identified component of the T2 distribution. PG-bound water maps
were calculated as a ratio wPG = ρPG/(ρLB + ρPG), where ρ represents component fraction.
Average T2s and fractions derived from averaging pixel values over each sample were used
to compare young and mature tissue. Fits and other analyses were implemented in
MATLAB (MathWorks, Natick, MA).

Simulation of T2 Relaxation Data
Analysis of simulated data was performed to ensure the admissibility of our results, as
described previously (12). Reliability was defined as correctly identifying the simulated
number of T2 components, accuracy was defined by percent error of the derived T2s and
weights, and precision was defined as their coefficient of variation (CV). Data were
simulated using TE = 11 ms, 64 echoes, and average experimental values for SNR and the
component T2’s and weights (see below). The reliability, accuracy, and precision of the
results were evaluated over 100 trials with different noise realizations for each SNR value.

Biochemical Analysis
Sulfated glycosaminoglycans (sGAG) and hydroxyproline (HP) content were assessed using
standard assays. After imaging, BNC samples were cut in half along the imaging plane
permitting biochemical and FT-IRIS analysis on adjacent halves of each sample. The
sections reserved for biochemical analysis were digested in 100mM ammonium acetate
buffer. sGAG content was quantified using the 1,9-dimethylmethylene blue assay (17). Total
collagen content was quantified using the colorimetric chloramine-T/p-
dimethylaminobenzaldehyde assay and a HP standard (18).

Fourier Transform Infrared Imaging Spectroscopy (FT-IRIS)
BNC sample halves reserved for FT-IRIS were stored in 70% isopropyl alcohol and 1%
cetylpyridinium chloride (Sigma-Aldrich, St. Louis, MO) and embedded in paraffin. Six
micron thick sections were taken from the surface corresponding to the MR imaging plane
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and examined using a Spectrum SpotLight FT-IR imaging system (Perkin-Elmer, Bucks,
UK) (19). A mid-IR spectrum from 800 to 4000 cm−1 with 8 cm−1 spectral resolution was
obtained from each 25 × 25 μm imaging pixel.

The amide I band and proteoglycan sugar band areas were calculated by integrating in the
ranges of 1592 – 1744 cm−1 and 960 – 1184 cm−1, respectively, after baseline subtraction
(19,20). These areas were used to generate maps of collagen and proteoglycan content,
respectively (ISys software v3.1, Spectral Dimensions Olney, MD). Average intensity
values over the sample were used for quantifying total PG and collagen content within each
sample.

FT-IRIS images provide maps of specific resonances within matrix molecules, essentially
independent of water content. In contrast, MR-derived wPG maps are proportional to total
water content. To allow comparison of these two modalities, we normalized IR-derived PG
maps for a given sample by its biochemically derived water content. This normalization was
calculated as the sum of the biochemically-derived water weight divided by the total sample
wet weight.

Statistical Analysis
Data for young and mature BNC are reported as mean ± standard deviation (SD) with
statistical significance taken as p < 0.05 according to unpaired t-test comparisons.

Results
Table 1 shows the accuracy and precision of component T2s and fraction weights (w)
determined from simulations, using the average SNR from young and mature BNC. The
input simulation values for component T2s and weights corresponded to experimentally
derived values for the two T2 components found in both young and mature BNC. The more
rapidly-relaxing component was assigned to PG-bound water (CPG) while the slowly
relaxing component was assigned to bulk water loosely associated with matrix
macromolecules (CLB) (13). Reliability for both young and mature groups was 100%,
indicating the robustness in resolving the two components under the simulated conditions.
Component fraction wPG showed the largest error, although the accuracy in both young and
mature groups was within ~2%. The precision of both T2,PG and wPG showed errors of
~1.5% for both the young and mature groups. All other errors were <1%. These simulations
indicate excellent reliability, accuracy, and precision for resolving PG-bound water and bulk
water T2s and component fractions using our acquisition parameters.

