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Abstract

The multi-components of T relaxation in cartilage and tendon were investigated by microscopic
MRI (uMRI) at 13pum and 26pm transverse resolutions. Two imaging protocols were used to quantify
T, relaxation in the specimens, a 5-point sampling and a 60-point sampling. Both multi-exponential
and non-negative-least-square (NNLS) fitting methods were used to analyze the uMRI signal. When
the imaging voxel size was 6.76x10~4 mm?3 and within the limit of practical signal-to-noise ratio
(SNR) in microscopic imaging experiments, we found that (1) canine tendon has multiple T,
components; (2) bovine nasal cartilage has a single T, component; and (3) canine articular cartilage
has a single T, component. The T, profiles from both 5-point and 60-point methods were found to
be consistent in articular cartilage. In addition, the depletion of the glycosaminoglycan component
in cartilage by the trypsin digestion method was found to result in a 9.81% to 20.52% increase in
T, relaxation in articular cartilage, depending upon the angle at which the tissue specimen was
oriented in the magnetic field.
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Introduction

The degradation of articular cartilage is a hallmark in musculoskeletal diseases such as
osteoarthritis, which affects the majority of the senior population [1]. Due to the lack of specific
and sensitive markers to detect subtle changes in the tissue, no routine procedure is currently
available to assess nondestructively the functional, structural, and biochemical properties
during the early stages of the tissue degradation. One major obstacle that has prevented any
successful development of an early detection procedure is the complex molecular and
morphological structures of the tissue. On the histological scale, the collagen fibrils (one of
the three major molecules in cartilage) changes its spatial orientation significantly across the
(thin) depth or thickness of the tissue [2]. (The other two major molecules are water and
proteoglycans [3;4].) Consequently, articular cartilage is often regarded as consisting of three
structural zones: the superficial zone (SZ) where the fibrils are parallel to the surface, the
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transitional zone (TZ) where the fibrils are mostly randomly oriented, and the radial zone (RZ)
where the fibrils are oriented perpendicularly to the surface [5;6;7;8;9]. This depth-dependent
organization of the collagen fibrils in articular cartilage defines its depth-dependent anisotropy
as viewed by many analytic and imaging instruments, such as the magic angle effect in MRI
[8], birefringence in polarized light microscopy [2;10], and amide anisotropy in Fourier-
transform infrared imaging [11;12;13].

Among the quantifiable parameters in MRI, T, relaxation is of particular importance since
T, relaxation has been shown to be sensitive to the fibril structure/orientation and responsible
for the MRI visualization of cartilage laminae (the so-called magic angle effect in MRI of
cartilage [8]). In recent years, quantitative mapping of T, relaxation was able to detect the early
structural changes in articular cartilage [14;15;16;17;18;19;20;21]. Furthermore, the
anisotropy of T, relaxation has been used to divide the MRI-visible features of cartilage into
MRI-zones nondestructively, which have been proved to be statistically equivalent to the
histological zones based on the collagen orientation by quantitative polarized light microscopy
[2;22;23].

In addition to the anisotropy of T, relaxation, the study of multi-components of T relaxation
[24;25] is also important in biological tissues such as the brain [26;27;28], nerve [29;30],
muscle [31;32], tendon [33;34;35;36;37], and cartilage [35;38;39;40]. This is because these
tissues are known to have several “pools” of water molecules, each with a distinct molecular
environment [41;42]. Therefore, the ability to quantify the signal from each individual pool
could enable the examination of sub-tissue populations and provide a better identification of
early tissue degradation. Several studies have shown that the bulk T, in tendon and cartilage
are multi-exponential. For example, Fullerton et al [33] considered the FID decays in bulk
bovine tendons to be bi-exponential, with the short and long T, to be about 4 and 22 ms
respectively. Peto et al [34] modeled the echo amplitudes from tendon with a four-component
equation and found the four T, peaks at 0° orientation to be at 0.7, 4.7, 14.5, and 68 ms. These
four T, components in tendon were confirmed by the T distributions by Henkelman et al
[35], who found four peaks at 2, 8, 23, and 56 ms. In bovine articular cartilage, Henkelman et
al [35] demonstrated that the distribution of bulk T, relaxation had at least two peaks, centered
around 20 and 55 ms at 0°, and that the 20ms peak largely disappeared when the tissue’s
orientation was about 55° to the magnetic field.

