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Abstract

To further study the anisotropic distribution of the collagen matrix in articular cartilage,
microscopic MRI (uMRI) experiments were carried out on articular cartilages from the central
load-bearing area of three canine humeral heads at 13-um resolution across the depth of tissue.
Quantitative T, images were acquired when the tissue blocks were rotated, relative to By, along
two orthogonal directions, both perpendicular to the normal axis of the articular surface. The T»
relaxation rate (R,) was modeled, by three fibril structural configurations (solid cone, funnel and
fan), to represent the anisotropy of the collagen fibrils in cartilage from the articular surface to the
cartilage/bone interface. A set of complex and depth-dependent characteristics of collagen
distribution was found in articular cartilage. In particular, there were two anisotropic components
in the superficial zone and an asymmetrical component in the radial zone of cartilage. A complex
model of the 3D fibril architecture in articular cartilage is proposed, which has a leaf- or layer-like
structure in the radial zone, arises in a radial manner from the subchondral bone, spreads and
arches passing the isotropic transitional zone, and exhibits two distinct anisotropic components
(vertical and transverse) in the surface portion of the tissue.
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Introduction

Structural architecture of articular cartilage plays a critical role in the biomechanical
functions and morphological properties of the tissue as a load-bearing material in joints (1-
6), whose degradation is the hallmark of clinical joint diseases such as osteoarthritis. Since
the collagen fibril is the principal macromolecule that provides a depth-dependent structural
integrity to articular cartilage (7), continuing efforts have been focused on the specific
features of the 3D collagen structure in cartilage. Histologically, the collagen matrix in non-
calcified cartilage is commonly considered to contain three structural zones from the
articular surface to the cartilage-bone interface, namely, the superficial zone (SZ) with the
collagen fibrils parallel with the tissue surface, the transitional zone (TZ) with mostly
random fibrils, and the radial zone (RZ) with the perpendicular fibrils anchored to the
underlining bone. These depth-dependent features of the collagen matrix become the
fundamental components in several fibril models in literature, including the arcade model
(8) where the collagen fibrils arise in a radial manner from the subchondral bone, pass

"Corresponding Author and Address Yang Xia, Ph.D. Department of Physics, Oakland University, Rochester, Michigan 48309, USA,
Phone: (248) 370-3420, Fax: (248) 370-3408, xia@oakland.edu.
Lcurrent Address: Department of Radiology, University of Massachusetts Medical School, Worcester, MA 01655.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zheng et al.

Page 2

towards the surface through the TZ obliquely, and return to the bone; the columnar
arrangement (9,10) where the collagens are arranged in a columnar manner, which could be
traced from the calcified cartilage to their oblique orientation in the tangential tissue
matching the concept of the arcade model; and the leaf model (3,5,10,11), where the
collagens are arranged in a series of closely packed layers or leaves in the RZ and arches in
the TZ to form the horizontally orientated leaves in the SZ.

The structural orientation of collagen matrix in cartilage can result in various anisotropic
appearances in modern imaging experiments (7), such as the magic angle effect in magnetic
resonance imaging (MRI) (12,13) and the birefringence in polarized light microscopy
(PLM) (14,15). Since the values of T, relaxation in MRI of tendon and cartilage is known to
be sensitive to collagen structure and fibril orientation relative to the static magnetic field By
(16-20), T, has been used as a molecular-level parameter to assess the structural integrity of
the tissue (21,22). The use of T, to quantitatively monitor the collagen distribution in
cartilage requires the rotation of the tissue block in By and the analysis of the anisotropy of
T at different orientations.

For any 3D object in the Cartesian coordinate, there are in general three rotational axes,
termed as the regular (x), cross (y) and planar (z) rotations in this report (Fig 1). In most
MRI rotational experiments of articular cartilage, the specimen is rotated in either regular or
cross direction relative to Bg, which is in parallel with the surface normal axis (z). Coupled
with an imaging slice perpendicularly to the rotational axis, a single 2D image will contain
all three histologic zones of the tissue (12). Neither regular nor cross rotation, however,
could determine the structural orientation of the collagen within the SZ cartilage, a
phenomenon termed as the ‘ambiguity of the surface collagen orientation’ in literature (20).
Recently, a quantitative Microscopic MRI (WMRI) study mainly by planar rotation was
completed (23), which revealed the anisotropic distribution of the collagen fibrils within the
surface layer of cartilage.

