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Abstract
Multiexponential transverse relaxation in tissue has been interpreted as a marker of water
compartmentation. Articular cartilage has been reported to exhibit such relaxation in several
studies, with the relative contributions of tissue heterogeneity and tissue microstructure remaining
unspecified. In bovine nasal cartilage (BNC), conflicting data regarding the existence of
multiexponential relaxation have been reported. Imaging and analysis artifacts as well as rapid
chemical exchange between tissue compartments have been identified as potential causes for this
discrepancy. Here, we find that disruption of cartilage microstructure by freeze-thawing can
greatly alter the character of transverse relaxation in this tissue. We conclude that fresh cartilage
exhibits multiexponential relaxation based upon its microstructural water compartments, but that
multiexponentiality can be lost or rendered undetectable by freeze-thawing. In addition, we find
that increasing chemical exchange by raising sample temperature from 4°C to 37°C does not
substantially limit the ability to detect multiexponential relaxation.
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Introduction
Quantification of cartilage matrix components with MRI is an active area of investigation,
with potential application to the early diagnosis of osteoarthritis and to the assessment of
therapeutics for degenerative cartilage disease. Of particular interest is the assessment of
proteoglycan (PG) content and distribution; this macromolecule is essential in maintaining
hydration and mechanical function of cartilage, and is progressively depleted with cartilage
degeneration.

Water compartmentation associated with structural tissue compartments defined through
multiexponential T2 analysis has been investigated in a number of tissues, including muscle
(1), white matter (2), optic nerve (3), bone (4), and intervertebral disc (5). Consistent with
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these studies, multiple relaxation components have also been detected systematically in
bovine nasal cartilage (BNC) (6), with demonstrated correspondence with macromolecules
(7). However, a conflicting interpretation of multiexponential T2 relaxation results in
cartilage has recently been put forward; Zheng et al. report only a single relaxation
compartment using non-localized T2 relaxation data of BNC (8), and claim that the finding
of multiexponential T2 relaxation in BNC is artifactual.

We hypothesize that the discrepancy between our findings, obtained on freshly-harvested
samples, and of those of Zheng et al. are due to their study of frozen-thawed samples, This
hypothesis is based on the known fact that freezing of cartilage explants has a substantial
effect on tissue structure and composition (9,10), although the effect of freezing on water
compartmentation as determined by multiexponential T2 analysis has not been previously
studied. Further, we expect detected compartment sizes to be altered as a function of
temperature due to the temperature dependence of diffusion and exchange effects (11,12).;
our data was obtained at 4°C to minimize degradation during data acquisition, while Zheng
et al. collected data on samples at room temperature. An example of this effect is seen in
Kozlowski et al., who report a reduced MR-derived myelin-bound water fraction (MWF) in
both gray and white matter at body temperature as compared to room temperature (13).

Sample freezing is often performed as a matter of convenience, either for storage before
MRI studies, or as part of the sample handling for studies involving multiple techniques at
different sites. Further, while our previous studies were performed at 4°C, the ultimate
objective of the multiexponential approach is to characterize cartilage status in human
subjects, at 37°C. Thus, evaluation of the effects of freeze-thawing and sample temperature
during data acquisition is of interest independent of the discrepancy between our results (6)
and those of Zheng (8).

In this work we evaluate the effects of freeze-thawing and sample temperature on water
compartmentation as defined by multiexponential T2 relaxation in BNC. Specifically, we
evaluate fresh and freeze-thawed samples at sample temperatures of 4°C, 25°C, and 37°C.
Data are acquired using nonlocalized MR measurements in order to minimize the echo time
(TE) and increase the signal-to-noise ratio (SNR) as compared to imaging (6), thereby
increasing the sensitivity of the experiment to multiple relaxation components. Again, we
used BNC as a model system due to its largely isotropic and homogeneous structure (14,15),
thereby avoiding the spurious introduction of multiple components reflecting only tissue
heterogeneity, rather than compartmentation at the ultrastructural level.

To support our experimental results, extensive non-negative least squares (NNLS) analysis
was performed of simulated noisy relaxation data corresponding to our acquisition
conditions, since these parameters, SNR, and tissue T2 properties all affect the accuracy of
identified T2 components (6,16–18).