Biochemical analysis (Table 2) showed significantly greater water content in young samples
compared to mature samples, with water fractions 77.9 ± 0.8% and 65.7 ± 2.7%,
respectively. Young samples also had a significantly greater sGAG per dry weight, while
sGAG per wet weight was not different (p=0.37) between mature and young BNC (123 ±
19.4 ug/mg and 111 ± 9.2 ug/mg, respectively); this is primarily due to lower water content
in mature samples. Mature BNC showed a trend (p = 0.09) towards greater HP per dry
weight compared to young BNC (52.2 ± 9.9 ug/mg and 42.4 ± 3.2 ug/mg, respectively).
These differences are consistent with the matrix changes known to occur in cartilage
development.

FT-IRIS and MRI results are shown in Table 3. FT-IRIS showed no significant differences
(p=0.36) in PG content between young (2953 ± 100) and mature (2889 ± 78) BNC. The FT-
IRIS-derived collagen content in mature samples was significantly greater than in young
BNC, with values 3180 ± 79 and 2688 ± 37, respectively. These FT-IRIS-derived matrix
results are consistent with the biochemically-derived matrix content per dry weight; as
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discussed, dry weight comparisons are the most appropriate for comparison to dehydrated
FT-IRIS sections. The normalized FT-IRIS-derived PG content (IR-PGww) was significantly
greater in mature BNC compared to young BNC with integrated resonance areas of 4397 ±
123 and 3801 ± 137, respectively; these values are most appropriately compared with
biochemically derived sGAG per wet weight and show a good correspondence.

Conventional monoexponential T2 in young BNC was significantly greater than in mature
BNC, with T2s of 84.5 ± 10.5 ms and 64.8 ± 6.1 ms, respectively, consistent with
differences in water content. Multiexponential analysis consistently demonstrated two
components: a more rapidly relaxing component assigned to PG-bound water, T2,PG, and a
more slowly relaxing component assigned to bulk water that is more loosely bound to matrix
macromolecules, T2,LB. The magnetization fraction wPG in mature BNC was significantly
greater compared to young BNC (0.31 ± 0.04 and 0.22 ± 0.06, respectively). This
relationship is consistent with the biochemically derived sGAG and IR-PGww, indicating
consistency across all modalities.

As discussed above, IR-PGww images represent a direct map of tissue PG normalized by wet
weight. These maps are expected to correspond to our MR-derived wPG maps. This
correspondence is shown in Figure 1 in which both modalities reflect less proteoglycan in
the young sample compared to the mature sample. In addition, an approximate spatial
correspondence is readily seen between the two modalities; in both young and mature
samples, regions of greater IR-PGww also show greater wPG. Limitations on this spatial
correspondence include the large differences in slice thickness between the MR and IR
studies.

The specificity of the wPG measurement for PG is shown in Figure 2. Whole sample
averages of wpg are plotted against IR-PGww, indicating a significant correlation (r = 0.72, p
= 0.046) between these two measurements.

T2,mono maps of articular cartilage are often presented as indirect indicators of
macromolecular density. Multiexponential T2 analysis permits the more direct mapping of
wPG, a water fraction corresponding specifically to PG distribution.

Figure 3 shows mono- and multiexponential T2 maps obtained from a sagittal view of the
bovine patella with the articular surface at the top. Monoexponential T2 shows the expected
non-specific decease with depth. PG-specific T2,PG and are water fraction, wPG, maps are
shown in Figs 3b and 3c, while T2,LB and wLB shown in Figs. 3d and 3e. T2,LB shows a
pronounced decrease with depth, consistent with the known decrease in water content with
depth as is also seen more directly in Fig. 3e. In contrast, wPG increases with depth,
consistent with its known distribution within articular cartilage.

Discussion
Using non-localized experiments, we have previously demonstrated the improved specificity
of multiexponential as compared to monoexponential T2 analysis under a wide variety of
enzymatic conditions. In particular, the multiexponential approach demonstrated changes in
macromolecule-associated water compartmentation consistent with the known actions of a
several enzymatic degradation protocols, while monoexponential T2 analysis showed only a
non-specific increase in T2 (13).