This work further investigated the 3D structural anisotropy of the collagen matrix in
articular cartilage from SZ to RZ, by rotating the cartilage along two orthogonal axes
(regular rotation and cross rotation in Fig 1) relative to By, both perpendicular to the normal
axis of the articular surface. A collagen matrix with a z-axial symmetry would produce an
identical result in both regular and cross rotations. Any difference between these two
rotations would consequently indicate an anisotropic structure of 3D collagen matrix along
the z-axis. To the best of knowledge, an investigation of this type of tissue anisotropy had
not been systematically carried out. uMRI experiments in this project were completed at 13
um resolution along the direction of the tissue depth (z). Quantitative T, anisotropy data
were fitted with three fibril structural models to determine the 3D anisotropic distribution of
the collagen matrix in articular cartilage.

Materials and Methods

Cartilage Specimens

Seven specimens of full thickness of articular cartilage that was still attached to the
underlying bone were harvested from three canine humeral heads and kept at —20°C until
the uMRI experiments. These dogs were skeletally mature and healthy, sacrificed for an
unrelated experimental study. From the central load-bearing area of each humeral head, one
pair of cartilage specimens was harvested in such a way that the two specimens were located
next to each other and perpendicular to each other lengthwise, as shown schematically in Fig
1. Each specimen had a dimension of about 1.75 mm (width)x 2 mm (depth) x 4 mm
(length). The two specimens in each pair were used for the regular and cross rotational
experiments, respectively. One additional specimen was harvested from one of the joints,
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used first for the regular rotational experiment and trimmed afterwards for the cross
rotational experiment. All specimens were bathed in physiological saline with 1 % protease
inhibitor (Sigma, Missouri) and sealed in precision glass tubes with an internal diameter of
2.34 mm.

Microscopic MRI Method

Microscopic MRI experiments were conducted at room temperature on a Bruker AVANCE
I1 300MHz NMR spectrometer equipped with a 7-Tesla/89-mm vertical-bore
superconducting magnet and micro-imaging accessory (Bruker Instrument, Billerica, MA).
A homemade 3-mm solenoid coil was used to image all specimens under the identical
experimental parameters for the quantitative T, mapping where a rotational device was
incorporated into the system (20). Briefly, at each specimen orientation, the specimen was
imaged using a magnetization-prepared T, imaging sequence (12,19,22) which had a well-
separated CPMG T,-weighting segment that contained no gradient pulse, and a subsequent
spin-echo imaging segment where all timings were kept constant. This sequence is capable
of the measurement of the intrinsic T in the tissue (22). The echo spacing in the CPMG T,-
weighting segment was 1 ms, and the number of echoes was 2, 4, 12, 50, 100, which
corresponded to five echo delays of 2, 4, 12, 50, 100 ms respectively for the five To-
weighted images. The imaging parameters were: the echo time in the imaging segment was
7.2 ms; the field of view was 0.32 cm x 0.32 cm; the imaging matrix size was 128 x 256
(256 was in the readout direction), which resulted in a pixel resolution of 26 um x 13 um
(13 um was in the cartilage depth direction); the slice thickness was 1 mm; the spectral
bandwidth was 50 kHz, corresponding to a readout sampling dwell time of 20 us; 0.8 ms and
0.507 ms hermite shape pulses were used as excitation and refocusing pulse in the imaging
segment, respectively; the repetition time (TR) of the imaging experiment was 2 seconds.
From these intensity images, the T, relaxation in cartilage was calculated by a single
exponential fitting of the data on a pixel-by-pixel basis, which is based on the assumption
that there is only one T, component in articular cartilage (22).