Methods
Cartilage Sample Preparation

BNC plugs (3 mm diameter) were removed from the nasal septa of mature cows (Green
Village Packing, Green Village, NJ), moistened with Dulbecco’s phosphate buffered saline
(DPBS) (Invitrogen, Carlsbad, CA), and stored at 4ºC; all non-cartilage tissues were
carefully removed. Samples were randomly divided into a control group (N=4) which was
not subject to freezing, and a freeze-thawed group (N=4) that was frozen in DPBS at −20ºC
for one week, and then thawed at room temperature prior to data acquisition. Plugs were
removed immediately before their respective NMR experiments for control samples or prior
to freezing for freeze-thawed samples.
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NMR Methods
Relaxation data were acquired with a non-localized Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence with a two step phase cycling scheme 90(x,x)/180(y,-y), 9μs excitation and
refocusing pulse lengths, TE/TR = 90μs/10s, 8192 echoes, and number of excitations (NEX)
= 64 using a 5mm solenoid coil (m2m Imaging Corp., Cleveland, OH, USA) and a 9.4T
Bruker Avance III NMR spectrometer (Bruker, GmbH, Rheinstetten, Germany). Selection
of pulse length and echo time were determined experimentally in order to avoid spin-locking
effects (19) and excessive probe heating. Prior to experimentation, each sample was gently
blotted to remove excess surface water and placed in a 5mm NMR tube containing
Fluorinert (Sigma-Aldrich, St. Louis, MO, USA), to maintain sample hydration and
eliminate MR signal contamination by bath solution. Sample temperature was controlled by
cold air from a vortex tube (Exair, Cincinnati, OH, USA). Measurements were acquired for
all samples at 4°C, 25°C, and 37°C.

Fitting of T2 Relaxation Data
The non-negative least squares (NNLS) approach was used for multiexponential T2 analysis
as previously described (6); this makes no a priori assumptions about the number of
relaxation components present in the signal. Parameters of the procedure included a range of
80 possible T2 values logarithmically spaced over the interval [0.1, 3000] ms, with an
optimal regularizer, μ, defined by the condition that chi-squared (χ2) following
regularization was 101% of the non-regularized χ2 (18). The first moments and associated
fractions for each T2 component were obtained. The PG-bound water compartment (CPG)
and bulk water compartment (CLB) have previously been assigned to components with T2
~30 ms and ~90ms, respectively (7,20). The CPG magnetization fraction, wPG, and T2
relaxation times of both compartments were compared between samples to evaluate the
effects of freeze-thawing and sample temperature. Relaxation data were also fit using a
nonlinear least squares algorithm in order to obtain conventional monoexponential T2 values
(T2,mono) for comparison with multiexponential results. All fitting routines were
implemented in MATLAB (MathWorks, Natick, MA).

Simulation of T2 Relaxation Data
Analysis of simulated data was performed to ensure the quality of our results, as described
previously (6). Reliability was defined as correctly identifying the number of T2 components
in the simulated data, accuracy was defined as the percent error in the derived T2s and
weights, and precision was defined as their coefficient of variation (CV). Data were
simulated using TE = 90 μs, 8192 echoes, and average experimental values for SNR and the
component T2’s and weights. Reliability, accuracy, and precision were evaluated over 100
trials with different noise realizations for each SNR value.

Statistical Analysis
Quantitative comparisons were made using two way repeated measures ANOVA with
Holm-Sidak post-hoc analysis, with p<0.05 indicating statistical significance.

Results
Table 1 shows the accuracy and precision of component T2s and fraction weights (w)
determined from simulations, using the average SNR from control and treated BNC. The
input simulation values for component T2s and weights corresponded to those
experimentally derived. While six components were consistently detected experimentally
and therefore simulated here, we report values for the two slowly relaxing components. The
more rapidly-relaxing of these was assigned to PG-bound water (CPG), while the more
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slowly relaxing component was assigned to bulk water loosely associated with matrix
macromolecules (CLB) (7). Reliability for both control and treated groups was 100%,
indicating the consistent ability to resolve these two components in our experiments. T2,PG
showed the largest error with accuracies of ~15% and ~19% in control and treated groups,
respectively. Component fraction wPG showed smaller errors, of ~9% and ~11% in control
and treated groups indicating relatively small systematic errors. The precision of both T2,PG
and wPG was within less than 1% in all cases indicating a high degree of reproducibility.
These simulations indicate sufficient reliability, accuracy, and precision for resolving PG-
bound water and bulk water T2s and component fractions using our acquisition parameters.

Figure 1 shows that at all three temperatures studied, T2,mono is significantly increased with
freeze-thawing. Interestingly, T2,mono was not seen to increase monotonically with
temperature, to an extent that was statistically significant in the treated group; it increased
from 4ºC to 25ºC and decreased from 25ºC to 37ºC. This is consistent with the qualitative
picture presented by Watanabe (21), in which such non-monotonicity is related to chemical
exchange.

Representative T2 distributions of BNC are shown in Figure 2. CPG was detected in all
samples; Figure 3 indicates a significant reduction of wPG due to freeze-thawing at each
measurement temperature with the greatest temperature effect seen in the control samples.
Within the control samples, wPG significantly decreased with each increase in sample
temperature, while freeze-thawed samples showed a significant decrease in wPG only
between 4ºC and 37ºC. The attenuated sensitivity to temperature in the freeze-thawed
samples is consistent with a decreased exchange between compartments, as could, for
example, be due to the development of tissue voids. It should be noted that since component
fractions are measured relative to the total water signal, the reduction in wPG is consistent
with either a loss of PG or an increase in bulk water, or to a combination of these effects.

