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Quantifying NMR relaxation correlation and exchange

in articular cartilage with time domain analysis
Sarah E. Mailhiot, Fangrong Zong, James E. Maneval, Ronald K. June, Petrik

Galvosas, Joseph D. Seymour

Measured muclear magnetfic resonance (NMR) transverse relaxation data in articular cartilage
has been shown to be multi-exponential and correlated to the health of the tissue. The observed
relaxation rates are dependent on experimental parameters such as solvent, data acquisition
methods, data analysis methods, and alignment to the magnetic field. In this study, we show

that diffisive exchange occurs in porcine arficular cartilage and impacts the observed relaxation
rates in T1-T?2 correlation experiments. By using time domain analysis of T2-T2 exchange

spectroscopy, the diffusive exchange time can be quan-tified by measurements that use a single
mixing time Measured characteristic times for exchange are commensurate with T] in this

material and so impacts the observed T] behavior. The approach used here allows for reliable
quantification of NMRE relaxation behavior in cartilage in the presence of diffusive flmid

exchange between two environments.

Cartilage has been widely studied by NMR
relaxation methods [1-10]. T2 relaxation has been
comelated to the health of the tissue with increases in
observed T2 walues occurmng when cartilage 1is
damaged [5]. Though T2 weighted magnetic
resonance imagmng (MRI) has been used to track
disease cavsed degradation of carti-lage such as
arthritis, the standard for clinical diagnosis of arthritis
the USA 1s still X-ray imaging and not MRL

One aspect which limits MRI methods in this regard 1s
the wide vanability in reported T2 relaxation rates across
studies [11] and the difficulty in comnnecting the
observation of multiple sites, pop-ulations of different
rotational and molecular mobility, to disease progression
and diagnosis. Relaxation in cartilage has been shown to
be composed of multiple relaxation rates depending on
experi-mental conditions. Observation of mulfi-
component T2 in articular cartilage depends on several
expenimental parameters and results from imaging
expeniments indicate from one to five distinct To

relaxation rates [1.2. 4. 11-14].

Exchange of matenial between sites can also lead to
observation of multiple relaxation rates in cartilage [15—
19]. In healthy human cartilage, relaxation exchange
spectroscopy (REXSY) measured two site exchange at a
mixing time of 12 ms [20]. Exchange between protons
expenencing the magic angle effect. 1.e. an increase
T2 of fibrils and associated water aligned at 54.70 to Bo.
and protons in the bulk pore fluid was measured n
camine cartilage soaked in phosphate buffered saline
(PBS) [12]. These studies did not deter-nune an
exchange rate in cartilage but demonstrated that the
exchange rate impacts the observable relaxation in
cartilage, and that the time scale of exchange can be
probed with NMR. Hence the value and number of
observed relaxation rates measured must be interpreted 1n
the context of exchange processes to quantify the effect
of exchange on the intnnsic relaxation rates. A method to
do so 1s presented here.

A consideration in the use of NMR relaxation
methods in carti-lage. and biological matenials 1n
general, 1s that such methods involve long expenment
times. For example, the T7-To REXSY expenment
15 composed of two Carr-Purrcell-Meiboom-Gall
(CPMG) pulse tramns separated by a mixing or
storage fime 1n which spins are stored m the
longitudinal axis [15] [Fig. la]. The duration of these
expenments can take from 30 mun to several hours
depending on signal-to-noise considerations and
phase
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Fig. 1. Pulse sequence diagrams for (a) T,-T, correlation experiments (REXSY), (b) T;-T, correlation experiments (RRCOSY) and (c) D-T; correlation experiments (DRCOSY). For
all CMPG acquisitions, 7 is the echo spacing, n is number of echoes in the encoding period, and t; is the time of the detection period. For T»-T, correlation experiments, t; is the
time of the indirect encoding period, t,, is the mixing time, and m is the number of echoes in the encoding period, and. For the T;-T, experiment, t; is the indirect encoding
period and t; is the detection period. For the D-T, experiment (c), a pulsed gradient stimulated echo (PGStE) is used to encode for displacement with a gradient amplitude g,

duration 4, and observation time A.

cycles needed to provide useable data. The usual practice is to
repeat measurements for a range of mixing times leading to
three-dimensional datasets and long experiment times [15,21]. In
contrast to samples from petrophysical sources and engineered
materials, biological samples are subject to degradation with time
ex vivo and long-duration experiments for in vivo measurements
are difficult, if not impossible. Therefore, it is critical to reduce
experiment time in multi-dimensional relaxation methods by bet-
ter understanding of the physical processes in a material. Recent
improvements in sampling strategies [22,23] have accelerated data
acquisition. Although methods using spatially resolved acquisition
[23] are not applicable to spatially heterogeneous samples as stud-
ied here, the development of sampling strategies can benefit from
the approach presented here.

