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Abstract

Both NMR spectroscopy and MRI were used to investigate the dependencies of multi-component
T, and Ty, relaxation on the anisotropy of bovine nasal cartilage (BNC). The non-negative least
square (NNLS) method and the multi-exponential fitting method were used to analyze all
experimental data. When the collagen fibrils in nasal cartilage were oriented at the magic angle
(55°) to the magnetic field Bo, both T, and Ty, were single components, regardless of the spin-
lock field strength or the echo spacing time in the pulse sequences. When the collagen fibrils in
nasal cartilage were oriented at 0° to By, both T, and Ty, at a spin-lock field of 500 Hz had two
components. When the spin-lock field was increased to 1000 Hz or higher, Ty, relaxation in nasal
cartilage became a single component, even when the specimen orientation was 0°. These results
demonstrate that the specimen orientation must be considered for any multi-component analysis,
even for nasal cartilage that is commonly considered homogenously structured. Since the rapidly
and slowly relaxing components can be attributed to different portions of the water population in
tissue, the ability to resolve different relaxation components could be used to quantitatively
examine individual molecular components in connective tissues.
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Introduction

The transverse relaxation time T, measures the decay in phase coherence between the
individual nuclear spins and is sensitive to the structure and orientation of the collagen
fibrils in connective tissues (e.g., articular cartilage) in the external magnetic field Bg [1; 2].
This strong T anisotropy in articular cartilage is depth-dependent [2; 3], which causes the
laminar appearance in MRI of articular cartilage; this is also known as the magic angle
effect since the tissue laminae would disappear when the fibril orientation was set at 54.7° to
By [3-7]. Because of its sensitivity to the fibril orientation, T, relaxation and its anisotropy
have been used to study the degradation of articular cartilage [8-11], which is the hallmark
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of degenerative joint diseases, such as osteoarthritis, that affect a significant portion of the
adult population.

In addition to T relaxation, Ty, relaxation (the spin-lattice relaxation in the rotating frame)
is found to be sensitive to the proteoglycan content in osteoarthritic cartilage [12-15]
because of its sensitivity to the slow motional interactions between local macromolecular
environments and the confined water molecules [13; 16]. Different from the anisotropy of
T, relaxation, which can mainly be manipulated by the fibril orientation, the anisotropy of
T, relaxation can also be manipulated by the spin-lock technigue. Consequently, Ty, could
have more uniform sensitivity toward the detection of osteoarthritis, regardless of the local
fibril orientation, which is a welcome advantage over T in clinical diagnose using MRI
[17].

Another important aspect of T, relaxation is its multi-component characteristics in
connective tissues including nasal cartilage, articular cartilage, tendon, and muscle [1; 11;
18-29]. In bulk tissues measured by NMR spectroscopy, T, seems consistently multi-
component. For example, Fullerton et al. found the T, relaxation in bovine tendons to be bi-
exponential (4 ms and 22 ms) [18], which was also confirmed in a later study [11]. In bovine
articular cartilage, Henkelman et al. [1] showed that the distribution profiles of bulk T,
relaxation had at least two peaks, centered around 20 ms and 55 ms at 0°, and that the 20-ms
peak largely disappeared when the tissue's orientation was about 55° to Bg. In bovine nasal
cartilage (BNC), Reiter et al. [26] found three T, components (2.3 ms (6.2%), 25.2 ms
(14.5%), 96.3 ms (79.3%)).