The aim of this microscopic MRI (uMRI) project was to investigate if the multiple components
of T relaxation in articular cartilage could be resolved in imaging at high spatial resolution.
In addition to canine articular cartilage (AC), bovine nasal cartilage (BNC) and canine tendon
were also studied in this project. Unlike articular cartilage, tendon (bundles of collagen fibers
to transfer the force experienced by muscle to the bone) does not have a zonal structure. The
same is true in nasal cartilage. Consequently, for tendon and nasal cartilage, a low-resolution
imaging or even a bulk experiment should produce the similar result as in high-resolution
imaging. Two T, quantification methods were used in this uMRI project. In one method (5-
point method), five To-weighted intensity images were acquired in uMRI, and a mono-
exponential fitting was used to calculate a T, map at every pixel location in two dimensions.
This isthe most commonly used method in both clinics and laboratories (including our previous
work), and is consistent with the fact that the fastest decay components in the tissue are not
visible in MRI because of the long echo time. In the second method (60-point method), 60
To-weight intensity images were acquired for each specimen, which enables the calculation of
multiple components of T in the specimen. This method essentially results in a quantitative
T, data cube, with two spatial dimensions and one dimension of T distribution. We employed
not only the conventional multivariable exponential fitting analysis but also the non-negative
least-square (NNLS) method [24;43] [44] to analyze the T, distribution. Although this project
was carried out using intact tissue blocks at microscopic resolution, it has direct relevance to
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MRI of cartilage in general. Itaimed to answer an important question: does a mono-exponential
fitting of T, in MRI of cartilage result in an accurate T, value?

Materials and Methods

Eight fresh specimens of articular cartilage were harvested from the central load-bearing area
of three canine humeral heads. These dogs were skeletally mature and healthy, sacrificed for
an unrelated experimental study. Each specimen consisted of the full thickness of the articular
cartilage still attached to the underlying bone and had dimensions of about 1.75x2x10 mm. In
addition to articular cartilage, three pieces of Achilles tendons were also harvested from the
same canine origin and two pieces of bovine nasal cartilage were harvested from a local
slaughter. All NMR/uMRI experiments were performed when the tissues were fresh, except
as noted specifically. For imaging experiments, articular cartilage was soaked in physiological
saline with 1% protease inhibitor (Sigma, Missouri). The experiments for tendon and BNC
were carried out after the tissues were blotted dry.

NMR spectroscopic and microscopic MRI experiments were conducted at room temperature
on a Bruker AVANCE 11 300 NMR spectrometer equipped with a 7-Tesla/89-mm wide
vertical-bore superconducting magnet and micro-imaging accessory (Bruker Instrument,
Billerica, MA). A homemade 3mm solenoid coil was used for the cartilage-bone experiments,
where the orientation of the collagen fibrils in the radial zone of the cartilage block with respect
to the static magnetic field could be adjusted. Bovine nasal cartilage was also imaged using
the same homemade coil. A Bruker 5mm birdcage coil with rotation device was used for the
tendon experiments, where the long axis of the tendon sample was set at 55° (magic angle)
relative to the direction of the magnetic field.

Spectroscopic measurements of bulk T, relaxation were performed using a standard CPMG
pulse sequence,

90° — (t — 180° — 1), — (acquisition). (1)

A zvalue of 500 us was used in the experiments to avoid the spin-locking effect [45]. Only the
even echoes were used in the experiments, where the last number of echoes was 800, which
corresponds to an echo time of 800ms. The 90° rf excitation pulse had a duration of 8.38 us
and 3.69 us for the nasal cartilage and tendon, respectively; the repetition time (TR) was 5 s;
the number of dummy scans was 8.

