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Abstract

To investigate the structural anisotropy in bovine septal cartilage, quantitative procedures in
microscopic magnetic resonance imaging (WMRI), polarized light microscopy (PLM), and
mechanical indentation were used to measure the tissue in three orthogonal planes: vertical,
medial, and caudocephalic. The quantitative T2 imaging experiments in uMRI found strong
anisotropy in the images of both vertical and caudocephalic planes but little anisotropy in the
images from the medial plane. The PLM birefrigent experiments found that the retardation values
in the medial section were only about 10% of these in the vertical and caudocephalic sections and
that the angle values in all three sections followed the rotation of the tissue section in the
microscope stage. The stress relaxation experiments in mechanical indentation showed reduced
stiffness in the medial plane compared to stiffness in either the vertical or caudocephalic planes.
Collectively, the results in this project coherently indicate a marked structural anisotropy in
cartilage from the nasal septum, where the long axis of the collagen fibrils is oriented in parallel
with the medial axis.

Keywords
bovine nasal cartilage; collagen anisotropy; MRI; PLM; biomechanical indentation

Introduction

As a transplant material, cartilage is used extensively in reconstructive surgery (e.g. facial
and orthopaedic surgery) (Glasgold and others, 1988; Grellmann and others, 2006; Rotter
and others, 2002), as it can easily be carved to fit the desired contour (Maas and others,
1998). It can be procured in abundance from the patient, from other individuals as
homografts removed during routine surgery, or from cadaveric donor tissue (Donald, 1986).
Of the various cartilages in the human body, septal cartilage is commonly used as an ideal
support and filler material, owing to the large amount of collagen-based intercellular
substance (Cardenas-Camarena and others, 1998). The organization of the extracellular
matrix in cartilage, chiefly comprised of collagen and proteoglycans, can affect the physical
properties of the tissue (Arokoski and others, 1993; Jeffery and others, 1991; Muir and
others, 1970). Many cartilage grafts experience post-surgical resorption, the greatest
disadvantage of cartilage as a transplant material (Donald, 1986). Resorption rates of septal
cartilage grafts have been estimated as ranging from 12-50% (Maas and others, 1998).
Septal cartilage resorption following surgical implantation may result from extracellular
anisotropies within cartilage (Grellmann and others, 2006). (Anisotropy refers to the
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property of the material being directionally dependent.) The post-surgical importance of
extracellular anisotropies is not unique to septal cartilage. Malrotation of articular cartilage
grafts, with respect to superficial collagen orientation (split-lines), has been suggested to
change the tensile resistance properties of superficial articular cartilage and potentially lead
to diminished articular graft longevity (Bisson and others, 2005). Improved understanding of
extracellular anisotropy of septal cartilage may prove to be important for understanding the
host-graft relationship and the potential for graft resorption.

The similarities between the extracellular macromolecules have also allowed septal cartilage
to frequently be used as a substitute in studies of articular cartilage by the NMR/MRI
(Jelicks and others, 1993; Reiter and others, 2009; Zheng and Xia, 2009a; b; 2010a; b;
Zheng and others, 2009). In these studies however, little attention is paid to the structural
orientation of the tissue, as septal cartilage is generally assumed to be isotropic. Collagen
anisotropy within articular cartilage has been associated with the depth-dependent physical
properties of the tissue (Xia, 2008; Xia and others, 2007; Xia and others, 2008). The
existence of any collagen anisotropies in septal cartilage, to the best of our knowledge, has
only been observed in a compressive biomechanical study of human tissue (Richmon and
others, 2006). The current investigation studied septal cartilage in three orthogonal planes,
where the normal axes were in parallel with the vertical, medial, and caudocephalic axes
respectively (Fig 1a), using not only mechanical indentation but also two microscopic
imaging techniques (microscopic magnetic resonance imaging (uMRI), and polarized light
microscopy (PLM)). We aimed to identify the potential linkages between the mechanical
anisotropy with the anisotropies of collagen within the septal tissue, which may play an
important role in post-surgical resorption of septal grafts.