Unlike the multiple T, components in bulk specimens, the multi-component analysis of T,
relaxation in high-resolution MRI remains highly inconsistent. One of the first studies on the
issue was carried out by Keinan-Adamsky et al. [24], who noticed that the deep part of
swine articular cartilage had two age-dependent T, components (e.g., 12 ms (39%) and 45
ms (61%) for 12-month-old tissue) by MRI. A similar imaging result in both young and
mature bovine nasal cartilage was recently reported by Reiter et al. that T, had two major
components in BNC [30]. However, this multi-component T, in nasal and articular cartilage
was not observed in two microscopic MRI (uMRI) work in our lab, where T, in both types
of tissue was found to be single component [11; 29]. Reiter et al. recently attempted to
discover the cause of this controversy; they considered the disruption of cartilage
microstructure by the freeze-thawing storage procedure [30]. Our hypothesis concerning this
controversial issue of whether T, in nasal cartilage by MRI was single or multiple
component came from a different direction — the recent observation that nasal cartilage,
which had been largely known as a homogeneous connective tissue [31; 32], actually had
weak but measurable anisotropy in its fibril structure. The first observation on the topic, to
the best of our knowledge, was a biomechanical work that noticed the mechanical modulus
of the tissue to be different if the tissue was compressed from three orthogonal directions
[33]. A comprehensive set of experiments in our lab [34] that measured the same bovine
nasal cartilage block using uMRI, polarized light microscopy, and mechanical indentation
led to the re-discovery that the collagen fibrils in nasal cartilage were anisotropically
oriented.

The goal of this project was to investigate the multi-component issue of both T, and Ty,
with the knowledge of the collagen fibril orientation in bovine nasal cartilage. The T, and
T1pin the specimens were measured when the tissue block was oriented at 0° and 55°.
Furthermore, the influences of two additional experimental issues on the measurement of T,
and Ty, relaxation were also studied: the influence of different echo spacing on T,
relaxation in NMR spectroscopy and the influence of different spin-lock fields on multi-
components of Ty, in both NMR spectroscopy and MRI at microscopic resolution.
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Materials and Methods

Bovine nasal cartilage

Bovine tissue was obtained fresh from a local slaughterhouse. The central part of a large
piece of nasal cartilage was harvested, immersed in physiological saline (154 mM NaCl in
deionized water) with 1% protease inhibitor (Sigma, Missouri), and stored at -20 °C before
the experiments. Before the specimen preparation, the BNC block was thawed to the room
temperature and cut into 10 specimens, each approximately 3 mm x 3 mm x 8 mm. The
orientations of the individual specimens with respect to the large BNC block and the animal
were noted; the fibril direction in the block was perpendicular to the long dimension of the
block [34].

NMR spectroscopy and microscopic MRI

NMR spectroscopic and pMRI experiments were performed at room temperature on a
Bruker AVANCEII300 NMR spectrometer equipped with a 7-Tesla/89-mm vertical-bore
superconducting magnet and micro-imaging accessory (Bruker Instrument, Billerica, MA).
A homemade 5 mm solenoid coil was used in the NMR spectroscopy and uMRI
experiments. The BNC specimens were surface-blotted dry to remove excess surface water
and subsequently immersed in Fluorinert FC-77 liquid (3M, St. Paul, MN), which has
similar susceptibility to tissue and low water solubility [29]. This immersion fluid produced
no NMR and/or MRI signal while minimizing the influence of the magnetic susceptibility
difference between the tissue and air. The first-order automatic shimming was performed
before each imaging and spectroscopy experiment.

Each block was imaged when the fibril direction of the block was 0° and 55° with respect to
By respectively. T, imaging experiments were performed using a Carr-Purcell-Meiboom-
Gill (CPMG) magnetization-prepared T, imaging sequence [11; 29]. The echo spacing in the
CPMG T,-weighting segment was 1 ms to avoid the spin-locking effect [35]. The number of
echo times was 46, resulting in 46 delays from 2 to 600 ms. The Ty, imaging sequence
consisted of a Ty,-weighting segment, which had a 90° pulse followed by a spin-lock pulse.
The power of the spin-lock pulse varied from 0.5 - 2 kHz (500, 1000, 2000 Hz). The
strength of the spin-lock field was calibrated by the strength of the 90° rf pulse. The lengths
of the spin-lock pulses were equaled to the 46 echo times in the T, imaging experiments.
The 2D imaging parameters were consistent for all experiments: the echo time/pulse
repetition = 3 ms/ 2 s; the number of scans = 12; the field of view (FOV) = 4.5 mm x 4.5
mm. The imaging matrix size was 32 x 32, which yielded the transverse pixel resolution of
140 pum. The slice thickness was 1 mm. A minimum SNR of 1000 was achieved for all
experiments. The typical length of a 90° rf pulse was 6.5 ps.