Quantitative T, imaging experiments were performed using a magnetization-prepared CPMG
T, imaging sequence (Fig 1), which is similar to the magnetization-prepared spin-echo T,
imaging sequence that has been used extensively in our lab [46]. This sequence separates the
leading T,-weighting segment that contains no gradient pulse, and a subsequent imaging
segment where all timings are kept constant, hence capable of giving an accurate measurement
of T, in the tissue. The echo spacing in the CPMG T,-weighting segment was 1ms, which was
the same as that used in the spectroscopy experiments. Two sets of echo times had been used
in the leading contrast segment for articular cartilage samples. In the first set (the 5-point
method), the number of echoes were 2, 4, 10, 30, 60 for the articular cartilage when its surface
was perpendicular to the static magnetic field and 2, 14, 36, 60, 120 when at the magic angle,
respectively. In the second set (the 60-point method), the number of echoes had 60 increments;
the last number of echoes was 710, which corresponds to an echo time of 710ms. For the first
set (the 5-point method) experiment, the 2D imaging parameters were: echo time (TEi) was
8.6 ms; field of view (FOV) was 0.33 cm x 0.33 cm; imaging matrix size was 128 x 256 (256
was in the readout direction); the spectral bandwidth was 50 kHz corresponding to a 20 ps of
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readout sampling dwell time; 1 ms and 0.75 ms sinc shape pulses were used as excitation and
refocusing pulse in imaging segment, respectively. For the second set (the 60-point method)
experiment, the following imaging parameters were used to minimize the echo time (TEi) and
to achieve higher SNR: Field of view 0.33 cm x 0.33 cm; imaging matrix size 128 x 128;
spectral bandwidth 100 kHz corresponding to a 10 ps of readout sampling dwell time; 0.8 ms
and 0.507 ms hermite shape pulses were used as excitation and refocusing pulse, respectively.
With these imaging parameters, an echo time of 3 ms in the imaging segment was achieved.
The TR of the imaging experiment was 2 s. The in-plane pixel size, which was across the depth
of the cartilage tissue, was 13 um for the 5-point method and 26um for the 60-point method.
The Imm-thick imaging slice was transversely located at the middle of the 10mm-long
specimen. For tendon imaging experiments, all imaging parameters are the same except a larger
FOV (1.2 cm x 1.2 cm) was used.

From the images acquired using the 5-point method, the T, relaxation in cartilage was
calculated by a single exponential fitting of the data on a pixel-by-pixel basis, which assumes
that there is only one T, component in cartilage. From the intensity images acquired using the
60-point method, the T, relaxation was calculated based on the same function by two methods,
the nonnegative least-square (NNLS) method [24;43] implemented with the MatLab codes
(MathWorks, Natick, MA) and the multi-variable exponential fitting in KaleidaGraph
(Synergy Software, Reading, PA). The signal intensities as a function of the TEc (the echo
time in the leading contrast segment) can be written as:

M
y(t,-):ZS ehive, i=1,2,...,N
=1 @

where N is the number of echoes, t; is the it TEc, y(t;) is the signal intensity of the it" echo,
M is the number of T, components, S is the intensity of the j' T, component, and C is a constant
accounting for any offset of the signal. While we concentrated on the number of T, components,
no additional constraint was incorporated into the least-squares misfit (Eq(7) in the reference
[24]), which was minimized in NNLS algorithm. Therefore only a discrete spectrum of
relaxation times was acquired from the data [24]. The bin spacing was 0.2 ms; the range of
T, was from 0.2 ms to 400 ms (M in Eq (2) was 2000). For each To NNLS spectrum, the
calculated T, components below a specific threshold (peak intensity less than 2% of the total
intensity) were ignored to eliminate the dependence of the fit to the noise [27;32] [44]. All
NNLS results in this report were also verified by the high R-values of the multi-exponential
fitting method (in most cases, R > 0.999). The combination of the exponential fitting and NNLS
method meant that the results in this report were acquired without a priori assumptions about
the number of T, component and any initial guess of the solution.

Both 2D images and 1D profiles through the depth of the cartilage tissue in the 2D images were
used for analysis and presentation. The 2D images enable us to examine any topographical
variation in the images, whereas the 1D profiles enable us to examine the depth dependency
of the results quantitatively and to compare the profiles from different imaging experiments.
All images and profiles have consistent features among all specimens. Since there was no
visible variation laterally within the tissue in these images, a rectangular region-of-interest
(ROI) with a width of 10 contiguous columns were averaged from the 2D images to enhance
the signal-to-noise ratio of the 1D profiles. The width and the location of the ROI were
approximately the same in all specimens. There was no manual scaling or adjustment in plotting
several cross-sectional profiles, which came from independent experiments, into one figure.
Because the averaging occurs perpendicular to the tissue depth, the pixel resolution in the
averaged profiles along the tissue depth is still 13um and 26um respectively.
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Results