The analysis and use of multi-dimensional NMR measurements
of relaxation and diffusion provides clear evidence of two distinct
sites in porcine cartilage samples randomly oriented with respect
to the magnetic field. These results demonstrate that exchange of
water occurs between physically different relaxation sites on the
time scale of seconds. By applying analytical relaxation-exchange
models, we show how the exchange between these cartilage-
component sites impact measured relaxation rates and that taking
such impacts into account enhances the understanding of NMR
relaxation measurements in cartilage. These results could lead to
improvements and extension in their use in research and correla-
tion with clinical settings.

2. Background and theory

Magnetization relaxation in cartilage has been shown to be
multi-exponential with a dependence on a range of experimental
factors. The accurate measurement of T, in cartilage is dependent
on factors including data analysis methods, data acquisition meth-
ods, and sample preparation [2-6,8-11,13,14,24-28]. One factor
that is not well quantified in articular cartilage is exchange of
water amongst the various structures and regions in a sample. Pre-
vious studies have shown that exchange in cartilage alters

observed relaxivities, as opposed to intrinsic local relaxivities
[12] and reduces the number of distinct observed relaxation times
due to exchange averaging.

As noted, the usual aim of measuring relaxation processes in
cartilage is to associate specific relaxation times with specific
anatomical features of the cartilage. To accomplish this aim, stud-
ies need to be clear about how both the number of sites observed
and the values of the NMR parameters that characterize the sites
are determined. Multi-dimensional relaxation-time measurements
in cartilage and other structured materials can then be used to
answer two important questions about the material. First, are there
distinct sites in a material and, if so, how many are there? If mul-
tiple distinct sites are observed for a sample, the next question is
then what are the values of the NMR parameters that distinguish
them?

The assessment of sites and their number is typically answered
by assessing whether or not there is more than one distinct mode
or peak in a relaxation-time spectrum. Since NMR relaxation pro-
cesses are often first-order processes, the key tool here is the
inverse Laplace transform (ILT) that converts the time-domain data
from an experiment into a suitable relaxation-time spectrum
[29,30]. The modes in these spectra are identified by the relaxation
time along with an amplitude or fraction. Though there is still dis-
cussion as to the exact meaning of the peaks in an ILT of a relax-
ation experiment [16], a properly computed ILT provides a
powerful tool for assessing NMR relaxation in a sample.

If there are multiple peaks in a relaxation spectrum, the ques-
tion of what parameters best characterize the sites that give rise
to the peaks is often addressed by extracting NMR parameters
through data-fitting. Though the peaks in an ILT can be used for
this purpose [18,21], the approach taken in this study is to use
the methods of time-domain analysis [31]. These methods proceed
by proposing a model of the underlying exchange processes in a
sample and then adjust the parameters of that model to achieve
the best fit to the data.

Time domain analysis of multi-dimensional relaxation experi-
ments [16-18,31,32] such as the single-mixing-time REXSY has



been shown to effectively quantify the exchange rates between
sites in borosilicate and soda-lime glass bead packs [33], cement
[18], urea samples [17], and a silica bead pack [16]. In this work,
the goal is to extend this method to cartilage and quantify the
exchange phenomena between sites.