Modeling the Anisotropy of T, Relaxation

To probe the T, anisotropy at different depths in cartilage during specimen rotations, three
distributions of collagen were developed, schematically shown in Fig 2 as the solid cone
distribution (Fig 2a), the funnel distribution (Fig 2b) and the fan distribution (Fig 2c). Each
fibrillar distribution has a (half) span angle 8 and contains an identical ‘shadow’ part
pointing in the opposite direction from the viewpoint of dipolar interaction. When 6
becomes 90°, for example, the cone model in Fig 2a will have the shape of a half spherical
ball, which is equivalent to a full spherical ball because of the ‘shadow’ portion of the
dipolar interaction. The major difference between the solid cone and the funnel model is that
the fibrils in the funnel are distributed on the funnel edge wall whereas the fibrils in the solid
cone are distributed homogeneously inside the cone. The cone can be oriented along the z-
axis (z-cone) or y-axis (y-cone). The fan can be rotated along the x-axis (x-rotation) or y-
axis (y-rotation). These models were constructed based on our results of the collagen
distribution (20,23) and adapted some structural elements from other studies in literature
(3,5,8-11). The length of the lines in these models has an arbitrary unit, reflecting the
‘amount’ of the fibrils that play an active role in the T, anisotropy.

The T, relaxation rate Ry (R, = 1/T>) follows the square of the dipolar interaction, Ry &
(1-3cos? a)?, where « is the inclination angle between the directions of By and an individual
dipole moment (19,24-26). Consequently, the following equation was used for any given
distribution function f(a.,5),
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n2r ” 2
Ry o< a+b [ [ f(a.p)(1 = 3cos’e) dedp
00 (1)

where a and b are two constants representing the isotropic and anisotropic ‘amount’ of the
collagen matrix involved in the calculation, respectively; and g refers to the azimuth angle of
the direction of an individual dipole moment. The modeling of the experimental data was
implemented with the MatLab codes (MathWorks, Natick, MA). Note that the symmetry of
the fibril distributions along the opposite direction is assured with the square function in Eq.

Q.

The anisotropies of R, were simulated using Eq. (1) (a = 0, b = 1) with a 5° increment of
rotational angle ¢ from 0° to 180° based on the three models of the collagen configuration.
Five representative data are shown in Fig 2. For the cone model of fibril configuration (Fig
2a), a 0 of zero (i.e., a bundle of fibrils along the z axis) results in the maximum anisotropy
and a @ of 90° (i.e., a spherical ball of fibrils) results in no anisotropy. The anisotropy of the
y-cone is phase-shifted in ¢ from the anisotropy of the z-cone by 90°. For the funnel model
of fibril configuration (Fig 2b), a 8 of zero results in the maximum anisotropy as expected
(i.e., identical to the solid cone at 8 = 0°), and a & of 90° (i.e., a circular sheet of fibrils in the
x-y plane) will still result in a finite anisotropy. For the fan model of fibril configuration (Fig
2c), small 0s (e.g., 10°) result in nearly identical anisotropy for both x-rotation and y-
rotation (also nearly identical to the cone and funnel at 6 ~ 0°). At 8 of 90° (i.e., a circular
sheet of fibrils in the y-z plane), the x-rotation of the fan configuration will cause no
anisotropy, but the y-rotation will result in a finite anisotropy that is identical to the funnel
model at 8 = 90°, except for a 90° phase shift in ¢.

Fig 3 summarizes the experimental results of the regular and cross rotations from a pair of
representative specimens, which were similar to those from a single specimen in both
regular and cross rotational experiments. The T, images and profiles shown in Fig 3a and 3b
are highly consistent with the previous observations of cartilage characteristics in uMRI
(19), where a laminar appearance of cartilage is clearly visible when the tissue is oriented at
0° (the angle between the surface normal axis and Bg). The minimization of the dipolar
interaction at 55° restored the image intensity to a relatively uniform appearance. Fig 3c
shows the maximum variation of T, among all rotational angles during the regular and cross
rotation as a function of the tissue depth. The minimum of AT> value in both rotational
experiments occurred at around 100 um from the cartilage surface, which is approximately
the center of the transitional zone based on our previous PLM study, using the nearly
identical specimens (15).