The bulk T relaxation by NMR spectroscopy was measured by the standard CPMG
sequence, which was similar to that of the MRI experiments except without the 2D imaging
segment. 75 data points were acquired for each of the three echo spacings (0.6 ms, 1 ms, 3
ms). The repetition time was 8 s; the number of dummy scans was 8; the number of scans
was 8; and a minimum SNR of about 3000 was achieved for all experiments. The
parameters of Ty, experiments were similar to T, experiments, while the length of spin-lock
pulse was equaled to the 75 echo times in the CPMG experiments.

T, and Ty, relaxation analysis

To calculate both T, and Ty, relaxation times, the non-negative least-squares (NNLS)
method [36; 37], implemented with Matlab codes (MathWorks, Natick, MA), and the multi-
variable exponential fitting in KaleidaGraph (Synergy Software, Reading, PA) were used
[29]. In MRI data analysis, the central region of 8 pixels by 8 pixels was averaged to
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improve the signal-to-noise ratio. In the NNLS analysis of the T, and Ty, spectrum, any T,
or Ty, component with a value below or above two constant thresholds (1.5 ms, 250 ms)
was ignored to eliminate the dependence of the fit on the experimental noise [19; 23; 38].
The use of the NNLS meant that the results in this project were calculated without a priori
assumptions about the number of T, and T, components and any initial guesses of the
solution.

Proton intensity images

Forty-six intensity images were acquired for each specimen during each multi-component
imaging experiment, each image at a different T, or Ty, weighting. Fig 1 shows the
representative sets of BNC images at the specimen orientation of 0° (Fig 1a-d) and 55° (Fig
1e-h) with respect to Bg. Two features could be identified from these intensity images. First,
the tissue showed stronger anisotropy when the specimen orientation changed in the T, and
the Ty, at low spin-lock field (500Hz) experiments (comparing Fig 1a-b and Fig e-f) — likely
due to the minimization of the dipolar interaction at the magic angle. Second, Ty, images at
high spin-lock fields (1000Hz and higher) appeared considerably more uniform, especially
at the magic angle.

T, and T1p by NMR Spectroscopy and MRI

Fig 2 shows the T, relaxation as the functions of the echo spacing (t = 0.6ms, 3ms), both at
0° (left) and 55° (right) in NMR spectroscopy. At the 0° orientation, the signal decay at any
echo spacing could not be fitted by a single exponential component (Fig 2a). In contrast, the
signal decays could be fitted well by a single exponential component at the magic angle (Fig
2b). A visually convenient way of distinguishing whether the data had single or multiple
components was to plot the data in the natural log scale, shown in Fig 2c-d. Multi-
component analysis by the NNLS method in Fig 2e and Fig 2f clearly shows that while T,
was a single component centered at ~ 110 ms at the magic angle, two components were
clearly evident at the 0° orientation, regardless of the echo spacing. In addition, while all
long T, components at 0° were consistently centered around 80-90 ms, the short T,
component at 0° depended upon the echo spacing — becoming shorter as the echo spacing
became longer.

Fig 3 summarizes the results of the Ty, relaxation times from NMR spectroscopy at different
spin-lock fields (500Hz, 1000Hz, 2000Hz), together with T, (t = 1ms) as the reference. Ty,
at 500 Hz was very similar to the T, characteristics in Fig 2: at the magic angle, Ty, could
be fitted with a single exponential component, while at the 0° orientation, Ty, must be fitted
with two exponential components. When the spin-lock field was 1000Hz or larger, any Ty,
relaxation could be fitted well by a single exponential component regardless of the specimen
orientation in By.