Materials and Methods

Bovine Nasal Cartilage Samples

Cartilage from bovine nasal septa, harvested fresh from a local slaughterhouse, was
immersed in saline (154 mM NacCl in deionized water) and kept at -20 °C before
experimental measurements. For uMRI and PLM imaging experiments, a total of twelve
tissue blocks were obtained from the central region of the septal cartilage along three
orthogonal directions, four blocks for each orthogonal direction (Fig 1). All tissue blocks
had the same physical dimension, ~ 1.5 mm x 1.5 mm x 5 mm. Each tissue block had sides
parallel to three orthogonal planes, where the normal axes of these planes were in parallel
with the vertical, medial (left/right), and caudocephalic axes respectively (Fig 1). (The 2D
planes/surfaces/images studied are being referred to as the vertical, medial, and
caudocephalic planes/surfaces/images in this report.) In addition, two long strips of tissue
were obtained from the adjacent regions of the imaging specimens, in the same orientational
manner, for mechanical testing.

Microscopic MRI (uMRI) Method

The uMRI experiments were performed at room temperature (about 20°C) on a Bruker
AVANCE Il 300 NMR spectrometer equipped with a 7-Tesla/89-mm vertical-bore
superconducting magnet and micro-imaging accessory (Bruker Instrument, Billerica, MA).
A homemade 4-mm solenoid coil, which includes a rotation device, was used in the uMRI
experiments (Xia and others, 2002). Each tissue block was imaged thirteen times, using the
identical imaging parameters, except the physical orientation of the block was rotated inside
the magnet over a range of 180°, at an interval of 15° (6 in Fig 1c) with respect to the
direction of Bg. The rotation axis, in parallel with the long axis of the cartilage block,
remained unchanged and perpendicular to the static magnetic field (Bg) during the
experiments (Fig 1c¢). At each orientation, a quantitative T, imaging experiment was
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performed using a CPMG magnetization-prepared T, imaging sequence (Zheng and Xia,
2009b), which allows an accurate measurement of the tissue T,. All uMRI images were
obtained from an identical 2D image slice location, approximately in the middle of the tissue
block (Fig 1c). The echo spacing in the CPMG Tp-weighting segment was 1 ms, and the
number of echoes were 2, 80, 200, 400, which corresponded to four echo delays of 2, 80,
200, 400 ms respectively for the four To-weighted images in the experiments. Other imaging
parameters included: a 7.2 ms echo time in the imaging segment; a 3.2 x 3.2 mm? field of
view; a 64 x 64 imaging matrix size; a 50 kHz spectral bandwidth, corresponding to a
readout sampling dwell time of 20 ps; 0.8 ms and 0.507 ms hermite-shape pulses were used
as excitation and refocusing pulses in the imaging segment, respectively; and a 2 second
repetition time (TR) in the imaging experiment. From the average intensity in the central
part of each T,-weighted image, the T, relaxation in cartilage was calculated by a single
exponential fitting of the data, which assumes that there is only one T, component in bovine
septal cartilage (Zheng and Xia, 2009b; 2010a). The transverse resolution in imaging was 50
x 50 um and the slice thickness was 1mm.

Polarized Light Microscopy (PLM) method

After the non-destructive uMRI experiments, the same tissue blocks were embedded in the
deionized water medium and cryo-sectioned to 6 um thickness along the three orthogonal
planes (Fig 1d) resulting in three types of thin tissue sections: vertical sections, medial
sections, and caudocephalic sections. A total of 90 thin sections were made from these tissue
blocks. These tissue sections were placed on mirrIR slides (Kevley Technologies,
Chesterland, OH) and imaged using a Leica polarizing light microscope fitted with a
commercial imaging system (Cambridge Research & Instrumentation, Woburn, MA). Each
tissue section was imaged nine times under the identical parameters and conditions, except
each time with a 15°-30° rotation of the tissue section on the microscope stage. A 5x
objective was used in the PLM imaging experiments, which yielded a pixel size of 2.0 um.