By plotting the R, values as a function of the specimen rotational angle (¢) at each pixel
location (every 13 um) along the tissue depth, we have examined the characteristics of the
R, anisotropy in the specimen due to the regular and cross rotations over the entire tissue
depth, summarized in the four plots in Fig 3d. Clearly, the R, anisotropy was different
between the regular rotation and cross rotation. Several distinct features can be identified
from these anisotropic profiles.

Firstly, the T, anisotropy for the SZ tissue had significant difference between the regular
rotation and the cross rotation (the plots of 0 um, 26 um, 52 um from the cartilage surface in
Fig 3d), which demonstrates the anisotropic distribution of the collagen fibers in the SZ
when viewed from these two orthogonal directions. Secondly, the R, value at ¢ = 90° was
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similar to or even slightly higher than that at 0° for the SZ cartilage during the regular
rotation (the top left plot in Fig 3d), which suggested that a collagen model with two fibril
bundles, the main axis of one bundle at 0° and the other at 90° relative to By, should be used
in data modeling. At the same time, the R, value at ¢ = 0° was much higher than that at ¢ =
90° for the SZ cartilage during the cross rotation (the top right plot in Fig 3d), which
suggested that a collagen model with only one bundle with its main axis at 0° relative to By
could be used in data modeling. Thirdly, the R, anisotropy in the TZ (located approximately
from 80 um to 120 um from the cartilage surface for this type of canine tissue) was not very
obvious, which confirms the general understanding that the collagen organization in the TZ
is approximately isotropic. Consequently, the differences between the regular and cross
rotational experiments were small for the TZ cartilage. Finally, the T, anisotropies in the RZ
were strong and had comparable profiles for the two rotational experiments. Since the
relative value of R, at 0° and 90° is different between the regular and cross rotational
experiments, a symmetric model (e.g. the solid cone model (Fig 2a) and the funnel model
(Fig 2b)) cannot be used to model the results because of its symmetric property during x-
rotation and y-rotation. Instead, a fan model best predicted the measured Rs.

The modeling of these anisotropic profiles was carried out at each tissue depth from the
cartilage surface (every 13 um) using all experimental rotation data, where two simple
criteria were applied during modeling. First, the number of fibril elements used to simulate
the experimental data should be as few as possible. Second, and most importantly, a set of
common fitting parameters (including span angle and the relative amount of different
modeling elements) must be valid for both the regular and cross rotation results at each
tissue depth. A set of representative fittings is shown in Fig 4, and all fitting parameters are
summarized in Fig 5a, together with the schematic models in Fig 5b and Fig 5c.

For the SZ cartilage (approximately from 0 um to 80 um), two collagen bundles are best to
model the R, anisotropy as the function of the rotational angle ¢ (Fig 5b). The span angles
of the horizontal bundle (a solid cone model) and vertical bundle (a funnel model) were ~
40° and 25°, respectively. An interesting observation was the ratio of the two anisotropic
amount of collagen fibrils (b1/b,, where by and b, are the relative amounts of horizontal and
vertical bundles, which were adjusted manually to best fit the experimental data) increased
from about 1.25 at the 0-um depth to about 2.6 at the 78-um depth. The data in the TZ
cartilage (~ 80 um-120 um) was not fitted due to the lack of sizeable anisotropy. For the RZ
cartilage (= 130 pm), the best model to simulate both regular and cross rotations
simultaneously was a single fan configuration (Fig 5¢), whose span angle decreased from
about 27¢ at the 130-um depth to about 12° at the 351-um depth. A smaller angle between
0° and 10° could be used for the tissue beyond the depth of 351 um in the RZ, which
confirms that the deep part of the RZ cartilage indeed contains very organized fibrils
perpendicular to the cartilage surface. The subtle differences in the R, anisotropy between
the regular and cross rotations suggested that the collagen structure in the RZ cartilage was
not completely symmetrical in the x-y plane (which is in parallel with the articular surface),
which implied the need for a leaf- or layer-structure in the RZ.