The non-localized CPMG measurements used in this previous work enabled the use of
shorter echo times, resulting in detection of T2s ranging from 1ms to several hundred
milliseconds. However, the PG-associated components exhibit T2s detectable using the
longer TEs required by our imaging sequence (~10ms). In particular, the two components
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we have assigned to PG-bound water (CPG) and water loosely associated with matrix
macromolecules (CLB) exhibited T2s of ~25 ms and ~96 ms, respectively (13), supporting
our ability to map CPG and CLB in the current work. Further support was provided by
biochemical analysis for PG content, as well as through comparison with bulk and spatially
resolved FT-IRIS measurements of matrix components. Finally, maps of T2,LB, wLB, T2,PG
and wPG, maps were derived which were consistent with known gradations of PG and water
content.

It is well-established that several factors influence the ability to accurately detect and
quantify T2 components using NNLS, including SNR, acquisition parameters, and tissue
component T2 and fractions (12,14–16). Therefore, simulations are critical for determining
the accuracy of the results derived in a particular experimental protocol. Our simulations
indicate excellent accuracy and precision under the experimental conditions and tissue
characteristics present in this study. For example, the accuracy and precision for quantifying
wPG was within ~2%, which was much smaller than the ~41% difference in this parameter
seen between mature and young BNC.

Assessment of BNC from young and mature animals tested the ability of the
multiexponential analysis to detect subtle differences in macromolecular content. Young
samples had greater water content and sGAG per dry weight while mature samples had
greater HP by dry weight and sGAG per wet weight, consistent with age related differences
previously reported (21,22). Furthermore, as reflected by our biochemically- and FT-IRIS-
derived sGAG results, BNC has comparable macromolecular composition to articular
cartilage (21) but lacks the high degree of heterogeneity and anisotropy of articular cartilage,
reducing the influence of such confounding factors in multiexponential T2 component
analysis (23).

The MR-derived wPG content was consistent with biochemically-derived PG content,
showing greater PG content per wet weight in mature BNC. In a previous NMR study of
proteoglycan hydration in articular cartilage, Ghiassi-Nejad et al. report the weight ratios of
1.1 for PG-bound water to PG, and 3.6 for the weight ratio of loosely associated water to PG
(24). Their results reflect a ~0.23 fraction of PG-bound water to total water, comparable to
our wPG results in Table 3. Using the biochemical composition of BNC from Table 2 and
assuming the same weight ratios as Ghiassi-Nejad et al., fractions of PG-bound water to
total water for young and mature BNC are ~0.20 and ~0.33, respectively; these values
closely correspond to the MR-derived fractions in Table 3 of 0.22 and 0.31, respectively.
This quantitative correspondence between biochemistry and MR-derived PG content
indicate the potential for multiexponential T2 analysis to assay cartilage PG content.

FT-IRIS provides a particularly suitable validation for MR-derived proteoglycan mapping
due to its ability to create semi-quantitative matrix component-specific maps (20). Indeed,
FT-IRIS results of proteoglycan and collagen content in young and mature BNC are
consistent with the biochemically-derived content per dry weight. Because mid-IR FT-IRIS,
as used in this study, measures specific molecular resonances of dry matrix compounds
largely independent of water content, PG measurements were normalized by sample water
content for comparison to MR-derived proteoglycan content.