The time-domain model that will be used here is a two-site spe-
cialization of the multi-site relaxation model that was first intro-
duced by McConnell in 1958 [34]. Briefly, this model can be
developed from a magnetization balance and is expressed as,

M, — M _ {—Ra—ka ky } M, — MJ? 1)
My, — M ki =Ry —ky || My — M}

d/d{
where R, and R, are the intrinsic relaxation rates either longitudinal
or transverse for the two sites (a and b), and k, and k; are the
exchange rate coefficients that characterize transfer from site a to
b and site b to a, respectively. In these expressions, M, and M, are
the site magnetizations with Mg? and M;? providing the site magne-
tization values that are in thermal equilibrium with the applied
field. The balance in Eq. (1) can be written in compact form as

dM/dt = AM (2)

where M is a two-element vector of the site magnetizations and the
matrix A holds the combination of relaxation and exchange coeffi-
cients as

—Rq —kq ky

A=R+K]= .
[+ } ka 7Rbfkb
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The time-domain approach uses Eq. (2) to model the evolution
of the magnetization during inter-pulse portions of a particular
pulse sequence with the relaxation terms accounting for transverse
or longitudinal processes as appropriate to an interval. Initial con-
ditions for the solution of Eq (2) for each interval in a pulse
sequence is provided by the rf pulses preceding magnetization evo-
lution. Fitting is accomplished by adjusting the parameters in the A
matrices for the sequence so that the predictions of the model
match the data of the experiment in a least-squares sense
[16,17,31].

The analytical solution to Eq. (2) is possible and has been pro-
vided for particular pulse sequences discussed here by Van Lan-
deghem et al. and Dortch et al. [16,17]. A useful outcome of
these solutions is the ability to predict the amplitudes of the peaks
in an ILT, the so-called peak-matrix, P [17].

Expressions for the P matrices for the pulse sequences dis-
cussed in this paper are

[ T
Pr,r, = 2[U;"exp([Ry + K]tw)U2]"[U; ' M(0)1:,U;] 4)
for the T,-T, sequence (Fig. 1a) and

Pr,1, = 2[U;"exp([Ry + K]t)M(0)]’[11avUs)" (3)

for the T;-T, sequence (Fig. 1b). In these expressions eigenvectors,
U, ,, are the matrix of eigenvectors obtained from the matrix R, ,
+ K, M(0) is the initial magnetization for the sequence, typically
the equilibrium magnetization, t; and t,, are specified by the timing
diagrams (Fig. 1) and 14y is an N-element row vector of ones. The
symbol ° represents element-wise (or Hadamard) matrix multipli-
cation between two factors. The reader is referred to the reference
of Dortch, et al. [17] for further details on these expressions.

Another recently introduced and robust time domain visualiza-
tion method for T,-T, data is used to confirm diffusive coupling
[35]. The signal is described by the function S(t, t2) for the timings
from Fig. 1a. In a model where spins exchange between sites a and
b, the signal for symmetric exchange peaks is given by

S(tl, tz) =05 exp(—thu — tszb) +0.5 exp(—thZb — tszg). (6)

On diagonal peaks exist at Ry, and Ry, Using principal axes
around the symmetric axis of the T,-T, data, relaxation can be
defined as Ry = 1/2(Raq + Ryp) and Ry = 1/2(Ryq — Ryp) and symme-
try time domain axes t; = t; +t; and T4 = t; — t,. By substituting
these transformations into Eq. (6), a simplified expression for
exchange peaks is derived

S(ts,Tq) = exp(—TsRs) cosh(tgRy). (7)

If exchange occurs (Rq # 0) in a sample, a plot of the acquired
signal as a function of t4 at fixed ts will show a hyperbolic-
cosine shape [35].

3. Experimental

Articular cartilage samples were obtained from the shoulder
joint of skeletally mature pigs. For the measurements reported
here, cartilage from three distinct individuals was used to assess
repeatability and accuracy of the methods. Cartilage samples were
cylindrical with 4 mm diameters and heights that reflect the full
thickness of the cartilage, about 0.5 to 1 mm, as it was separated
from the bone with a scalpel. The samples were rinsed in phos-
phate buffered saline (PBS) for 20 min to remove blood and fat.
Each NMR experiment used a 5 mm glass NMR tube containing
ten cartilage cylinders which were randomly oriented within the
tube and, hence, with respect to the static field. The fluid in the
tubes was only that held by the cartilage samples and excess fluid
well below the radio frequency coil. No solvent was present in the
inter-cylinder space within the tubes.