Discussion

In this project, the regular and cross rotational experiments were performed to study the
anisotropic property of cartilage tissue from the central load-bearing area of the humeral
head, respectively. If the collagen structure in cartilage had a symmetric 3D structure about
its surface normal axis, one would expect that the results from these two orthogonal
rotational experiments to be identical. The results in this project clearly showed distinct
differences between these two rotational experiments, especially for the superficial zone of
the tissue, discussed in the following for each histological zone.
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In the SZ cartilage, the collagen distribution in the modeling contained two anisotropic
components. One anisotropic component (the b, bundle in Fig 5b) was aligned
approximately along the transverse (y) direction of the humeral head, and the other
anisotropic component (the b, bundle in Fig 5b) was aligned perpendicular to the cartilage
surface along the z direction (the direction of the surface normal axis). The transverse y-
bundle is highly consistent with the results in one of our previous studies (23), which
represents the non-random distribution of the horizontal fibrils in the SZ cartilage and relates
in some way to the split-line appearance of the cartilage surface (1,3,27-32). The
identification of the vertical z-bundle in the SZ cartilage, which was the strongest near the
cartilage surface (the smallest ratio in Fig 5a), was unmistakable since the y-bundle had no
effect on the R, variation during the cross rotation. As one moves away from the articular
surface, the relative amount of the transverse y-bundle actually increased (bigger ratios),
which seems to be counter-intuitive according to the knowledge of the fibril structure.
However, we emphasize that both “transverse y-bundle” and “vertical z-bundle” are just the
anisotropic components, and that the absolute amount of both bundles decrease significantly
with an increase of tissue depth (in other words, the isotropic component increases), which
is evident by the increase of average T, values during rotation in Fig 3b and the decrease of
AT in Fig 3c with the increase of depth.

In the TZ cartilage, the collagen distribution was relatively isotropic, which is consistent
with the general understanding in the literature (33,34). The anisotropic variation of Ry
relaxation during regular and cross rotations in this project was smaller than that in one of
our previous MRI projects (23) when the nearly identical tissue block was rotated along the
planar (z) direction. These smaller variations in the R, anisotropy among different rotational
axes could be due to several factors, such as different sensitivities towards the fibril
alignment during different rotational schemes. In a PLM project (15) where the retardation
of the tissue was mapped, the TZ cartilage was found to have a small but finite value of
retardance, which suggested that the randomness of the fibrils in the TZ is not completely
perfect (3,35,36).

In the RZ cartilage, it is very interesting to find that the R, variation in the RZ cartilage
during regular rotation is slightly different from that during cross rotation. The use of a fan
model most closely matched this difference. Combined with the previous planar rotation
result (23) which also showed the fan distribution of collagen in the upper part of RZ, it
seems clear that the collagen fibrils are distributed in RZ in the form of an arched leaf-like
structure, with a span angle from about 27° in the upper part of RZ to about 5°-10° in the
deeper part of RZ.