Spatial correspondence between MR-derived and FT-IRIS-derived PG content was
visualized by selecting FT-IRIS sections which closely corresponded to MR image slices.
Figure 1 shows representative FT-IRIS- and MR-derived PG maps from a young and mature
BNC sample. Both modalities indicate greater PG per wet weight in the mature sample (Fig
1, Table 3). These modalities show good spatial agreement in the distribution of PG within
each sample, although the correspondence between these two modalities is limited for
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several reasons. First, although water is non-uniformly distributed throughout the sample,
our normalization of the FT-IRIS-derived PG maps used whole-sample biochemical data.
Subsequent studies can address this through use of localized water normalization based, for
example, on MR proton density maps. Second, the MR slices were 2 mm in thickness, while
the sections used for FT-IRIS were only 6 μm thick. Similar discrepancies attributed to
partial volume effects have been reported when comparing histological sections stained for
myelin content with MR-derived myelin water maps (25); although there was good
qualitative correspondence, small lesions could be visualized with histology, while the MR
maps showed a less definitive absence of myelin water. Reduction of MR slice thickness,
perhaps through use of 3D imaging sequences, would be expected to improve the
correspondence between MR and FT-IRIS derived maps. Although the difference in slice
thickness is unavoidable, the MR technique by itself will be evidently be able to produce a
map reflecting mean PG through a section on the order of, or less than, 0.5 mm thickness
under typical conditions.

Linear regression was used to quantitatively evaluate the relationship between IR-PGww and
wPG, image intensities averaged over each sample (Fig. 2), and indicated a good correlation.
Again, partial volume effects are expected to reduce this correlation. Indeed, comparable
correlations between the optical density of histological sections stained for myelin content
and MR-derived myelin water content have been reported, with limitations on the
correlation attributed to partial volume effects (26).

Although the extensive analysis of BNC we have presented demonstrates a good
correspondence between MR-derived PG-bound water fraction and biochemically- and FT-
IRIS-derived PG content, the primary interest in this technique will be in studies of articular
cartilage. Therefore, evaluation of bovine patellar cartilage was also performed. The
conventional monoexponential T2 map (Fig. 3a) shows a depth-dependence which could be
attributed to several intrinsic tissue properties known to vary with depth such as collagen
fiber orientation, hydration, and macromolecular content. In contrast, multiexponential T2
analysis provides specific maps of wPG and wLB which reflect the known variation of PG
and water content with depth (6,27). In terms of quantification, the bovine patellar wPG
fractions also reflect slightly lower PG content in comparison to BNC, consistent with
biochemically-determined differences between BNC and articular cartilage (23).

In conclusion, the multiexponential approach described herein permits the mapping of
matrix component-specific water fractions in cartilage using a standard MRI acquisition
sequence. wPG maps produced in this way were sensitive to age-related variations in PG
content. Results were validated both by simulations and by other experimental modalities.
Thus, multiexponential T2 analysis provides a new method for mapping cartilage matrix
composition that does not require use of specialized MR pulse sequences and hardware, or
exogenous contrast agents (28–30).
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Figure 1.
Representative FT-IRIS normalized PG maps (IR-PGww) and MRI-derived PG-bound water
maps (wPG) from young and mature BNC. Normalization, as described in the text, allows
for a more direct comparison between modalities since FT-IRIS measurements are made on
histologically prepared tissue sections while MRI measurements are made on intact hydrated
samples. Black arrows highlight corresponding regions. An example of the voids caused by
histological sectioning is indicated by the white asterisk (*).
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Figure 2.
wPG plotted against FT-IRIS normalized PG content, with regression analysis indicating a
significant linear relationship (r = 0.72, P = 0.046).
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Figure 3.
(a) Monoexponential and (b–e) multiexponential T2-derived maps from bovine patella
cartilage. The monoexponential T2 map shows a non-specific depth dependence that could
be attributable to water content, macromolecular content, and collagen fiber orientation.
MR-derived PG (wPG) and water (wLB) maps show depth dependence reflecting PG and
water gradients known to exist in articular cartilage.
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Table 2

BNC matrix component quantification using biochemistry.

Water content (% total weight) sGAG per d.w. (ug/mg) sGAG per w.w. (ug/mg) HP per d.w. (ug/mg)

Young (n = 5) 77.9 ± 0.8 503 ± 45.8 111 ± 9.2 42.4 ± 3.2

Mature (n = 3) 65.7 ± 2.7* 360 ± 27.2* 123 ± 19.4 52.2 ± 9.9

Mature samples showed less water content and sGAG per dry weight than young samples.

*
p < 0.05 young vs. mature.
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