From this PLM procedure, each imaging experiment generates two quantitative 2D images,
one retardation image (in unit of nm) and one angle image (in unit of degree) (Xia and
others, 2001). Based on the physical mechanism of birefringence, the angle maps in this
PLM procedure illustrate the averaged orientations of the collagen fibrils in each pixel of the
tissue, whereas the retardance maps are influenced by several factors in the experiment,
including the randomness of the collagen fibrils, the fibril diameter, the packing density of
the fibrils, and the thickness of the tissue section. For any single tissue section, a smaller
retardance value indicates that the collagen fibrils are less ordered (Xia and others, 2003;
Xia and others, 2001).

Biomechanical Protocols

A total of 11 tissue blocks were obtained one at a time from the two long strips of tissue.
Each block was about 3 mm x 3 mm x 3 mm in physical dimension, and trimmed of medial
nasal mucosa to expose the underlying septal cartilage for mechanical testing. Different
surfaces of the tissue block were identified using colored inks that were applied outside of
the contact area after the testing of each surface. The sample was placed in a rectangular
aluminum box that was attached to a multi-axial rotational table vise, which allowed precise
sample positioning that ensured perpendicularity between the cartilage surface and the
indenter. The aluminum box was larger than the sample so that the specimen was not
constrained in any way. Sample dehydration was prevented by sample exposure to saline
throughout testing. Each sample was loaded in this manner in each of the three orthogonal
planes mentioned previously. A semi-spherical indenter (2 mm diameter) attached to the
actuator of an Enduratec ELF 3200 material test system (Bose Corporation, Eden Prairie,
MN) compressed the sample to a maximum load of 0.1N. This level of compression was
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held for 5 minutes and the relaxation behavior of the tissue was recorded (820 sampling
points).

Microscopic MRI results

PLM results

Fig 2 shows a representative set of the proton intensity image and the calculated T, image,
from one specimen at one orientation. It is clear that the intensity and T, images in septal
cartilage are relatively homogeneous (i.e., lack of the zonal features in articular cartilage
(Xia and others, 2001)). However, when the T, values at the same location of all thirteen T,
images from the same specimen were extracted, the tissue anisotropy was identified from
the T, anisotropy profile plots. Fig 3 shows the experimental results of R, (1/T,) relaxation
rate from a set of septal cartilage blocks during the specimen rotation experiments, where
each tissue block was rotated around its long axis (Fig 1c). A distinct difference can be seen
in the T, relaxation characteristics between the rotation of Block Y and Blocks X/Z: the T,
characteristics in both Block X (images in the caudocephalic plane) and Block Z (images in
the vertical plane) are highly anisotropic (Fig 3a and 3b), while the T, characteristics in
Block Y (images in the medial plane) are isotropic (Fig 3c). These experimental results
indicate the averaged orientation of the collagen fibrils in the septal cartilage is in parallel
with the medial direction of the anatomic structure of septum (Fig 1a).

The imaging data in Fig 3 were also fitted with a fibril model (Zheng and Xia, 2009c; Zheng
and others, 2011). A fibril bundle with little divergence was found to best fit the
experimental data when the rotational axis was oriented along either vertical or
caudocephalic directions (Fig 3a and 3b). When the rotational axis was oriented along the
medial direction, a constant R, value was observed (Fig 3c), which indicated the
approximate parallelism between the rotational axis and the direction of the fibril bundle in
Block Y, again in parallel with the medial direction of the anatomic structure of the septum.

The quantitative images of the tissue angle and retardation from PLM also showed the
collagen anisotropy in septal cartilage (Fig 4). The angle and retardation maps from the
vertical and caudocephalic sections (Fig 1d) showed similar birefringent patterns, where the
images appeared to show a view along the length of the collagen fibrils that accommodated
the chondrocytes (Fig 4). In contrast, the angle and retardation maps from specimens
sectioned in the medial plane were very different and appeared to show an end view of the
collagen fibrils (Fig 4).