Putting together the modeling parameters from this project (Fig 5a) and several previous
reports of cartilage rotational experiments from our previous work (15,19,20,23), and
referring to the cartilage structure models suggested by different models in literature (e.g.,
arcade model (8), leaf model (3,5,10,11) and columnar model (9,10)), the anisotropic part
of the 3D collagen fibril architecture in articular cartilage from the central load-bearing area
of a humeral head can be postulated to have the following configuration. Starting from the
subchondral bone, the collagen fibrils are well organized, with a slight distortion along the y
direction, hence adapting to a structure of so-called layer- or leaf-like shapes in literatures
(3,5,10,11) (Fig 5c). The fibrils arise in a radial manner towards the transitional zone, with
an increasing spreading of the fan structure only along the y direction. At the same time, the
fibrils are increasingly arching away from the radial direction. Passing the transition zone
with a nearly isotropic distribution of collagen, the combination of a vertical z-bundle and a
transverse y-bundle was the best to describe the anisotropic distribution of collagen in the
SZ.
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Several subtle points should be emphasized here. First, the current rotational experiments
only monitor the anisotropic part of the collage distribution. In other words, the isotropic
component of the tissue configuration was not investigated. In reality, the amount of the
isotropic collagen would dominate the configuration in some part of the tissue such as the
TZ. Second, our simulation suggested that the leaf- or layer-like structure exists only in the
RZ. Thirdly, there was often more than one option of the fibril model to simulate the same
anisotropy data. For example, both cone model and funnel model could simulate the
transverse and vertical bundles with slightly different span angles and relative quantities in
the SZ. The final choice of the solid cone model for the horizontal bundle and the funnel
model for the vertical bundle in SZ was based on the knowledge about collagen distribution
in literature and the consistency among the neighboring pixels. Finally, there were some
small (about 10%) but noticeable degrees of tissue degradation during the course of the
quantitative imaging experiments, which was evident when comparing the quantitative T, of
cartilage from two identical imaging experiments (both at 0°), one at the onset of the
imaging series and one at the end the imaging series. The effect of tissue degradation on the
T, measurements was compensated in the post-processing according to the order of
individual experiments based on the assumption that the duration of degradation had a linear
influence on T (37).

Conclusion

In summary, the uMRI rotational experiments along two orthogonal directions (the
longitude x and transverse y directions of the humeral head) were performed to study the
architecture of the collagen matrix in articular cartilage from superficial zone to radial zone.
The experimental data from microscopic imaging was used to formulate a complex model to
describe the collagen fibril orientation in articular cartilage. In this architecture, the collagen
fibrils have a leaf- or layer-like shape distribution in RZ, which arises in a radial manner
from the subchondral bone, spreads and arches toward the isotropic transitional zone; in the
SZ, a vertical z-bundle and a transverse y-bundle are needed to describe the anisotropic
distribution of collagen in SZ. To the best of our knowledge, this collagen architecture is
different from any other models in the literature, which could contribute to a better
understanding of the fibril structure and its disruption in the event of clinical diseases such
as osteoarthritis.

Acknowledgments

Grant Support: NIH RO1 grants (AR 45172, AR 52353)

Y Xia is grateful to the National Institutes of Health for the RO1 grants (AR 45172, AR 52353) to support this
project. The authors thank Drs. C Les and H Sabbah (Henry Ford Hospital, Detroit) for providing the canine joints,
and Miss Carol Searight (Dept of Physics, Oakland University) for editorial comments.

References

1. Bullough P, Goodfellow J. The significance of the fine structure of articular cartilage. J Bone Joint
Surgery. 1968; 50B:852-857.

2. Muir H, Bullough P, Maroudas A. The distribution of collagen in human articular cartilage with
some of its physiological implications. J Bone Joint Surgery. 1970; 52B:554-563.

3. Speer DP, Dahners L. The collagenous architecture of articular cartilage. Correlation of scanning
electron microscopy and polarized light microscopy observations. Clin Orthop. 1979; 139:267-275.
[PubMed: 455843]

4. Broom ND, Silyn-Roberts H. The three-dimensional ‘knit’ of collagen fibrils in articular cartilage.
Connect Tissue Res. 1989; 23:75-88. [PubMed: 2632144]

Magn Reson Med. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zheng et al.

10

11.

12.

13.

14.

15.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Page 8

. Jeffery AK, Blunn GW, Archer CW, Bentley G. Three-dimensional collagen architecture in bovine

articular cartilage. J Bone Joint Surgery. 1991; 73B:795-801.

. Buckwalter JA, Mankin HJ. Articular cartilage. Part I: Tissue design and chondrocyte-matrix

interactions. J Bone Joint Surgery. 1997; 79A:600-611.

. Xia Y. Averaged and Depth-Dependent Anisotropy of Articular Cartilage by Microscopic Imaging.

