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Abstract
Depth and orientational dependencies of microscopic MRI T2 and T1ρ sensitivities were studied in
native and trypsin-degraded articular cartilage, before and after being soaked in 1 mM Gd-
DTPA2− solution. When the cartilage surface was perpendicular to B0, a typical laminar
appearance was visible in T2 weighted images but not in T1ρ weighted images, especially when
the spin-lock field was high (2 kHz). At the magic angle (55°) orientation, neither T2 nor T1ρ
weighted image had a laminar appearance. Trypsin degradation caused a depth and orientational
dependent T2 increase (4–64%) and a more uniform T1ρ increase at a sufficiently high spin-lock
field (55–81%). The presence of the Gd ions caused both T2 and T1ρ to decrease significantly in
the degraded tissue (6–38% and 44–49% respectively) but less notably in the native tissue (5–10%
and 16–28% respectively). A quantity Sensitivity was introduced that combined both the
percentage change and the absolute change in the relaxation analysis. An MRI experimental
protocol based on two T1ρ measurements (without and with the presence of the Gd ions) was
proposed to be a new imaging marker for cartilage degradation.
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Introduction
Articular cartilage, which is a thin layer of soft tissue covering the ends of bone in joint to
distribute external loading, consists mainly of structured collagen fibrils, negatively charged
proteoglycans (PG) and water molecules in its extracellular matrix (1,2). Since the
orientation of the collagen fibrils in articular cartilage is depth dependent, the total depth
(thickness) of articular cartilage is commonly subdivided based on the local fibril orientation
into multiple structural zones, such as the superficial zone at the top surface (SZ), the
transitional zone (TZ) in the middle, and the radial zone (RZ) that interfaces with the
underlining bone. The role of negatively charged PG molecules is to generate a volumetric
tension inside the tissue by absorbing water. A reduction of PG in cartilage is an early event
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in the gradual process of tissue degradation, which will eventually lead to clinical diseases
such as osteoarthritis (OA) that affects over 20 million people in the United States (3).

Magnetic resonance imaging (MRI) is a sensitive diagnostic technique suitable for the
noninvasive assessment of soft tissue such as articular cartilage. Conventional (i.e., intensity
based) MRI, however, does not have the sensitivity towards the subtle changes associated
with the early stage of cartilage lesions (4–6). A number of quantitative techniques have
been developed in MRI to better evaluate the structural and concentrational changes
associated with the tissue degradation, including three MRI techniques that utilize the
relaxation time measurement: the value and anisotropy of T2 relaxation (7–9), the
gadolinium-enhanced T1 relaxation (dGEMRIC) (10–14), and T1ρ relaxation (spin-lattice
relaxation in the rotating frame) (15–18).

The transverse relaxation time T2 is sensitive to the anisotropic motion of water molecules
mediated by the collagen orientation via dipolar interaction (7). This T2 anisotropy can
cause articular cartilage to have a depth-dependent laminar appearance in MRI when the
normal axis of cartilage surface is in parallel with the external magnetic field B0 (7,19–21).
When the normal axis is about 55° to B0, the minimization of the dipolar interaction causes
the disappearing of the laminar appearance and the increased cartilage intensity, an effect
known as the “magic-angle effect” in the literature of cartilage MRI (8,9,21).

The longitudinal relaxation time T1, in contrast, is insensitive to the anisotropic motion of
water molecules mediated by the collagen orientation (7). Hence T1 in articular cartilage is
nearly isotropic and largely depth-independent (7). The usefulness of T1 measurement in
cartilage MRI was pioneered by the development of the clinical procedure (dGEMRIC,
delayed Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage) (10,22), which,
in principle, images patient/specimen twice before/after it is injected with or immersed in a
solution of a paramagnetic contrast agent, Gd-DTPA2−. Since gadolinium ions shorten the
T1 relaxation and distribute in an inverse relation to the concentration of the negatively
charged PG molecules in cartilage, both before and after injection/immersion images can be
used to calculate the PG concentration in cartilage.