Each sample was imaged nine times at different orientations. The values in these
quantitative images (taken from approximately the same location within the images) were
extracted and plotted as a function of the tissue orientation on the microscope stage in Fig 5.
Fig 5a shows no anisotropy in the retardation values. However, the values of the retardation
in the samples sectioned in the medial plane were about 10% of the values from samples
sectioned in either vertical or caudocephalic planes. This indicates a significantly decreased
fibril order in the medial plane when compared to either vertical or caudocephalic planes.
The angle values in Fig 5b show strong anisotropy in all orthogonal planes. Since each set of
the angle values on this plot came from nine sets of PLM images where each image was
obtained when the tissue section was rotated to a different physical orientation on the
microscope stage, a linear relationship between the specimen rotation and the measured
angle value is a clear indication that there is a collagen anisotropy in these thin tissue
sections.
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Biomechanical Results

Biomechanical results also show substantial anisotropy in the compressive properties of the
septal cartilage samples, shown in Fig 6 as the averaged relaxation characteristics of the
specimens. The stress relaxation profiles of the various orthogonal planes show very similar
relaxation behavior for both the caudocephalic and vertical planes. Indentation in the medial
plane shows greater tissue relaxation than the other planes, indicating greater viscous flow
under load. The greater relaxation shows decreased stiffness in the medial plane when
compared to either the caudocephalic or vertical planes under indentation.

Discussion

The physical properties of cartilage have a great dependence on the structural organization
of the extracellular components. In cartilage, the major components are collagen and
proteoglycans. The amounts and organization of these components may vary substantially
between different hyaline cartilages (Pietila and others, 1999). Articular cartilage has a
depth-dependent anisotropic distribution of collagen (Xia, 1998), while cartilage from the
nasal septum has commonly been considered to have a relatively homogeneous collagen
distribution due to the 23Na and 2H nucleus of NMR in septal cartilage presenting only a
residual quadrupolar interaction (Shinar and others, 1993; Zheng and Xia, 2009a), thought to
arise from a local rather than a macroscopic order. Knowledge of such anisotropies within
nasal septal cartilage may be surgically relevant when considering cartilage graft
transplantation. Malrotation of articular cartilage grafts, causing collagen misalignments
between the graft and host, has been suggested to decrease transplant longevity (Bisson and
others, 2005). The potential for collagen anisotropies within septal cartilage may also affect
the graft-host relationship by potentially being a cause of graft resorption, one of the most
common failures of septal graft transplantation (Grellmann and others, 2006).

The current study has found remarkable consistency in the structural anisotropies in septal
cartilage among three different methods, pMRI, PLM, and mechanical indentation. The T,
findings from the uMRI experiments where specimens were rotated at angles between 0°
and 180° showed considerable collagen anisotropy among the rotations of samples oriented
in the vertical and caudocephalic planes (Fig 3). In contrast, the identical pMRI experiments
showed nearly no change in T, from the samples oriented in the medial plane. Based on the
understanding that the dynamics of the water protons in connective tissues is modulated by
T, anisotropy hence sensitive to the fibril orientation in cartilage (Henkelman and others,
1994; Xia, 1998; Xia and others, 2001), the pMRI results clearly indicate that the long axis
of collagen is oriented in parallel with the medial (y) direction (Fig 1).

The PLM results affirm the uMRI observation from a different physical mechanism, optical
birefringence. Both the angle and retardation images in the vertical and caudocephalic
planes show the long axis of collagen fibers, while images of samples in the medial plane
show the short axis of the collagen fibers (Figs 4 and 5). The fact that the angle anisotropy in
the vertical plane is nearly identical to that in the caudocephalic plane reflects the starting
orientation of the tissue sections on the microscope stage to be approximately the same (c.f.,
Fig 4). Since the fibrils were oriented along the medial (y) direction, the samples sectioned
in the medial plane contained the cross sections of collagen fibrils. However, small
deviations from a perfect fibril bundle (evidenced by the wavy/zigzag nature of the fibrils)
are unavoidable (Broom and Silyn-Roberts, 1989; de Campos Vidal, 2003), which will
result in a finite residual angle, and consequently, an angle anisotropy when one rotates the
medial section under PLM.