Relaxation experiments consisted of traditional one-
dimensional methods for T; and T, measurement and two-
dimensional methods. One-dimensional measurements for T,
estimation were made using a CPMG sequence [36] with single
point acquisition. An echo spacing (TE) of 0.50 ms was used and
the acquisition of 2048 echoes provided an acquisition time of
1.05 s. With a 4-step phase cycle and 4 averages per phase-cycle
step, total experiment time was 45 s. Analogous measurements
for T, were made with an inversion-recovery sequence. The
180—90° rf inter-pulse delays were logarithmically spaced from
0.001 s to 6 s for 30 values. A recovery delay of 10 s was used along
with 4 step phase cycle and 4 averages for each phase-cycle step.
Total experiment time for these T; measurements was 40 min.

Pulse sequence diagrams for the two-dimensional relaxation-
measurement methods are shown in Fig. 1. The REXSY (T>-T>)
experiment in Fig. 1a [15] consists of a CMPG encode period with
m echoes to encode for T,, followed by a T storage period with a
mixing time, t,,, from 5 ms to 1000 ms and then single-point mea-
surement of the CPMG echo train comprised of n =2048 echoes
with an echo spacing 27 of 0.50 ms. Pulse-sequence repetition time
was 60 s to eliminate sample heating. A 16-step phase cycle was
used with 16 averages per step to give a total experiment time of
4 h. The T;-T, measurement method [30] is given in Fig. 1b. In
the first section of the pulse sequence, a 180° inversion recovery
sequence is used with 30 delay times logarithmically spaced from
0.001 s to 6 s as in the 1D experiment. After the inversion delay, a
single-point CPMG echo train comprised of n = 2048 echoes with a
0.5 ms 180° pulse spacing. Pulse-sequence repetition time was
10s. A 4-step phase cycle with 8 averages per phase-cycle step
leads to a total experiment time of 25 min.

Diffusion-T, relaxation correlation measurements were made
with the D-T, sequence [37,38] (Fig. 1c). The sequence consists of
a pulsed gradient stimulated echo (PGStE) sequence that encodes
for self-diffusion coupled to the acquisition of a single-point echo
train of n=2048 echoes with an echo spacing 2t of 0.5 ms. For
PGStE, a displacement observation time (A) of 50 ms and a gradi-
ent duration time (§) of 1.6 ms were used. Gradient strength, g,



was varied from 0 to 8 Tm~! in 32 linearly spaced steps. The pulse
sequence repetition time was 10 s and an 8-step phase cycle with
16 averages per phase-cycle step led to a total experiment time of
2.5h.

Measurements were taken on a Bruker 9.4 T vertical wide bore
superconducting magnet with an AVANCE spectrometer operating at
400 MHz. A Bruker Diff60 with a maximum magnetic field gradient
strength in the z-direction of 35 Tm~! at 60 A was used. A 5 mm
saddle radio frequency coil with 90° and 180° pulses of 5 us at
50 W provided signal excitation and detection. Data was collected
using TopSpin 2.1 software (Bruker Biospin, Karlsruhe, Germany).

The one and two-dimensional Inverse Laplace Transform (ILT)
are used for data analysis of multi-exponential decays [30]. Bi-
exponential expressions are fit to the one dimensional time
domain data [39]. The bi-exponential time domain fits are then
compared to one-dimensional ILT results. These data are helpful
in providing starting points for the data-fitting methods described
by Van Landeghem et al. and Dortch et al. [16,17] for finding the
parameters in the two site model of Eq. (2).

4. Results and discussion

The first goal is to use the measurements to establish if there
are distinct relaxation environments in the material and, if so,
how many sites there are. Fig. 2a and b show one-dimensional
relaxation spectra for transverse and longitudinal relaxation exper-
iments determined by the ILT. The table in Fig. 1c summarizes the
biexponential fits in the time domain for the three samples used in
the study to provide a mean and standard deviation of the relax-
ation time values and percent total signal in each population.

There are two peaks in the T, spectrum and the T fit summary
indicates that the values determined from the time domain fit are
statistically different across the samples. However, there is only
one mode in the T; spectrum (Fig. 1b). Attempts to fit a biexponen-
tial model to the T; time domain data does not deliver any statis-
tical support for two distinct T; values. Based on the T results, we
tentatively conclude that there are two distinct sites in the mate-
rial. Confirmation of this result and interpretation of why there is

only one observed T; value will be provided in the discussion of
the time-domain fitting results below.