The results of T, and Ty, in MRI experiments were similar to the results of the NMR
spectroscopy, summarized in Fig 4. Once more, T, and Ty, at low spin-lock fields (500Hz)
had two components at 0° and became a single component at the magic angle. When the
spin-lock fields were 1000Hz or higher, both T, and Ty, decays could be fitted well by a
single-exponential component regardless of the specimen orientation in B,

Table 1 and Table 2 summarize all calculated results of T, and Ty, by both NMR
spectroscopy and MRI, from both the exponential fitting and NNLS methods. In the NNLS
method, additional minor components occasionally appeared in the T, and Ty, plots. Since
these additional components were small (all less than 3% in population) and not consistent
(either absent or having a variable value between 1 ms and 10 ms in this group of BNC
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specimens), these minor components were attributed to the influence of experimental noise
or sample inhomogeneity. Several features could be noted from Table 1 and Table 2. First,
the average Ty, values increased when the spin-lock field increased, with T (regardless of
value) being the lowest. Second, the T, and Ty, values by MRI were always lower than their
corresponding values by NMR spectroscopy, probably indicating the damping effect of the
imaging gradients. Finally, both the exponential fitting method and the NNLS method were
capable of analyzing the multi-component data from NMR spectroscopy and MRI, with little
difference between the two methods. Most of these features are illustrated more clearly in
Fig 5.

Discussions

The issue of multi-component T, and Ty, relaxation times in connective tissues is
complicated because of a number of interdependent complications: the complex nature of
the relaxation mechanisms, a variety of experimental subtleties, and the complex structures
of connective tissues. In this project, several critical aspects related to the issue of multi-
component T, and Ty, relaxation times were investigated in the context of the anisotropic
structure of bovine nasal cartilage. These aspects included (1) the orientation of the BNC
specimens with respect to the magnetic field By (0° and the magic angle); (2) the influence
of different echo spacing times on T, relaxation (from 0.6ms to 3ms); and (3) the effect of
different spin-lock fields on Ty, relaxation (from 500Hz to 2000kHz). Both NMR
spectroscopy and MRI experimental methods were used in data acquisition; and both NNLS
and exponential fit approaches were incorporated in data analysis. The dependency of the
relaxation components on the orientation of the nasal cartilage in the magnetic field
demonstrated the importance of the dipole interaction in even seemingly homogeneous nasal
cartilage.

Multi-component T, relaxation in Nasal Cartilage

Compared with the structurally heterogeneous articular cartilage, in which the tissue has
three distinct depth-dependent collagen orientations across the tissue depth [2], nasal
cartilage has been considered structurally homogeneous, hence being used as a transplant
material in reconstructive surgery (e.g. facial and orthopaedic surgery) [31; 39] and a testing
specimen in MRI and NMR experiments [11; 26; 29; 30; 40-42] where the orientation of the
specimen was not specifically monitored. Our intention, to investigate the controversial
multi-component issues in nasal cartilage, led to the re-discovery of the collagen anisotropy
in bovine nasal cartilage [34]. The results in this project could provide an indisputable
answer to the controversy of whether the T, relaxation in nasal cartilage was single [11] or
multi component [24; 26; 42], since the orientation of a BNC specimen with respect to the
main magnetic field was never documented in all published reports on multi component T,
using nasal cartilage before this project.

Our results from both MRI and NMR spectroscopy show two T, components in nasal
cartilage at the 0° orientation. This two-component T, result was stable at different echo
spacings (Table 1 and Table 2). At the magic angle, however, only one T, component could
be observed in nasal cartilage, which was consistent with a recent result in our lab [11].
(Even though we did not mention the orientation of the specimens used in that earlier work,
the specimen orientation was recorded during the sample harvesting.) This transition from
two components (at 0°) to one component (at 55°) must come from the changing influence
of dipolar interactions.