The spin-lattice relaxation time in the rotating frame T1ρ is also sensitive to the slow
motional interactions between water and macromolecules (proteins) in biological tissues and
has been used in recent years in cartilage imaging (16,23–25). Since T1ρ is less sensitive to
the local fibril orientation, T1ρ has less anisotropy in articular cartilage MRI, which is a
welcome feature in human MRI where the specimen orientation cannot be adjusted easily. A
unique feature of T1ρ is the dependency of its values on the strength of the spin-lock field
(the rf field that locks the magnetization in the transverse plane), a phenomenon termed T1ρ
dispersion (26).

This microscopic imaging project concerns the depth and orientational dependencies of both
T2 and T1ρ sensitivities in cartilage MRI, in the absence and presence of the contrast agent
Gd-DTPA2− in the tissue. The dependency of T2 in the presence of (gadolinium) Gd has
been discussed in several studies (27–30), but rarely the dependency of T1ρ in the presence
of Gd ions. In addition, the influence of the specimen orientation in the magnetic field on T2
and T1ρ measurements has not been adequately investigated. In this high-resolution imaging
project, the sensitivities of T2 and T1ρ were studied at microscopic resolution (13 µm
transverse resolution) in native and trypsin-degraded articular cartilage without and with the
presence of Gd ions in the tissue. The influence of the specimen orientation in the magnet
and the dependency of T1ρ on the strength of the spin-lock field were both being considered.
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Materials and Methods
Cartilage Specimens

Canine humeral heads were harvested shortly after the sacrifice of three mature (1–2 years
old) and musculoskeletally healthy dogs that were used for unrelated biomedical research
(ongoing for more than the last 10 years). For each of the three dogs, two adjacent cartilage-
bone blocks (about 1.8×1.5×6 mm3) were harvested from the central part of one humeral
head. The specimens were first imaged by the same µMRI protocols as their own controls.
After the initial MRI, one specimen was immersed in 1 mM Gd-DTPA2− (Magnevist,
Berlex, NJ) solution in saline with 1% protease inhibitor (Sigma, Missouri) for more than 8
hours before the second MRI experiment (13). The other specimen in the pair was first
soaked in 0.1 mg/ml trypsin (Sigma, Missouri) solution for more than 8 hours to deplete
proteoglycans (31) and then soaked in fresh saline with 1% protease inhibitor to remove
excess trypsin before repeating the MRI. After repeating the MRI, this PG-depleted
specimen was immersed in the Gd-DTPA2− saline and subsequently imaged using the same
protocol for the third time. These experiments were repeated with four more cartilage blocks
from two other dogs; the results were nearly identical (within the error range).

Microscopic MRI (µMRI) Protocols
All µMRI experiments were performed at room temperature on a Bruker AVANCE–300
NMR spectrometer equipped with a 7 Tesla/89 mm vertical-bore superconducting magnet
and microimaging accessory (Bruker Instrument, Billerica, MA). A homemade 3 mm coil
was used in the µMRI experiments, which had a 90° hard pulse of 5 µs. Quantitative T2
experiments were performed using a CPMG magnetization-prepared T2 imaging sequence
(32). The T1ρ imaging sequence preceded with a 90° hard pulse followed by a spin-lock
pulse. The strengths of the spin-lock field were 0.5 kHz and 2 kHz, which were calibrated by
the strength of the 90° pulse.

The µMRI experiments were carried out with an acquisition matrix of 256×128 (13×26 µm
pixel resolution) and a slice thickness of 1 mm. The repetition time TR was 2 s for the
specimens without Gd-DTPA2− immersion and 0.8 s for the specimens soaked in Gd-
DTPA2− solution. The echo spacing in the CPMG T2-weighting segment was 1 ms and the
number of echoes were 2, 4, 10, 30, 60 when the cartilage surface was perpendicular to the
static magnetic field and 2, 14, 36, 60, 120 at the magic angle, respectively, which resulted
in five T2-weighted images for each tissue orientation (at 0°: the effective contrast TEs = 2,
4, 10, 30, 60ms; at 55°: the effective contrast TEs = 2, 14, 36, 60, 120 ms). The lengths of
the spin-locking pulse were 2, 6, 12, 40, 80 ms when the cartilage surface was perpendicular
to the static magnetic field and 2, 18, 40, 80, 140 ms at the magic angle, respectively.