Semin Arthritis Rheum. 2008; 37:317-327. [PubMed: 17888496]

. Benninghoff A. Form und bau der gelenkknorpel in ihren beziehungen zur funktion. I1. der aufbau

des gelenk-knorpels in semen beziehungen zur funktion. Z Zellforsch U Mikr Anat (Berlin). 1925;
2:783-862.

. Zambrano NZ, Montes GS, Shigihara KM, Sanchez EM, Junqueira LC. Collagen arrangement in

cartilages. Acta Anat (Basel). 1982; 113:26-38. [PubMed: 7113642]

. Kaab MJ, Gwynn 1A, Notzli HP. Collagen fibre arrangement in the tibial plateau articular cartilage
of man and other mammalian species. J Anat. 1998; 193:23-34. [PubMed: 9758134]

Clark JM. Variation of collagen fiber alignment in a joint surface: a scanning electron microscope
study of the tibial plateau in dog, rabbit, and man. J Orthop Res. 1991; 9:246-257. [PubMed:
1992075]

Xia Y, Farquhar T, Burton-Wurster N, Lust G. Origin of cartilage laminae in MRI. J Magn Reson
Imaging. 1997; 7:887-894. [PubMed: 9307916]

Xia Y. Magic Angle Effect in MRI of Articular Cartilage - A Review. Invest Radiol. 2000; 35(10):
602-621. [PubMed: 11041155]

Arokoski JP, Hyttinen MM, Lapveteldinen T, Takacs P, Kosztaczky B, Modis L, Kovanen V,
Helminen HJ. Decreased birefringence of the superficial zone collagen network in the canine knee
(stifle) articular cartilage after long distance running training, detected by quantitative polarized
light microscopy. Ann Rheum Dis. 1996; 55:253-264. [PubMed: 8733443]

Xia'Y, Moody J, Burton-Wurster N, Lust G. Quantitative In Situ Correlation Between Microscopic
MRI and Polarized Light Microscopy Studies of Articular Cartilage. Osteoarthritis Cartilage.
2001; 9:393-406. [PubMed: 11467887]

. Berendsen HJ. Nuclear Magnetic Resonance Study of Collagen Hydration. J Chem Phys. 1962;
36:3297-3305.

Peto S, Gillis P. Fiber-to-field angle dependence of proton nuclear magnetic relaxation in collagen.
Magn Reson Imaging. 1990; 8:705-712. [PubMed: 2266796]

Henkelman RM, Stanisz GJ, Kim JK, Bronskill MJ. Anisotropy of NMR properties of tissues.
Magn Reson Med. 1994; 32:592-601. [PubMed: 7808260]

Xia Y. Relaxation Anisotropy in Cartilage by NMR Microscopy (uMRI) at 14 pm Resolution.
Magn Reson Med. 1998; 39:941-949. [PubMed: 9621918]

Xia'Y, Moody J, Alhadlag H. Orientational dependence of T2 relaxation in articular cartilage: A
microscopic MRI (uMRI) study. Magn Reson Med. 2002; 48:460-469. [PubMed: 12210910]
Alhadlag H, Xia Y, Moody JB, Matyas J. Detecting Structural Changes in Early Experimental
Osteoarthritis of Tibial Cartilage by Microscopic MRI and Polarized Light Microscopy. Ann
Rheum Dis. 2004; 63:709-717. [PubMed: 15140779]

Zheng S, Xia Y. Multi-components of T2 relaxation in ex vivo cartilage and tendon. J Magn
Reson. 2009; 198:188-196. [PubMed: 19269868]

Zheng S, Xia Y. The collagen fibril structure in the superficial zone of articular cartilage by uMRI.
Osteoarthritis Cartilage. 2009; 17:1519-1528. [PubMed: 19527808]

Peto S, Gillis P, Henri VP. Structure and dynamics of water in tendon from NMR relaxation
measurements. Biophys J. 1990; 57:71-84. [PubMed: 2297563]