Two experimental details should be noted here. First, the measurement of multi-component
T, relaxation was very sensitive to experimental conditions and parameters [29] such as
signal-to-noise ratio, echo spacing, shimming, the accuracy of 90° pulse, as well as a
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number of specimen details. In our project, all experimental conditions were kept identical,
except the specimen orientation with respect to By. The clear differences between 0° and 55°
from the NNLS data illustrated that the multi-component features of the BNC specimens
were unquestionably due to the specimen orientation in By. Second, occasionally, there was
one additional component in the NNLS calculation using the NMR spectroscopic data. This
additional component was always minor (less than 3% population) and only appeared when
the 0.6 ms echo spacing was used in our experiments. This experiment-parameter influence
might help to explain some 3-component results in BNC by NMR spectroscopy, where the
fraction of the fastest relaxing component was also small [26]. Of course, we could not rule
out several other possible influences in this project on the multi-component measurement
(e.g., the source of animals, different parts of the nasal cartilage structure, the storage
temperatures and protocols of the tissues, the salt components and pH values of tissue
storage solution, etc), which will await further investigation.

Multi-component T;, Relaxation in Nasal Cartilage

The dispersion characteristics of Ty, relaxation had many similarities with that of T
relaxation, with one additional variable in Ty, measurement: the strength of the spin-lock
field. Several features can be summarized for the Ty, characteristics. First, T, relaxation at
a sufficient spin-lock field (> 1000 Hz) has only one high-value Ty, component in both MRI
and NMR spectroscopy. Second, when the spin-lock field is weak (e.g., 500Hz) and the
specimen is oriented at 0°, two T, components can been seen in nasal cartilage by both
MRI and NMR. Third, even when Ty, becomes one component (at 0° with high spin-lock
field), its value increases slightly when the spin-lock field increases. Finally, at the magic
angle, the single-component Ty, dispersion curve increases steadily with the increase of the
spin-lock field.

This transition between multi-component and single-component might become useful in the
clinical MRI study of connective tissues, where the tissue environment is altered due to the
degradation of the tissue, such as the loss of one of the macromolecular constituents, the
proteoglycans. Although a single-component analysis is convenient and time-efficient in
clinical MRI, it might be advantageous to use a spin-lock field of 500 Hz in a Ty,
experiment. This is a compromised balance between the need to reduce the influence of the
dipole interaction and would result in high Ty, values (hence, a bigger MRI signal) and the
capability to differentiate the multiple molecular components, hence providing the ability to
monitor the early degradation of the tissue.

Association of Multi-component Relaxation with different Molecular Populations

It is generally accepted that the more rapidly relaxing (short) component is assigned to water
that is more tightly bound to macromolecules (proteoglycans and collagens), and the slowly
relaxing (long) component is assigned to bulk water that is relatively loose. The fact that
multi-component T, at 55° reduces to one (long) component (~ 100 ms) implies that the
macromolecule-bonded water is influenced heavily by the dipolar interaction. A tight
bonding reduces the water mobility and increases the anisotropy of the water dynamics. The
minimization of the dipole interaction at the magic angle helps to keep uniform the
molecular environments in the tissue and to increase the relaxation time for the tightly
bonded component. Note that the long (loosely bonded) component also increases its value
at the magic angle.

Different Ty, components can be similarly attributed to different portions of the water
population, each portion being associated with a unique molecular environment [1; 11; 18;
29; 30; 42; 43]. When the dipole interaction is insufficiently minimized (at 0° orientation
and with an insufficient spin-lock field), two Ty, components can also be resolved, with the
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populations of approximately 20% for the short component and 80% for the long
component. A more sufficient minimization of the dipole interaction (either at 55° or with
higher spin-lock fields) can effectively null the short T;, component.