The 2D T1ρ images were calculated pixel-by-pixel by an expression: Sig(TSL) =
Sig0exp(−TSL/T1ρ) + K, where Sig was the signal intensity of the observed signal, Sig0 was
the thermal equilibrium magnetization, TSL was the time of spin-lock pulse, and K was the
constant offset. The 2D T2 images were calculated based on a similar expression: Sig(TE) =
Sig0exp(−TE/T2)+K, where TE was the echo time. Other experimental details have been
described elsewhere (13,32).

Results
Images and depth-dependent profiles of T2 and T1ρ

Fig 1 and Fig 2 summarize the quantitative images and their depth-dependent profiles for
four different types of specimens: native tissue (i.e., untreated), native tissue soaked in the
Gd solution, trypsin-degraded tissue, and trypsin-degraded tissue soaked in the Gd solution.
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Several distinct characteristics can be identified in these complex T2 and T1ρ results at two
different orientations (0° and 55° with respect to B0). First, the tissue has clear laminar
appearance in the T2 and low spin-lock (0.5 kHz) T1ρ images at 0°, likely due to the strong
influence of the dipolar interaction at 0° (the left column in Fig 2). Second, both T2 and T1ρ
at 55° are practically uniform (the right column in Fig 2), which is to be expected due to the
minimization of the dipolar interaction at the magic angle. Third, even at 0°, the T1ρ images
at 2 kHz are considerably uniform and have higher value, which signifies the minimization
of the dipolar interaction by the high spin-lock field. Forth, regardless of the specimen
orientation, T2 at any tissue location always has the lowest value while T1ρ at higher spin-
lock (2 kHz) always has the highest values (Fig 2). Among the T1ρ results, the larger the
spin-lock field, the longer the T1ρ relaxation values, which is known as T1ρ dispersion.

The effects of trypsin digestion and Gd immersion
Two interesting features can be identified when the tissue is digested in trypsin or immersed
in the Gd-DTPA2− solution. First, the trypsin digestion causes the increase of T2 and T1ρ
over the entire tissue depth, regardless of whether the specimen is at 0° (Fig 2a vs Fig 2e) or
55° (Fig 2b vs Fig 2f). Second, for the native tissue, the soaking of specimen in the Gd
solution does not change T2 or T1ρ significantly (Fig 2a vs Fig 2c, and Fig 2b vs Fig 2d).
However, the soaking of the degraded specimen in the Gd solution significantly reduces
both T2 and T1ρ (Fig 2e vs Fig 2g, and Fig 2f vs Fig 2h).

These variations in the T2 and T1ρ profiles are quantified as the differences between the
paired measurements in Fig 3, which have three depth-dependent characteristics. First, the
T2 difference is strongly depth-dependent at the 0° orientation - being mostly sensitive in the
transitional zone (TZ) than at any other depth towards (1) the trypsin digestion (Fig 3a) and
(2) the immersion of degraded tissue in Gd (Fig 3g). However, this T2 difference in the
transitional zone is significantly reduced when (1) both the native and degraded tissues have
been immersed in Gd (Fig 3c) and (2) the native tissue is immersed in Gd (Fig 3e). Second,
the weakly spin-locked T1ρ data (0.5 kHz) appears to have the similar characteristics as T2,
on a lesser scale. When the spin-lock filed is increased to 2 kHz, there is no obvious depth-
dependence in T1ρ profiles. Third, both T2 and T1ρ differences become somewhat depth-
independent at the magic angle. In fact, all differences at the magic angle show a larger
difference in the deeper part of the tissue than the surface part of the tissue (Fig 3b and 3h).

The zonal sensitivity of T2 and T1ρ toward tissue degradation
Since most MRI studies of articular cartilage cannot achieve the fine spatial resolution as in
this work (13–26 µm), the differences between the four paired experiments are averaged in
each histological zone and plotted in two different ways (Fig 4): the percentage ratio and the
absolute change. The division of zones was based on our knowledge of the tissue
characteristics from the previous experiments – the nearly identical type of tissue has been
studied in our lab for over 17 years by multidisciplinary imaging techniques at microscopic
resolutions (33,34). In this project, the thicknesses of three structural zones were determined
as, the superficial zone = 52 µm, the transitional zone = 78 µm, and the radial zone = 500
µm.