These observations from both uMRI and PLM imaging experiments are further supported by
the mechanical indentation results that show decreased stiffness when nasal cartilage is
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compressed in the medial plane when compared to indentation in either the vertical or
caudocephalic planes (Fig 6), confirming a previous observation on compressing human
nasal cartilage by Richmon et al (Richmon and others, 2006). The differences between
imaging and compressing collagen fibrils either on their end or along their long axis may be
analogous to the anisotropic differences seen in articular cartilage between the superficial
zone (long axis of collagen oriented parallel to the articular surface) and the deep zone (long
axis of collagen oriented perpendicular to the articular surface) (Xia and others, 2001; Zheng
and Xia, 2009c). Previous studies into the depth-dependent anisotropies of articular cartilage
have found differences between the superficial and deep zones using uMRI (the laminar
appearance of articular cartilage in MRI) (Xia, 1998), PLM (the depth dependent profiles of
fibril orientation and fibril organization) (Xia and others, 2001), and mechanical
compression (the depth dependent stiffness which increases with increasing depth from the
surface) (Chen and others, 2001a; Chen and others, 2001b). The present results show similar
trends in septal cartilage and may indicate that the structure of the collagen matrix in septal
cartilage may be analogous to the collagen orientation within the deep (radial) zone of
articular cartilage.

Conclusion

In conclusion, this project shows that the collagen orientation in bovine nasal cartilage is not
isotropic, where the long axis of collagen is found to be oriented in parallel with the medial
direction in the tissue. The existence of such anisotropy in nasal cartilage is detected by
three different techniques, each with a unique physical mechanism (water mobility in uMRI,
birefringence in PLM, and compressive resistance in mechanical indentation). This
anisotropy bears critical relevance to researchers using septal cartilage as a substitute for
articular cartilage in NMR/MRI experiments as the T, value is closely related to the relative
direction of collagens with respect to the direction of the static magnetic field. Additionally,
these findings may have important clinical implications where collagen misalignment in
cartilage grafts may hinder the long-term success of the transplant.
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(¢) MRI Slice
7B

(d) PLM Sections

Fig 1.

(a) The anterior view of bovine septal cartilage, oriented in anatomical position. (b) An
enlarged view of the tissue blocks used in the experiments showing their orthogonal
directions and how they relate to the original tissue. (c) The location of the MRI slice, which
was always the medial section through the middle of the long tissue block. 6 refers to the
orientation of the tissue block in the magnet. (d) The locations of the PLM sections.
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(b) T2 (ms)

e

Fig 2.
(a) The uMRI proton image of a septal cartilage in the medial plane. (b) The T2 image (in
ms) that was calculated from a set of proton intensity images.
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Fig 3.
The R2 (1/T2) anisotropy profiles for Block Z (a), Block X (b), and Block Y (c).
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Fig 4.

The PLM angle (left column) and retardation (right column) images from the samples
sectioned in the vertical, caudocephalic, and medial planes. In the angle images, the color
blue and color red represent a 90° angle difference. In the angle images of the vertical and
caudocephalic sections, the blue corresponds with the septal cartilage and the red
corresponds with the mucosal walls of the interior of the nasal cavity.
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Fig 5.

The PLM angle and retardation profiles as a function of the specimen rotation, where the
open circles, solid squares, and open diamonds were data points from samples sectioned in
the medial plane, vertical plane, and caudocephalic plane respectively.
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The stress relaxation profiles of the three septal cartilage planes under indentation. Each line
was averaged over all 11 specimens. Standard deviations (~0.01 MPa) were excluded to
better illustrate the differences between the loading in the different planes.
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