Figure 4 indicates that there is no effect of freeze-thawing on T2,PG. However, T2,PG
significantly decreased with increasing temperature between 4ºC and 37ºC and between
25ºC and 37ºC in both sample groups. Similar to T2,mono, the relationship between T2,PG
and temperature was non-monotonic in treated samples.

The bulk water component (CLB) was in all cases the largest and most slowly relaxing
component in the distribution. As shown in Figure 5, T2,LB increased significantly with
freeze-thawing in comparison to fresh samples. T2,LB decreased significantly with a
temperature increase from 25ºC to 37ºC for both sample groups, and between 4ºC and 37ºC
for freeze-thawed samples. Again, there was a non-monotonic relationship between T2,LB
and temperature in both groups.

Discussion
Multiexponential T2 analysis for assessment of compartmentation has been applied
extensively in the past, with applications ranging from probing heterogeneity of rock pore
sizes (22,23), characterizing meats and food products (24–26), and investigation of normal
and diseased tissue (27–29). As a pertinent biological example, a number of studies in neural
tissue show a strong relationship between a rapidly relaxing water fraction and myelin
content, directly demonstrating the association of a transverse relaxation component with
underlying macromolecular composition (2,13).

It is well-established that several factors including SNR, TE and number of acquired echoes,
and tissue component T2s and fractions influence the accuracy of component weights and
T2s as defined using NNLS (6,16–18). We performed a full set of simulations to validate our
experimental results. These simulations indicate sufficient precision under our experimental
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conditions to detect the reported changes in the magnetization fractions in CPG and CLB, and
their corresponding T2s. In particular, the precision of the results, as defined by the
coefficient of variation from simulations, was within 1%. This is much smaller than the
~50% difference in wPG seen between control and freeze-thawed BNC and the ~22%
decrease seen in this parameter with increasing sample temperature in the control samples.

Considerable care is required to reliably characterize multiexponential decay reflecting co-
localized water compartments (8). As is well-recognized, obtaining data on heterogeneous
tissue can essentially combine two or more different monoexponential decay curves into one
acquired signal. This is a partial volume effect. This is the reason for our focus on BNC in
this work; the macromolecular structure of BNC, and hence the corresponding water
compartments, are comparable to those in articular cartilage. In the latter, however,
multiexponential decay could represent variations in tissue types contributing to the signal
rather than different microcompartments. Further, due to the span of T2s of interest in
cartilage, data acquisition with non-linearly spaced echoes is an appealing approach.
However, it has been reported that this can introduce artifactual multiexponential decay in
the presence of rf pulse imperfections (30). We avoided this by use of evenly spaced echoes.
Unbound surface water, through condensation or otherwise, on the surface of the sample
may introduce or greatly augment the slowly-relaxing water compartment; we immersed our
samples in Fluorinert, which avoids this possibility. Important issues relate to the use of
imaging, rather than spectroscopic, experiments. Zheng and Xia report the possibility of
introducing biexponential decay through use of strong phase-encoding and frequency-
encoding gradients (8). In order to avoid this potential effect as well as other complexities,
we performed bulk experiments only in the present investigation of the effects of freeze-
thawing and sample temperature. In spite of the potential problems with imaging gradients,
we note that our present work, using non-localized acquisition, is highly consistent with our
ongoing imaging analyses (data not shown). It has also been noted (8) that multiple T2
components in articular cartilage appear to coalesce with orientation of articular cartilage at
the magic angle (14). However, it is reported (14) that the more rapidly relaxing component
decreased in amplitude, rather than disappearing, at the magic angle. This is consistent with
an increase in its T2, as expected from magic-angle orientation, in the presence of exchange
between the compartments. The ability to clearly resolve closely-spaced T2 components
using NNLS will in any case depend upon the effective TE used, acquisition SNR, and, for
NNLS in particular, value of the regularized used and the number of T2 bins. Finally, as
noted by Zhang and Xia (8), cartilage is well-known to exhibit at least two water pools.
They suggest that rapid exchange may be responsible for the loss of signal components
reflecting this. We concur with this, and note that increased intercompartment exchange, in
conjunction with matrix disruption and PG loss due to freeze-thawing, may plausibly
eliminate or render undetectable separate water compartments (see below).