Establishing the existence of two distinct sites with differing
mobilities in this material will be carried out by observing differ-
ences in the macromolecular environment of water as determined
by the T, parameters. A key first step is to ensure that neither pop-
ulation can be interpreted as a free solvent site in terms of the
measurement of T;-T, [19,30,40] and D-T, spectra [41]. Sites are
physical domains of varying mobility in the material which gener-
ate populations of a certain amplitude in the data. These two-
dimensional experiments provide diffusion and T, trends and val-
ues that allow better understanding of the state of the fluid in the
cartilage matrix. T;-T, measurements (Fig. 3a) build on the 1D T,
spectral results and show two well-defined sites in this cartilage
material. The populations are located off the parity line T; =T,
where data representative of a free solvent site would appear.
The further a population is from the parity line, the more the rota-
tional mobility of the molecules is restricted [30]. The appearance
of two sites with the same T; value indicates one of the populations
could be an exchange cross peak [17]. The T, and T, values at the
center of the populations in Fig. 3a are consistent with the values
found with one dimensional experiments (Fig. 2c).

D-T, measurements (Fig. 3b) also show two well-defined sites
and confirm the existence of two sites in the material that are
restricted in the pore space of the cartilage matrix based on the dif-
fusion amplitude. Though the sites have different T, environments,
both sites have essentially the same translational mobility charac-
terized by a diffusion coefficient, D =1.47 x 10°°m?s~! and D =
1.35 x 1079 m2s~!, values that are about 75% that of free water
(Dp=2.1x10""m?s"! at 25°C). Additionally, there is little
sample-to-sample variability of the translational diffusion, as seen
by the small standard deviation of the diffusion across samples,
despite larger percentage variations in the relaxation behavior
(Fig. 3¢). This indicates that the translational mobility of the fluid
in both sites is restricted by interactions with the cartilage matrix
and suggests that the measured fluid phases are associated with
the cartilage structures and not simply external to the cartilage
as free solvent. To reiterate, the T;-T, and D-T, correlations support
results from the 1D T, spectra that there are two distinct mobility
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Fig. 2. One-dimensional T, (a) and T; (b) relaxation-time spectra as computed by the ILT. The maxima of the T; distributions occur at 37 and 150 ms and the T; distribution at
2300 ms. Table (c) summarizes the time domain parameter fits for biexponential models with the average and standard deviation for T, summarizing the three different
cartilage samples used in this study. Biexponential fits to the T, time domain detected a single T, value. Magnetization site sizes, M, for each population were found using time

domain bi-exponential fitting of one dimensional CPMG data.
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Fig. 3. The T, populations in articular cartilage show restricted rotational and translation mobility. Both T;-T, populations in articular cartilage are not on the parity line
where T;=T (a), which represents liquid like behavior. TheT;/T; ratios (c) show that both populations are in sites of restricted mobility off the parity line and are fluid inside
the cartilage matrix. The D-T, shows two populations with a restricted diffusion coefficient (b). Since D/Do < 1, these populations represent the fluid phase inside cartilage. The

average and standard deviation shown in (c) is taken over three cartilage samples.

environments in these samples. These sites contain fluid that is
associated with the cartilage matrix, resulting in similar restricted
translational diffusion represented by a common D value and dif-
ferent rotational mobility represented by two distinct T, values.

The D-T, and T;-T, relaxation and diffusion experiments results
establish the existence of two distinct sites in a sample. These
experiments also provide insights into the mobility and relaxation
environments that lead to these sites being unique, in terms of T>.

We note from Fig. 3 that exchange between sites would not be
identified on the basis of T; and D measurements alone. However,
by including T in the measurement protocol, multiple peaks in the
ILT are observed and exchange can be explored in an effective
manner via the T,-T, experiment.

The T,-T, experiment has an experimentally controlled mixing
time, t,. By varying this mixing time, T,-T, measurements
can be used to probe exchange processes between sites
[16-18,21,31,32,42]. In this study, the mixing time was varied
between 1 and 1000 ms as shown in Fig. 4. At 1 ms, exchange
peaks are not visible (Fig. 4a), and by 1000 ms, the exchange-
peak signal makes up only about 1.5% of the total signal (Fig. 4c).
The appearance of exchange peaks at 1000 ms suggests that
exchange between the sites is occurring on the time scale of about
one second [16,17] and hence a rough estimate of the exchange

rate coefficient is k, ~ 1 s~1. The exchange rate k, is related to k,
by mass balance such that k, =k, % In this work, we will refer
to k, as the exchange rate.