It was noticed that neither the percentage ratio nor the absolute change was a reliable
indicator for the sensitivity of the measurement, due to two practical factors in the relaxation
measurement, the influence of the experimental noises and the unreliability of low value
relaxation measurement. For example, when a T2 changed from 2 ms to 4 ms, it would be a
100% change. However, this 100% change at a low relaxation value of several milliseconds
could contain a large error from the influence of experimental noises and the intrinsic
unreliability of determining short relaxation times when the echo-time (TE) of an imaging
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experiment is at least several milliseconds or longer. To better determine the sensitivity of
the relaxation measurement, we define a term Sensitivity, which is given by,

(1),

, where the Percentage-Ratio is (Tafter – Tbefore)/Tbefore in percentages, and the Absolute-
Change is (Tafter – Tbefore) in ms in this project. This quantity has the form of an equilateral
hyperbola and can be plotted as a set of 2D contours, where each hyperbola equals a
constant Sensitivity.

Fig 4 summarizes the zonal averaged Absolute-Change (ΔT), Percentage-Ratio (%) and
Sensitivity (ms × %) in four sets of experimental conditions: (Fig 4a) degraded – native, (Fig
4b) degraded with Gd – degraded, (Fig 4c) native with Gd – native, and (Fig 4d) degraded
with Gd – native with Gd. Several distinct features can be clearly identified. First, T2 has
sufficient sensitivity in all zones at 55° but only in TZ at 0° (Fig 4a) for the first and second
sets of experimental comparisons. Second, T1ρ has sufficient sensitivity in all zones at both
0° and 55° for the first and second sets of experimental comparisons (Fig 4b). Neither T2 nor
T1ρ has sufficient sensitivity for the later two sets of experimental comparisons.

The trends of the individual sensitivities in the first and second sets of experimental
comparisons can be visualized more clearly in a hyperbola contour plot (Fig 5), where the
diagonal line points to an increasing Sensitivity. Any group of data points that are close
together implies less variability in Sensitivity. Any data point (i.e., experimental condition)
that is not near one of the axes or the origin is sensitive in the relaxation measurement. (For
this reason, the data in Fig 4c and 4d are not plotted in Fig 5 since they all congregate near
the origin.)

Discussion
In this study, high-resolution T2 and T1ρ MRI experiments were carried out to study native
and trypsin-degraded canine articular cartilage, at both the 0° and the magic angle. Several
issues related to the measurement sensitivities of T2 and T1ρ relaxation times towards
cartilage degradation were investigated. These issues include (1) the characteristics of T1ρ
dispersion (the value of T1ρ as the function of the spin-lock field), (2) the orientations of the
specimen in the magnetic field B0, (3) the PG content in tissue, and (4) the absence and
presence of Gd ions in tissue. To better determine the usefulness of T2 and T1ρ
measurements in MRI diagnostics, a term Sensitivity is introduced in the data analysis,
which includes the contributions from both the percentage changes and the absolute
changes. We analyze the data in four different cases of experimental conditions: (Case a) the
degradation of tissue without Gd ions (Fig 4a), (Case b) the degraded tissue without and
with Gd ions (Fig 4b), (Case c) the native tissue without and with Gd ions (Fig 4c), and
(Case d) the native and degraded tissues both in the presence of Gd ions (Fig 4d).

(Case a) Sensitivities of T2 and T1ρ towards tissue degradation without the presence of Gd
T2 is known to be sensitive to PG concentration and has been used in cartilage MRI (7,34–
40). This report confirms the sensitivity of T2 towards tissue degradation – T2 increases
when the PG content is reduced (Fig 4a). However, the sensitivity of MRI T2 detection of
cartilage lesion is both depth dependent and orientational dependent (Fig 4a), which is
influenced by the dipolar interaction due to the anisotropic motion of water molecules
associated with the collagen fibrils (7). This T2 anisotropy can therefore be used to explore
the collagen structure in cartilage non-invasively. Since human joints never have any simple
geometric shape, however, it is impossible to orient human in the magnet in such a way that
the dipolar interaction has a uniform influence over the entire joint cartilage. Consequently,
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although T2 is a reliable marker in the research labs to study ex vivo tissue blocks (34), its
sensitivity in human in vivo MRI depends on not only by the healthy status of cartilage but
also by the orientation of cartilage in the MRI magnet. In comparison, the T1ρ sensitivity to
tissue digestion is nearly uniform and isotropic, especially when the dipolar interaction is
sufficiently minimized at the high spin-lock field (2 kHz). This makes the T1ρ protocol
better suited for human MRI. However, a high spin-lock field increases the rf power
deposition on the tissue, which is a distinct disadvantage in the T1ρ protocol when
comparing with the T2 protocol.