Haken R, Blimich B. Anisotropy in tendon investigated in vivo by a portable NMR scanner, the
NMR-MOUSE. J Magn Reson. 2000; 144:195-199. [PubMed: 10828187]

Grinder W. MRI assessment of cartilage ultrastructure. NMR Biomed. 2006; 19:855-876.
[PubMed: 17075962]

Meachim G, Denham D, Emery I, Wilkinson P. Collagen alignments and artificial splits at the
surface of human articular cartilage. J Anat. 1974; 118:101-118. [PubMed: 4426874]

Magn Reson Med. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zheng et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 9

O’Connor P, Bland C, Gardner DL. Fine structure of artificial splits in femoral condylar cartilage
of the rat: a scanning electron microscopic study. J Pathol. 1980; 132:169-179. [PubMed:
6999139]

Jurvelin JS, Muller DJ, Wong M, Studer D, Engel A, Hunziker EB. Surface and subsurface
morphology of bovine humeral articular cartilage as assessed by atomic force and transmission
electron microscopy. J Struct Biol. 1996; 117:45-54. [PubMed: 8776887]

Below S, Arnoczky SP, Dodds J, Kooima C, Walter N. The split-line pattern of the distal femur: A
consideration in the orientation of autologous cartilage grafts. Arthroscopy. 2002; 18:613-617.
[PubMed: 12098122]

Leo BM, Turner MA, Diduch DR. Split-line pattern and histologic analysis of a human
osteochondral plug graft. Arthroscopy. 2004; 20 (Suppl 2):39-45. [PubMed: 15243423]

Bisson L, Brahmabhatt V, Marzo J. Split-line orientation of the talar dome articular cartilage.
Arthroscopy. 2005; 21:570-573. [PubMed: 15891723]

Weiss C, Rosenberg L, Helfet AJ. An ultrastructural study of normal young adult human articular
cartilage. J Bone Joint Surgery. 1968; 50A:663-674.

Clarke IC. Articular cartilage: a review and scanning electron microscope study. 1. The
interterritorial fibrillar architecture. J Bone Joint Surgery. 1971; 53B:732-750.

Minns RJ, Steven FS. The collagen fibril organization in human articular cartilage. J Anat. 1977;
123:437-457. [PubMed: 870478]

Clark JM. The organization of collagen in cryofractured rabbit articular cartilage: a scanning
electron microscopic study. J Orthop Res. 1985; 3:17-29. [PubMed: 3981292]

Fishbein KW, Canuto HC, Bajaj P, Camacho NP, Spencer RG. Optimal methods for the
preservation of cartilage samples in MRI and correlative biochemical studies. Magn Reson Med.
2007; 57:866-873. [PubMed: 17457874]

Magn Reson Med. Author manuscript; available in PMC 2012 March 1.



Zheng et al. Page 10

Fig 1.

The orientations of the tissue blocks on the humeral head and the two rotational axes
(regular and cross) of the imaging experiments. By is in the normal direction of the cartilage
surface, in parallel with the z direction. (The planar rotation was not carried out in this

project.)
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Fig 2.

The schematics of the collagen distribution models: (a) the solid cone model, (b) the funnel
model, and (c) the fan model. 8 and ¢ represent the half span angle of the fibril configuration
and the rotational angle of the fibril structure, respectively. The plots under each fibril model

are the simulated results using Eq. (1).
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Fig 3.

T2(Ry) anisotropy of articular cartilage during regular and cross rotations. (a) T images at
selected orientations. (b) T, profiles as the function of tissue depth relative to cartilage
surface. (c) The max variation of the T, at each tissue depth. (d) The depth-dependent
anisotropy profiles of R, at some selected tissue depths.
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Fig 4.
The representative fitting of the R, anisotropy profiles using Eq.(1), (a) the articular surface,
(b) the upper part of radial zone, and (c) the middle part of the tissue (in the radial zone).
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Fig 5.

The trends of the orientation fitting parameters as the function of tissue depth, using the
schematic models shown in Fig 2. The fibril structure in the superficial zone and radial zone
are shown schematically in (b) and (c) respectively.
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