We can refine this estimate of k, by fitting the 2-site relaxation-
exchange model (Egs. (2) and (3)) tuned specifically for the T>-T,
sequence (Fig. 1a). The fitting process not only provides a value
for kg, but also estimates of the intrinsic T;, T,, values for each site
as well as the site population percentage, M. The results for the
three samples in this study using measurements with mixing times
of 500 ms are summarized in Table 1 along with comparable
results from the 1D methods. The 500 ms mixing time was chosen
to reduce T; weighting, thus improving SNR for a more stable time
domain fitting, and to show that the presence of detectable
exchange cross peaks in the 2D data is not required for this analysis
approach to work.

Agreement between the parameter values measured by the
one- and two-dimensional approaches is good with the best per-
formance obtained for the T, values. As was the case with the 1D
T; data fitting discussion, the 2D model predicts essentially the
same T; value for both sites. This result can be clearly explained
by the two-site model as being due to the fact that the time-
scale for exchange between the two sites (about 1.5 s) is approxi-
mately that of the time-scale for longitudinal relaxation. The rate

a Tm = 0.005 sec b Tm = 0.50 sec c Tm = 1.0 sec
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Fig. 4. T,-T, exchange spectroscopy results with a varying mixing time of 1 ms (a), 500 ms (b), and 1000 ms (c) show that exchange occurs at 1000 ms. The exchange peak

intensity at 1000 ms is about 1.5% of the total signal respectively.



Table 1

Results of time domain fitting of the one dimensional bi-exponential models and the two dimensional T,-T, model to observed data for a single sample and the average and

standard deviations of the results for the three samples used in this study.

Representative sample 1-D results

Representative sample 2-D results

Average 1-D results Average 2-D results

T1a [ms] 2300 1500
Typ [ms] 2300 1000
Toa [ms] 150 180
Typ [ms] 37 33
Mp [%] 49 46
Mg [%] 51 54
kgt [s] - 1.33

2167 £94 3493 +793
2167 £94 2404 + 673
18228 224 +48
77+2 53.7+279
36+9.2 35.6+10.3
64+9.2 64.3+10.3
- 1.56 £0.2

of mixing between the sites is such that the two sites display a sin-
gle, averaged relaxation time that is extracted by the 1D fits and
clearly suggested by the 2D results. In the case of the 2D results,
the introduction of the parameter k, allows some separation of
the T, values in the two sites for individual samples. However, that
separation is dominated by the constraints on the fitting routine.
Since the routine is fitting one number, the apparent T;, with
two values, T;a and Tig, there are too many degrees of freedom
to accurately and precisely fit the value. This is reflected in the
large standard deviations in the fitting of T;4 and T;. On the other
hand, the time scale for transverse relaxation is an order of magni-
tude shorter than the time scale for exchange and so there is little
to no mixing effect on T,. The 2D results thus provide two distinct,
not exchange weighted values for T, and, essentially, those same
values are also found by the 1D T, fitting process.

Insight into the cartilage physical structure and the data-fitting
process is obtained by comparing the probability distributions cal-
culated from the ILT of the data and model fit predictions. In Figs. 5
and 6, ILT’s of the data, ILT’s of the time domain model predictions,
and the analytical model results of the time domain model predic-
tions are presented for a single sample representative of all the
results. In each (a) is an ILT of the data from the experiment, (b)
is the ILT of the predictions of the 2D time domain model using
the best-fit parameter values and (c) is the analytical model that
is predicted by the elements of the peak matrix, P, for the sequence
when the fit parameters are entered into Eq. (4) for T,-T, and Eq.
(5) for T;-T,. To perform this analysis, the raw time domain data
was first fit to Eq (3). The extracted values were then used to create
the noise-free model. ILT analysis of the time domain data (a) and
the noise free model (b) are compared to the predicted ILT results (c).