(Case b) Sensitivities of T2 and T1ρ in degraded tissue without and with the presence of Gd
ions

Gd ions diffuse into cartilage inversely to the local PG content in tissue: more into the PG-
poor tissue region (e.g., SZ) and less into to PG-rich tissue region (e.g., RZ) (13). It is
interesting to note that both T2 and T1ρ are still very sensitive to the immersion of Gd ions in
the degraded tissue (Fig 4b), which results in a set of sensitivity features similar to the
degradation process in the absence of Gd ions (Fig 4a), including the strong depth-
dependent T2 sensitivity, the slightly depth-dependent T1ρ sensitivity at low spin-lock field,
and the uniformly high T1ρ sensitivity at high spin lock field. The fact that T2 at 0° is still
depth-dependent demonstrates that the dipolar interaction still plays an important role in the
relaxation process in the degraded tissue. The fact that T2 at 55° is reduced (instead of
increased) remarkably suggests the influx of additional paramagnetic Gd ions into the tissue,
which dominates the relaxation process when the dipolar interaction is minimized (either at
the magic angle or under the high spin-lock field). Our results are consistent with a human
tissue MRI work by Taylor et al (30), with some interesting differences. For example,
Taylor et al found that the addition of 1 mM Gd contrast agent shortened T1 and T1ρ values
significantly, but could not affect T2 values in articular cartilage. Additional investigation
would be beneficial to identify the molecular mechanisms of these discrepancies.

(Case c) Sensitivities of T2 and T1ρ in native tissue without and with the presence of Gd
ions

When the native tissue is soaked in the Gd solution, however, both T2 and T1ρ reduce
slightly (Fig 4c). This result indicates that neither T2 nor T1ρ has sufficient sensitivity to the
presence of Gd ions in the native (i.e., healthy tissue with normal PG concentrations) tissue.
This notable difference in the sensitivities of T2 and T1ρ between the native tissue (Case c)
with the degraded tissue (Case b) is a direct consequence of more PG in the native tissue,
which limits the amount of Gd ions that can be diffused into the tissue.

(Case d) Sensitivities of T2 and T1ρ in native and degraded tissue both in the presence of
Gd ions

In the presence of the Gd ions, there are no significant differences in either T2 or T1ρ
between the native tissue and the degraded tissue (Fig 4d). This result reveals that the Gd
ions largely eliminate the sensitivities of T2 and T1ρ to PG degradation; in other words, the
value of T2 or T1ρ in the presence of Gd ions cannot be used as an indicator of a tissue’s
healthy status.

Sensitivities of T2 and T1ρ at the magic angle
Since the profiles of T2 and T1ρ at 55° are nearly depth-independent, these profiles were
averaged over the entire tissue depth and presented in Fig 4 as one averaged value.
However, the T2 and T1ρ profiles at 55° clearly show that both T2 and T1ρ also have some
weak depth-dependent sensitivities at 55°, bout are more sensitive towards the deeper tissue
(Fig 3a and 3h). This trend is likely caused by the non-uniform PG concentration in articular
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cartilage – more PG at the deeper tissue (13). Hence there would be more PG loss at the
deep tissue after the trypsin treatment, which results in more free water in deeper tissue and
consequently a bigger difference in both T2 and T1ρ.