Conclusions

To the best of our knowledge, this is the first NMR and MRI investigation on the multi-
component relaxation in nasal cartilage, with the full knowledge of the structural anisotropy
of the tissue. It was found that both T, and Ty, could be either single component or multi-
component, depending upon the tissue orientation in By and the strength of the spin-lock
field in the Ty, case. When the specimen was oriented at the magic angle and with sufficient
spin lock field, only one component was observed in BNC for all T, and Ty, experiments.
These results clearly demonstrate that the orientation with respect to the main magnetic field
should be considered for multi-component analysis in nasal cartilage. This is a novel
observation in the NMR/MRI study of cartilage and provides a satisfactory explanation that
unites both single-component and multi-component relaxation studies of nasal cartilage in
the literature. Furthermore, since the long and short components could be assigned to
different portions of the water populations in biological tissue, the visualization of different
relaxation populations could become a useful tool to examine the fractional populations of
different macromolecular components, which often signal the degradation of the tissue in
clinical diseases.
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Fig 1.

The representative proton images from MRI experiments where each specimen was imaged
46 times, each with a different T, or Ty, weighting. All intensity images were displayed
using the same maximum (32767) and minimum (0) values on the usual gray scale. The
direction of the main magnetic field was directed upwards. The fibril orientation of the
specimen was in parallel with the main magnetic field in (a)-(d) and 55° to the field in (e)-

(h).

J Magn Reson. Author manuscript; available in PMC 2012 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wang and Xia

Page 12

55°
a T r b . : . T
—&—T=0.6ms —e—T1=0.6ms
¥ —e— T =3ms N 08} —e—T =3ms 4
g
2 ] L 4
7] 0.6
3
8 1 o4} ]
2
(2]
N 02 B
0 L | 0 L L !
0 100 200 300 400 500 0 100 200 300 400 500
Tau (ms) Tau (ms)
cC o T T d 0 T T T T
g ® T=3ms
5 -1 E A
4
F)
S ®9°
k=) See, :
N 2k e ° 2F
= - e, -
=] Se.
-
3 1 1 1 L 3 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Tau (ms) Tau (ms)
04 04
e . f 3
—e—T=0.6ms \ [—===06ms
—e—T =3ms ¢ —e—T =3ms
§ o3t 4 o03fF ‘ E
3 |
= |
s \ \
E o2} 4 o2t -
: i
(2] [ ‘
=
= ¢
2 oaf 4 oaf g8 .
E A\
1 | o
. il 5 \
0 A g , B 0 “ “‘ =
10 100 500 10 100 500
T (ms) T (ms)
Fig 2.

The T, results from NMR spectroscopy using different echo spacing (0.6ms, 3ms) at 0°
(left) and 55° (right). (a) and (b) are the normalized signal decay in the NMR spectroscopy
experiments, where the solid line in the Figure is an exponential fit with one decay-constant
(i.e., one T, component). (c) and (d) are the natural log plots of data shown in (a) and (b). (e)
and (f) are the T, distribution profiles by the NNLS calculation from the same data.
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Fig 3.

The Ty, results from NMR spectroscopy experiments at 0° (left) and 55° (right). (a) and (b)
are the normalized signal decay in the NMR experiments, where the solid line in the figure
is an exponential fit with one decay-constant. (c) and (d) are the natural log plots of data
shown in (a) and (b). (e) and (f) are the Ty, distribution profiles by the NNLS calculation
from the same data.
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The Ty, results from MRI experiments at 0° (left) and 55° (right). (a) and (b) are the
normalized signal decay in the MRI experiments, where the solid line in the figure is an
exponential fit with a one decay-constant. (c) and (d) are the natural log plots of data shown
in (a) and (b). (e) and (f) are the Ty, distribution profiles by the NNLS calculation from the
same data.
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The Ty, dispersion curves from NMR spectroscopy (a) and MRI experiments (b) at both 0°

(solid lines) and 55° (dash line).
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