Comparison of ILT predictions for the T;-T, sequence (Fig. 5)
shows similar results for the data and the fitted model. Two sites
are present in both plots and while two T, values are identified,
only one T; value is observed. The ILT predicted by the elements
of the analytical model matrix (Fig. 5¢) exhibits four peaks of dif-
ferent amplitude corresponding to the eigenvalues of the solution
matrix. These peaks correspond to two “on diagonal” peaks and
two exchange peaks. The on diagonal peaks represent intrinsic
and exchange weighted intrinsic relaxation and are the peaks
with the shortest Ty, T, and longest Ty, T, bottom left and top
right respectively. The other two peaks are exchange peaks, the
long T; associated with the short T, and the short T; associated
with the long T,. The results of the analytical model clearly show
two primary peaks: one located by the longest T; and T, values
and the second, exchange peak located by the long T; and the
short T, values. These peaks are consistent with the 1D results
(Fig. 2) and the ILT of the T;-T, data in percent signal and T;
and T, value (Fig. 3a, Fig. 5a). The presence of the exchange peak
indicates that mixing between populations of spins is occurring
on the time scale of longitudinal relaxation in the system
[43-46]. Note that the amplitude of the off-diagonal peak below
the diagonal is predicted to be negative, indicated by the square
in Fig. 5c. In this example, the amplitude of the negative-
amplitude peak is below 1% of the signal and therefore has little
impact on the ILT. The results of Eq. (4) (Fig. 5¢) show agreement
with the ILT of T;-T, data (Fig. 5a) and model predictions (Fig. 5b).
All three data visualization methods show two populations with a
single T; and distinct T, values, which is evidence for exchange
weighting of measured T; relaxation in the T;-T, correlation
experiment.
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Fig. 5. ILT analysis of a representative porcine cartilage sample data (a) show agreement with time domain model predictions (b) and analytical results from the two-
dimensional fitting of the data (c). The ILT distribution of the measured data (a) has a wider distribution as compared to the ILT distribution of the modeled relaxation and
exchange (b). The ILT of the data and the modeled relaxation and exchange both show two sites within the same order of magnitude. The analytical predicted magnitude and
peak locations (c) show the four eigenvalues of the system with the diagonal matrix values P;; top right and P,, bottom left of the square formed by the eigenvalue peaks.
Relative to the ILT in (a) and time domain fit data in (b) an additional two small amplitude peaks, a negative eigenvalue P,; (square, bottom right) and an on diagonal peak P»;
(bottom left) are present. The exchange peak P;, (square, top left) with the same T, as the long T, population and with a short T, is the largest population. The small amplitude

on-diagonal peak P,; is not resolved in the ILT of the data.
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Fig. 6. ILT analysis of the data (a) time domain fit (b) analytical model (c) and experimental signal voltage data plotted according to Eq. (7) (d). The ILT distribution of the
measured data (a) has a wider distribution, and the presence of a shoulder, as compared to the ILT distribution of the modeled relaxation and exchange (b) due to the presence
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T,-T, data according to Eq. (7) showing a hyperbolic cosine shape directly confirms the presence of exchange in this system. The data is plotted with a change of variables to a

T4 projection at 1s=0.110s.

A comparison of the ILTs for the T,-T, measurement at 500 ms is
presented in Fig. 6. The exchange peaks in the ILT of the data are
small in amplitude and quite close to the noise level in the com-
puted result, and hence not resolved (Fig. 6a). The exchange peaks
are more clearly visible in the ILT of the time domain model predic-
tion (Fig. 6b) and the analytical solution (Fig. 6¢), where it is evi-
dent that their amplitudes are less than 10% of the total signal.
There is reasonable agreement on the location and amplitude of
peaks on the diagonal across all three analyses of this data. The
data and analysis demonstrate a limitation of the ILT for resolving
small peaks in the T,-T, exchange experiments. Additionally, as a
direct demonstration of the existence of diffusive exchange in
the system, the voltage signal acquired at ts=0.110s is plotted
as a function of 14 and is shown to exhibit curvature due to the
hyperbolic cosine modulation of the signal according to Eq. (7).

In the porcine cartilage studied here, two T, populations corre-
lated to a restricted diffusion coefficient of about 75% of water
(Fig. 4), a value consistent with restricted water in cartilage [47]
is observed. This finding is consistent with previous studies which
have attributed the multiple T, populations to the environments of
fluid in a pore and fluid interacting with collagen [8,10]. In con-
trast, the single observed T; relaxation rate is impacted by
exchange and hence does not represent an intrinsic relaxation rate.
The appearance of a single T; indicates that averaging of T; has
occurred because the exchange time is within a decade of the
observed T;. Since exchange is on the order of Ty, the intrinsic T,
relaxation of this system was not directly measured (Fig. 5a). This
is confirmed as an exchange peak in the T;-T, correlation of the
analytical model. The peak in the T;-T, map at T, ~ 0.07 s is an arti-
fact of exchange. Time domain analysis is not capable of finding the
intrinsic T; relaxation, however fitted values for intrinsic relaxation
rates and T;-T, correlations (Fig. 5¢) provide insight into the relax-
ation processes and reasonable quantitative estimates of the
intrinsic T; values.