A potential clinical MRI protocol for tissue degradation by T1ρ
It’s interesting to note that T1ρ is more sensitive to the presence of Gd-DTPA2− in PG-
degraded specimens than in native specimens, i.e., the T1ρ-native – T1ρ-native-Gd (Fig 4c) are
much smaller than the T1ρ-degraded – T1ρ-degraded-Gd (Fig 4b). This significant T1ρ difference
between native specimens and trypsin-degraded specimens with and without the presence of
Gd ions suggests a possible clinical protocol that can be very sensitive to the tissue
degradation, that is, instead of examining the T1ρ values directly, one could do MRI T1ρ
experiments, twice, with the second time in the presence of Gd ions. This double T1ρ
procedure would be very similar to the current dGEMRIC procedure where T1 of cartilage is
imaged twice, with the second time in the presence of Gd ions. If there were little difference
between the two T1ρ scans, the tissue would be healthy. More PG loss will result in a larger
difference. Please note that the authors are not promoting a frequent use of the Gd ions in
human MRI. This new protocol merely suggests that if Gd ions are being administrated into
patients (like in the dGEMRIC protocol), then a double T1ρ protocol is more advantageous
than a proper dGEMRIC protocol which requires two T1 scans, since T1ρ-before has its own
clinical significance (15,41) but T1-before does not (7). (Note that it is common in dGEMRIC
to assume a constant T1-before and to acquire only the T1-after scan (42). However,
considering the recent observation that T1-before and T1-after are both strain dependent (43),
the assumption of a constant T1-before might be problematic if we need to consider the
loading or loading history of the patient – the osteoarthritic cartilage is soft and, hence,
easier to deform.)

It should be pointed that the high-resolution experiments in this project were performed at
room temperature and a 7 Tesla magnet, which are somewhat different from the clinical
conditions (1.5–3 Tesla and body temperature). Despite of its limitations in magnet size and
other factors, µMRI is a perfect tool in the study of articular cartilage because of its ability
to resolve fine tissue structures (tens of microns transversely) and its sensitivities to the
delicate molecular environment. The developments at both microscopic and clinical
resolutions should follow the resolution ‘scaling law’ in cartilage MRI (44), eventually
leading to the successful diagnostics and management of cartilage lesion in human at its
early stages.

Conclusions
In this microscopic imaging project, both T2 and T1ρ relaxation times were studied in native
and trypsin-degraded articular cartilage specimens, without and with the presence of 1 mM
Gd-DTPA2− and at both 0° and the magic angle. T1ρ values were very sensitive to PG loss
regardless of the specimen orientation in the magnet field. The sensitivity of T2
measurements to PG loss, by comparison, depended on the fibril orientation (more sensitive
at the magic angle than at 0°) and the depth of cartilage (at 0°, more sensitive at TZ than SZ
and RZ; at 55°, nearly uniform sensitivity). Compared to a slight decrement between native
tissue with and without Gd solution, there was a more significant change between degraded
tissue before/after soaked in Gd solution. The presence of 1 mM Gd-DTPA2− reduced the
sensitivity of both T2 and T1ρ to cartilage degradation. However, a compound parameter,
T1ρ without and with the presence of Gd-DTPA2−, might become a sensitive parameter to
detect the cartilage disease.
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Figure 1.
T2 and T1ρ images at four sets of experimental conditions: (a–b) native specimens, (c–d)
native specimens immersed in Gd-DTPA2−, (e–f) trypsin-degraded specimens, (g–h)
trypsin-degraded specimens immersed in Gd-DTPA2−. All images were plotted with the
same intensity limits (0 – 200 ms). The angles 0° (left) and 55° (right) refer to the
orientation between the normal axis of the surface and the magnetic field (vertically up).
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Figure 2.
T2 and T1ρ profiles of articular cartilage at four experimental conditions, at 0° (left) and 55°
(right). All profiles were plotted with the same intensity limits (0 – 150 ms).
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Figure 3.
The difference profiles of T2 and T1ρ at 0° (left) and 55° (right) at four sets of comparisons.
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Figure 4.
The zonal averaged differences of T2 and T1ρ at 0° and 55°. The left column: the difference
of relaxation measurement (ΔT in ms); the middle column: the percentage ratio of relaxation
measurement (%); the right column: the sensitivity of relaxation measurement (ms × %). (a)
– (d) correspond to the four sets of comparisons shown in Fig 3.
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Figure 5.
The sensitivities in the first and second sets of comparisons in a hyperbola contour, where
the diagonal arrow line points to an increasing Sensitivity.

Wang and Xia Page 15

Magn Reson Imaging. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