Proton Intensity Images

Canine tendon, bovine nasal cartilage and canine articular cartilage were studied using NMR
spectroscopy and/or pMRI. Fig 2 shows the selected proton images from the representative
Tp-imaging experiments where each uMRI experiment had 60 proton intensity images with
different T, weightings. For the articular cartilage (Fig 2a and 2b), it is clear that the tissue has
strong depth-dependent laminar structure when the tissue block is oriented with the normal
axis of its surface parallel with the external magnetic field, which pointed upwards (Fig 2a,
termed as the 0° orientation). This laminar appearance is due to the strong T» anisotropy in the
superficial zone and radial zone of cartilage [47]. When the tissue block is oriented at the magic
angle (Fig 2b, the 55° orientation), the minimization of the dipolar interaction results in higher
T, relaxation in these two zones of cartilage, and hence brighter and more uniform images.
For both bovine nasal cartilage (Fig 2c) and canine tendon (Fig 2d), there is no uMRI-visible
structure in these intensity images.

T2 Relaxation in Canine Tendon and Bovine Nasal Cartilage

The normalized signal from the NMR spectroscopy experiment of a canine tendon is shown
in Fig 3a, where the decay of the signal is clearly not single-exponential. In addition to the long
T, component of 362.5ms that was attributed to the residual free water on the surface of the
specimen or NMR tube (see the insert), this set of spectroscopy data was analyzed by the NNLS
algorithm to contain three T, components, shown in Fig 3b. With this a priori knowledge,
multi-exponential fitting was also able to resolve three T, components from the signal,
summarized in Table 1. The R-value of this fitting was 1, which means that the R value is larger
than 0.999995 because only five significant figures are shown in KaleidaGraph. A visually
convenient way of distinguishing whether the data is a single component or not is to plot the
data in the natural log scale, shown in Fig 3c for both the spectroscopy and imaging results of
canine tendon and in Fig 3d for the results of bovine nasal cartilage, respectively. Since tendon
and nasal cartilage have no pMRI-visible structure in their intensity images, one averaged value
was extracted from a 2D region-of-interest (10 pixels by 10 pixels) in the middle of each
intensity image shown in Fig 2 to improve the signal-to-noise ratio (SNR). (The SNR of NMR
spectroscopy and MR imaging (before the averaging) for the first data point were 31250 and
187 for tendon and 21250 and 380 for nasal cartilage respectively) It is clear that canine tendon
has multiple T, components but bovine nasal cartilage has a single T, component.

T2 Relaxation in Canine Articular Cartilage

The normalized proton signal from canine articular cartilage in the natural log format is shown
in Fig 4a. Since articular cartilage has the depth-dependent morphological structure, every data
point in Fig 4a comes from a 1D region-of-interest (1 pixel by 10 pixels) at a fixed tissue depth.
The best SNR occurs where the tissue has the longest T relaxation, i.e., in (1) all tissue
locations when the tissue block is oriented at the magic angle and (2) the transitional zone when
the tissue block is oriented at 0°. Within the limit of the imaging SNR (590, 685, 490 and 290
for the first data point at 26 um, 104 um, 234 um and 364 pum location and after averaging)
and given our voxel size (26pmx26pmx1mm = 6.76x10~4 mm3), there is no visible multi T,
component in articular cartilage. The NNLS algorithm was also used to verify this visual
impression at every pixel along the entire tissue depth of cartilage imaging results; the results
were consistently a single-component of T».

Fig 4b shows the depth-dependent T profiles in fresh articular cartilage at 0° and 55°, where
each point was calculated individually using the fitting method from all 60 data points from

the imaging experiment after NNLS algorithm was performed first, the error bars are the fitting
errors. These T, profiles agree well with the T, profiles from our previous cartilage imaging
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work where only 4-5 data points were used [46]. It is clear that the errors in the fitting were
extremely small. Fig 4c shows the histograms of the T, distribution in this fresh cartilage based
on the interpolated T, profiles shown in Fig 4b, where the majority of the T, relaxation is
centered around 54ms when the tissue is oriented at the magic angle and around 4ms when the
tissue is oriented at 0°.