The time scale of the measured exchange, kz!, is a physical
exchange mediated by diffusive motions, based on it’s magnitude
of 1s. Observations of T, averaging in cartilage with a change in
solvent have been attributed to chemical exchange [12] due to pro-
ton exchange in an aqueous phosphate buffer being faster than
proton exchange in water and give a timescale on the order of
~107% s [48]. The time scale measured here is 1.54 s, a value too
large for chemical exchange processes. Using the average diffusion
coefficient from the D-T, correlations (Fig. 2c), the diffusive length,
I, of fluid molecules based on the exchange rate timescale can be

determined using the Einstein relation [32], | = v/6Dk™'. An aver-
age diffusive length of 140+ 50 um is predicted for the material
studied here. This diffusive length is in agreement with distance

between spatially varying T, relaxation rates observed in healthy
canine articular cartilage tissues [6]. Specifically, a long-lived T,
population exists near the surface and a short T, population exists
in the middle zone and deep zone of the tissue. The T, gradually
changes as a function of distance between the minimum and max-
imum due to changing fiber orientations relative to the applied B,
which generate a magic angle effect on the measured relaxation.
Additionally, the apparent T, values in this study agree with a
study of healthy porcine cartilage oriented with the applied mag-
netic field and at the magic angle. The observation of two T, pop-
ulations occurs when the sample is oriented with the magnetic
field, but only one population is observed when the sample is ori-
ented at the magic angle [49]. In this study, the cartilage samples,
and therefore collagen fiber orientations, were oriented randomly
and showed a T, distribution similar to the T, distribution mea-
sured for porcine cartilage aligned between 0 and 30° with the
magnetic field [49]. This is shown by the width of the ILT distribu-
tions in T, (Fig. 2a). Thus, the physical, diffusion-mediated
exchange observed is due to the translational diffusion of water
between regions of cartilage fibril orientation relative to the mag-
netic field that are a distance of the order of 100 um apart.

The direct identification of physical exchange in an avascular
tissue such as cartilage is relevant to understanding diffusion of
fluid and nutrients from the bone and synovial fluid, that are
essential for cell survival and tissue function [50]. It has also been
hypothesized that fluid in different environments in cartilage, such
as that associated with macromolecules and in the pore space of
cartilage, contribute differently to the response to loading [51].
Data on diffusive exchange and coupling between these environ-
ments, such as that presented here can provide new information
about the function of fluid in this complex material.

5. Conclusions

In this paper time domain fitting and analytical model solutions
combined with 2D relaxation-time correlation and exchange
experiments are shown to provide detailed characterization of dif-
fusive exchange in porcine cartilage. Measurement of the relax-
ation behavior of cartilage using T,-T, correlation experiments
indicates two populations that communicate via diffusion medi-
ated exchange. The exchange process averages the T; relaxation
processes. Hence intrinsic T; values are difficult to extract and a
single T; value is observed. However, it is still possible to provide
intrinsic T, values using a two-site model. Applying time domain
analysis and analytical modeling, the presence of diffusive
exchange averaging of the measured T; is demonstrated. To further
analyze the diffusive exchange process T>-T, experiments are used



and it is demonstrated that only a single mixing time is required to
determine the exchange timescale, when combined with time
domain fitting and the analytical solution. The intrinsic T, values,
percentage populations, and an exchange time are determined
with these methods. The exchange timescale from the T,-T,
exchange experiment is of the same order of magnitude ~1 s, as
that determined from the analytical model of the T;-T, correlation
experiment. D-T, correlation experiments provide the translational
diffusivity of the two observed T, populations and indicate they are
water associated with the cartilage matrix, not free water. Using
the measured diffusion and the exchange time determined from
the relaxation experiment, a length scale of ~100 pm consistent
with diffusion between oriented fiber domains of different T, is
calculated.
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