Frozen Storage
Frozen storage has been shown to damage cartilage matrix due to ice crystal formation.
Using scanning electron microscopy, Jomha et al. observed large voids in matrix of freeze-
thawed cartilage (31); these were absent in fresh cartilage. It is to be expected that such
matrix disruption could alter macromolecular content and water mobility. Consistent with
this, Fishbein et al. report an increase in monoexponential T2 with freeze-thawing; this
increased with the number of freeze thaw cycles (9). These results are consistent with our
observed increase in monoexponential T2 values from 105ms to 121ms resulting from
freeze-thawing (Fig 1). Freezing-thawing of cartilage has also been shown to result in a loss
of dGEMRIC-derived sulfated glycosaminoglycogen (sGAG) content by as much as 50%
(10). These results indicate that the results of multiexponential analysis of cartilage will be
significantly affected by freeze-thawing.
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We observed multiexponential T2 relaxation in both control and frozen BNC, contrary to the
results of Zheng et al. who report only a single T2 component in frozen-thawed BNC (8)
using an analysis in which magnetization fractions less than 3% were attributed to the
effects of noise and therefore excluded. At a comparable sample temperature of 25°C, our
analysis shows a 51% decrease, from 6.5% to 3.2%--just above the cut-off used by Zheng et
al.-- in wPG due to freeze-thawing. Indeed, this is consistent with an earlier study by Zheng
et al., where they report a reduction in dGEMRIC-derived sGAG content of up to 50% due
to freeze-thawing (10). This indicates that the use of fresh samples in our work, and the use
of freeze-thawed samples in the work of Zheng et al., can readily account for our finding of
multiexponential relaxation behavior and Zheng’s finding of monoexponential behavior.

More generally, our results indicate the sensitivity of the NNLS analysis to matrix
alterations induced by freeze-thawing. We found that only the slowly relaxing component,
T2,LB, consistently increased with freeze-thawing. This is consistent with the development
of enlarged matrix pores secondary to ice damage, resulting in an overall decrease in the
dipole-dipole interactions of tissue water with pore boundaries. Similar observations have
been reported in gel studies (21).

Sample Temperature
Molecular mobility increases as a function of temperature, leading to a monotonic increase
in T2 with temperature in the absence of other effects. Chemical exchange complicates this
picture; Watanabe et al have demonstrated a departure from this monotonic relationship as a
result of exchange between bound water protons and surface hydration water protons (21).
Their results are consistent with our findings in BNC, where we find that T2,PG and T2,LB
exhibit a decrease in T2 from 25°C to 37°C. This suggests a significant influence of
exchange on these compartments in this temperature range.

The effect of increased exchange on the NNLS-derived water fractions from a two pool
system has been modeled by Dula et al. Their simulations demonstrate a decrease in the
apparent pool size of the rapidly relaxing component with increased exchange (12). In terms
of this analysis, the decrease we observed in wPG with increasing temperature is consistent
with increased exchange between the compartments CPG and CLB.

In conclusion, multiexponential transverse relaxation, corresponding to water
compartmentation is expected in cartilage, given its known macromolecular composition
(6,7). Similar results have been seen in a variety of other tissues (1–5). We find that these
water compartments are affected by both frozen storage and sample temperature. This
dependence is manifest by alterations in the detected amplitudes and T2s of water fractions
defined by multiexponential analysis. The PG-associated magnetization fraction wPG is
decreased greatly by sample freezing, to the extent that it can fall below the level of
detection (8), and decreases modestly with increased sample temperature. Further, as sample
temperature increases, changes in the relaxation times T2,PG and T2,LB indicate increased
intercompartment exchange. The consistent detection of multiexponential relaxation in
cartilage that has not been frozen and thawed indicates the potential for this technique to be
applied in human studies.
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Figure 1.
Freeze-thawing resulted in significantly increased T2,mono at all three measurement
temperatures (solid lines). In addition, samples subjected to freeze-thawing showed
significant differences with temperature (dashed lines). * p < 0.05.
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Figure 2.
A) Representative T2 distributions obtained at 4°C from BNC before and after freeze-
thawing, showing a noticeable decrease in the magnetization fraction of CPG located at
~35ms. B) Representative T2 distributions from fresh BNC obtained at 4°C, 25°C, and
37°C.
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Figure 3.
Freeze-thawing resulted in significantly decreased wPG at all three measurement
temperatures (solid lines). wPG in control samples significantly decreased with increasing
temperature (dotted line). In freeze-thawed samples, wPG was only significantly decreased
between 4°C and 37°C (dashed line). * p < 0.05.
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Figure 4.
T2,PG in control samples showed a significant decrease with increasing temperature (dotted
lines) between the 4°C and 37°C, and between 25°C and 37°C. Freeze-thawed samples
showed the same trends (dashed lines) with temperature. * p < 0.05.
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Figure 5.
Freeze-thawing resulted in significantly increased T2,LB at all three measurement
temperatures (solid lines). T2,LB in control samples significantly decreased (dashed line)
from 25°C and 37°C. Freeze-thawed samples showed a significant decrease with increasing
temperature (dotted lines) between 4°C and 37°C, and between 25°C and 37°C. * p < 0.05.
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