Several fresh articular cartilage blocks were treated biochemically using a 10mg/ml trypsin
(Sigma-Aldrich, USA) digestion protocol [48], which removes the GAG macromolecules from
the tissue. Data analysis of To component identical to those used in Fig 4 were applied to this
set of images, i.e., along the tissue depth from the articular surface to the bone at each pixel
location. No multi-component T, was found within the limit of SNR at this voxel size. Fig 5a
and 5b compare the calculated T profiles for the fresh and trypsin-treated cartilage tissues at
0° and 55° respectively. The RMS averages of the entire T2 profiles in Fig 5a and 5b were 23.6
+17.8ms for trypsin-treated tissue at 0°, 21.5+14.8ms for fresh tissue at 0°, 56.9+11.2ms for
trypsin-treated tissue at 55°, and 47.2+8.7ms for fresh tissue at 55°. Several features can be
identified. First, T, relaxation is sensitive to the GAG concentration in cartilage. After the
depletion of GAG, the T, value increased, presumably due to the increased amount of water
and the changed environment of water molecules in the tissue. Second, the sensitivity of T, to
the GAG concentration maximized only when the influence of dipolar interaction was
minimized; this happens at all tissue depths when the specimen is oriented at the magic angle
(Fig 5b) as well as in the transitional zone when the specimen is oriented at 0° (Fig 5a).

Fig 5¢ shows the histograms of the T, distribution in this trypsin-digested cartilage based on
the interpolated T profiles shown in Fig 5a and 5b. Comparing with Fig 4c, it is clear that the
enzymatic digestion shifted the T, distribution and the most obvious shift of the T, values
occur when the specimen is oriented at 55°, toward higher T, values.

Several tissue blocks were also imaged using our ‘conventional 5-point” T,-imaging method,
shown in Fig 6. Comparing with the T, images from 60-point method (Fig 5a and 5b), the 5-
point method resulted in essentially the similar conclusion, i.e., T, was sensitive to the trypsin
digestion, mostly sensitive when the specimen was oriented at the magic angles. This set of
data also shows that the ‘detection sensitivity’, the T, difference between fresh and digested
tissue, is less in the 5-point method. Fig 7 compares the T, profiles between the 5-image T,
calculation and 60-image T calculation. It is clear that both methods produce consistent results.

Discussions

We have studied the multi-components of T, relaxation in cartilage and tendon using uMRI
and NMR spectroscopy. Since articular cartilage is a thin layer of tissue with a complex depth-
dependent structure, any quantification experiment for cartilage needs to be carried out at
microscopic resolution, in order to minimize the volume averaging effect among the different
molecular and structural environments in articular cartilage.

Single vs. multi-component of T2 in tendon and cartilage

Within the limit of practical SNR in microscopic imaging, we have found in three different
tissues that (1) tendon has multiple T, components; (2) nasal cartilage has single T, component;
and (3) articular cartilage has single T, components in 26um resolution along the depth of the
tissue. Our tendon results are consistent with the NMR spectroscopy literature, where To in
tendon has been found to be multi-exponential [34;35]. Since tendon can be considered as a
bundle of ‘uniformly oriented’ collagen fibers, the tendon result does not depend upon the
resolution of the MRI/NMR experiments.
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It should be point out that the ability to detect multi-components of T, in NMR/MRI can be
influenced by several factors including the regularization algorithms and the inevitable
experimental noises. For example, Moody and Xia found that a SNR threshold of about 300
was needed for detecting the presence of the sub-ty component with a probability of 0.9 or
greater when using the second-derivative-squared regularizer in the linear regularization
methods [44]. Although the SNR of cartilage imaging experiments in this report was not as
good as we would like to have, it was probably better than any other imaging study of articular
cartilage at this fine resolution. In fact, we have purposefully conducted an excessively long
experiment to see if T, relaxation in articular cartilage could be measured to be multi-
exponential, under these nearly impractical conditions. The answer was no.

The results of the single T, component in our articular cartilage experiments, however, would
appear to be inconsistent with some literature results [35;38;40;49;50]. For example,
Henkelman et al showed that articular cartilage had at least two To components, centered
around 20 and 55 ms when the tissue block was oriented at 0° [35]. This discrepancy in the
number of T, components in articular cartilage comes from the fact that any full-thickness
articular cartilage contains multiple molecular and structural architectures in its organization.
If one does NMR spectroscopy or low-resolution MRI experiments, one averages among
different architectures of the tissue, each having a unique characteristic. This can result in the
observation of multiple T, components in bulk or large-voxel-imaging experiments. Another
critical issue for reliable multi-component T, measurement is the need of sufficient data points
to calculate T5 [24;35]. In our uMRI experiments at high resolution, when the voxel size was
reduced to 6.76x10~4 mms3 and 60 data points were acquired, we found that there was no multi-
component T» in articular cartilage. This conclusion of a single component T in articular
cartilage is extremely beneficial to MRI T, mapping in general. Since there is only one T,
component, one does not need to wonder whether a mono-exponential fitting of the high-
resolution MRI signal is a faithful assessment of the true To characteristics or not.

Our one Ty-component result in articular cartilage at all tissue depths, from the superficial zone
to the deep zone, however, disagrees with the finding of Keinan-Adamsky et al [50], who
showed that there were two T, components (5ms and 36-57ms) in a deep tissue (~ 20-60%)
of porcine articular cartilage of 12 months or older. Since several key experimental details (eg,
the thickness of imaging slice, the SNR, the shape and duration of the soft pulses used (which
were important to understand the ultra short TE (2ms) used in that paper) were not disclosed
in the Keinan-Adamsky report, one couldn’t do a direct comparison between the Keinan-
Adamsky experiment and our study. Comparing the actual T, values, one could wonder if it
was possible that we have actually missed the slow (i.e., long) T, component in our experiments
(the 36-57ms component in the Keinan-Adamsky report) in the deep zone (~ 20-60%)? The
conclusion is no for the following three reasons. First, in our experiments, the T, value from
the superficial zone to the radial zone changed continuously from 4 ms to about 60ms (by either
NNLS or fitting method), which means that all T, values within this range could be detected
in our experiments. Second, if the long T, component indeed existed in the deep tissue, the
long T, component would be easier to detect than the short T, component, because the long
T, component decays slower. Finally, the NNLS algorithm used in this report excluded a
priori assumption about the number of exponentials.

Several models have been developed to explain the relaxation times and magnetization transfer
inarticular cartilage [40;46;51;52;53;54] and other biological system [55;56;57]. It is generally
accepted that the proton dipolar interaction is the dominant relaxation mechanism in articular
cartilage and that there are at least two proton pools in cartilage: free and bound water with
chemical exchanges between them. When the chemical exchanges are faster than the relaxation
processes, only one T, value can be measured in articular cartilage.
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The sensitivity of T2 on GAG concentration in articular cartilage

In most cartilage degradation cases in clinics, which portion of the tissue loss GAG first is
probably unknown. It would also depend upon what is the trigger of the tissue degradation in
each clinical case. For a majority of degradation that is initially diagnosed by a surface
roughening, one can assume the GAG loss would be started at the first half of the tissue, which
includes the transitional zone. This report demonstrates the depth-dependent “sensitivity’ of
T, value towards the GAG depletion in articular cartilage. In the fresh vs. trypsin-treated T,
profiles shown in Fig 5a and 5b, the changes in T,’s RMS averages were 9.8% ((23.6 - 21.5)/
21.5) when the specimen was oriented at 0° (Fig 5a) but increased to 20.6% ((56.9 — 47.2)/
47.2) when the specimens was oriented at 55° (Fig 5b). This result shows that the sensitivity
of T, relaxation to the GAG depletion in cartilage (one of the early signs of tissue degradation)
can be doubled if the cartilage tissue is oriented towards the magic angle (~55°). Furthermore,
if one has to measure the tissue degradation when the tissue cannot be oriented at 55° (most
likely in human in vivo situations), one can still monitor the tissue regions around the
transitional zone. Fig 5a shows that the T, value in transitional zone was still sensitive to the
amount of GAG even though the tissue block was set at 0°, which has the strongest influence
of the dipolar interaction.

On a related note, we showed in a previous work [48] that the cartilage GAG loss due to the
trypsin incubation was time-dependent, reaching about 40% loss at 40 min of incubation, and
about 70% GAG loss at 200 min incubation. Since the tissue blocks used in the previous work
and this report are from the same origin (canine humeral cartilage blocks), and since the trypsin
protocol in both studies are similar, we can assume that the GAG loss in the current project
was also about 70%, which translates into approximately 20% T increase in MRI.

Finally, the T, value itself from any biological experiment is a ‘composite’ measure of several
rather complex factors, both at the molecular/structural levels in a biological specimen itself
and at the procedural levels in the instrumentation/data-analysis. Consequently, it should be
cautionary to attribute any small elevation or depletion in T, values to some interventional
procedure. In this report, it might seem that T in the deep part of the fresh cartilage at 0° were
somewhat higher than the same in the trypsin-treated cartilage (200-500um region in Fig 5a).
A statistics comparison reveals such visual difference is actually very small: the RMS T,
averages and standard deviations are 5.99+3.19 ms and 5.97+2.86ms for the fresh and trypsin-
treated tissues respectively. However, the same experiments clearly confirm that the T in the
trypsin-treated specimen is significantly higher than the same in the fresh specimen (80—
140um region in Fig 5a). This distinct contrast between the deep tissue and the transitional
zone tissue further demonstrates that the measurable T, difference in the transitional zone in
this report was not due to any instrumentation/data-analysis factor, but due to the specimens
themselves — one of the two had been trypsin-treated.

In conclusion, the experiments in this report investigated the multi-components of T, relaxation
in three tissues: articular cartilage, nasal cartilage and tendon. While tendon has multi
components of T», articular cartilage was found to have a single component of T at
microscopic resolution. This study provides an important message to the community of
cartilage MRI: As long as one has sufficient resolution, a simple mono-exponential fitting of
the T, data is a valid approach in the quantification of T, in cartilage. (When one has large
voxels, as in clinical MRI, however, one can still have multiple T, components in MRI, simply
because the co-existence of multiple environments.) In addition, the sensitivity of T, relaxation
towards the GAG depletion was investigated. A strong influence of the specimen orientation
in the magnetic field was found - One could double the “detection sensitivity” if the specimen
could be oriented towards the magic angle. Since a substantial improvement of image resolution
in quantitative study of cartilage using the current MRI hardware and methodology is unlikely,
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the microscopic results in this report can serve as the “ultimate’ characteristics of T, relaxation

fo

r future MRI study of articular cartilage.
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The imaging pulse sequence that was used for the quantification of T, using CPMG.
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Fig 2.

Selected proton images from the uMRI experiments where each experiment had 60 proton
images with different T, weightings, (a) a block of canine articular cartilage at 0° orientation,
(b) a block of canine articular cartilage at the magic angle (55°), (c) a block of bovine nasal
cartilage, and (d) a block of canine tendon. All images were displayed using the same minimum
and maximum values. (AC: articular cartilage; NC: nasal cartilage)
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Fig 3.

() The normalized signal decay in the NMR spectroscopy experiment of a canine tendon,
where the solid line in the main figure is an exponential fit with one decay-constant (i.e., one
T, component). (b) The NNLS results using the same data in (a), where three T, components
were found. (¢) The natural log plot of the canine tendon data from both NMR spectroscopy
and uMRI, where the curvatures of the log plot show visually the multi T, component of the
specimens. (d) The natural log plot of the bovine nasal cartilage data from both NMR
spectroscopy and uMRI, where the linearity of the log plot show visually single T, component
of the specimens.
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Fig 4.

Fresh canine articular cartilage data from the 60-image uMRI experiments. (a) The natural log
plots of the uMRI data of healthy canine articular cartilage, where each plot was from a single
pixel location at different zones in articular cartilage. (b) The depth dependent T profiles in
healthy articular cartilage at 0° and 55°, where each point was calculated individually using
the NNLS algorithm. (c) The histograms of the T, distribution in healthy cartilage based on
the interpolated T2 profiles shown in (b). (Note that some error bars, which have been plotted
in (a) and (b), are within the symbols.)
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Trypsin-treated canine articular cartilage data from the 60-image uMRI experiments. The
comparisons between the T profiles of fresh and trypsin-treated cartilage were shown in (a)
and (b). (c) The histograms of the T distribution in trypsin-treated cartilage based on their
interpolated T profiles, which show the increased T, values in the GAG-depleted cartilage.
(The error bars have been plotted in (a) and (b).)
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Fig 6.

Canine articular cartilage data from the 5-image uMRI experiments. The T, images (a) and
profiles (b) of fresh and trypsin-treated articular cartilage.
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Fig 7.
Comparison for the T, profiles between the 5-image T calculation and 60-image T, calculation

in uMRI.
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