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Abstract

Study Designh—Experimental measurement and normalization of /n vitro disc torsion mechanics
and collagen content for several animal species used in intervertebral disc research and comparing
these to the human disc.

Objective—To aid in the selection of appropriate animal models for disc research by measuring
torsional mechanical properties and collagen content.

Summary of Background Data—There is lack of data and variability in testing protocols for
comparing animal and human disc torsion mechanics and collagen content.

Methods—Intervertebral disc torsion mechanics were measured and normalized by disc height
and polar moment of inertia for 11 disc types in 8 mammalian species: the calf, pig, baboon, goat,
sheep, rabbit, rat, and mouse lumbar, and cow, rat, and mouse caudal. Collagen content was
measured and normalized by dry weight for the same discs except the rat and mouse. Collagen
fiber stretch in torsion was calculated using an analytical model.
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Results—Measured torsion parameters varied by several orders of magnitude across the different
species. After geometric normalization, only the sheep and pig discs were statistically different
from human. Fiber stretch was found to be highly dependent on the assumed initial fiber angle.
The collagen content of the discs was similar, especially in the outer annulus where only the calf
and goat discs were statistically different from human. Disc collagen content did not correlate with
torsion mechanics.

Conclusion—Disc torsion mechanics are comparable to human lumbar discs in 9 of 11 disc
types after normalization by geometry. The normalized torsion mechanics and collagen content of
the multiple animal discs presented is useful for selecting and interpreting results for animal
models of the disc. Structural composition of the disc, such as initial fiber angle, may explain the
differences that were noted between species after geometric normalization.
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Introduction

In vivo studies of disc degeneration mechanisms and potential therapeutics require use of
animal models. Selection of an appropriate animal model includes consideration of
availability, size and cost, but also requires knowledge of the similarities and differences in
biomechanical and biochemical factors between the model and human discs. Animal models
have been widely used, and many of them include some comparison data with human
discs.16 However, few studies have comprehensively compared the biomechanical or
biochemical disc properties over a broad range of animal species using the same protocol to
guide the research community in selection of an animal model. Recent studies in our
laboratory have compared disc and nucleus pulposus geometry, water content,
glycosaminoglycan content, and axial compression mechanics of lumbar discs in several
animal species.® 7 A key finding of those studies was that although experimental
compressive stiffness varied widely, after normalizing by disc geometry the compressive
mechanical properties among species were very similar.

The importance of torsional disc mechanics has been debated in the literature. Some state
that the amount of torsion experienced by the lumbar disc is insufficient to cause
damage.8-10 Researchers utilizing CT or MR imaging to measure /n vivo axial rotation
confirmed that while the average lumbar disc rotation is low (1-2°), the maximum rotation
can be as high as 4.5-5.7°.11-13 Other studies have found that healthy disc anulus fibers
resist more torsional motion than the facets and that torsional motion can cause injury to the
disc at low magnitudes, even if failure is at much higher rotations.14-16 These findings
support the importance studying disc torsion mechanics.

Collagen fibers play a substantial role in disc torsion mechanics, especially in the outer
annulus fibrosus (AF), because they are the main tensile-load bearing component of the
disc.1” Collagen content in animal discs has not been widely reported and may explain some
of the similarities and differences in torsional mechanics across species. Furthermore, a fiber
stretch model presented by Hickey and Hukins may be used to interpret the variation in
torsional properties.18

The objective of the current study was to measure the torsional mechanical properties of
calf, pig, baboon, sheep, goat, rabbit, rat, and mouse lumbar discs and of the cow, rat, and
mouse caudal discs and compare these to the human lumbar disc. Furthermore, a
normalization method is presented that utilizes disc geometry to facilitate the comparison of
torsion mechanics across species. In addition, collagen content was measured for the same
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discs excluding the mouse and rat samples. Knowledge of the biomechanical and
biochemical properties of different animal discs is important for design, analysis, and
interpretation in studies of disc degeneration and therapy.

Materials and Methods

Intervertebral disc torsional stiffness and torque range were evaluated for the non-degenerate
human disc and for 11 disc types in 8 mammalian species (Table 1), selected based on their
use in experimental models of lumbar disc degeneration. Throughout the paper, species from
which discs were examined from both the lower back and the tail are identified with L for
lumbar or C for caudal to denote the specific disc type. A majority of the samples tested in
this study are the same samples tested in axial compression in the previous study’ and all
tissues were obtained under approved IACUC protocols. All species were skeletally mature,
with the exception of the calf. Magnetic resonance grading of the human discs was

performed to verify that they were non-degenerate and categorized as Pfirrman Grade | or
1.1

Each sample was prepared as previously described.’ Briefly, a bone-disc-bone segment
sample was prepared by making a parallel cut through the lumbar vertebrae, transverse to
the long axis of the spine. The facet joints were removed. The sample was then potted in
polymethylmethacrylate bone cement and Kirschner wires were placed through the bone
cement and the vertebral body. Rat and mouse segment samples were gripped directly using
custom microvises.20 Disc geometry was measured as follows: height from pre-test lateral
fluoroscopic images, and lateral width, anteroposterior width, and cross sectional area of the
disc and the NP from post-test axial sections and digital camera images.3: 7 Geometry
measurements for the majority of the samples in this study were previously reported (See
Table 2 of Beckstein et al., 2008).” New species geometry are found in Table 2 for goat and
mouse caudal disc. Note that the nucleus geometry of the mouse disc was not measured but
was estimated using values from a previous study.® For the quadrupeds, the disc “height” is
more accurately described as the craniocaudal width; however, bipedal terminology will be
used throughout this study.

Mechanical Testing

Following preparation, specimens were stored in a -20 °C freezer until the day of testing.
Samples were thawed and hydrated in a refrigerated 4 °C phosphate buffered saline (PBS)
solution for 18 hours prior to testing. Mechanical testing was conducted at room temperature
in a PBS bath. Testing was completed using an Instron 8874 servohydraulic testing system
(Instron, Norwood, MA). The sample was placed in custom designed fixtures for axial and
torsional loading. Each sample was first tested under cyclic axial loading and a 1 hour
compressive creep. The creep loading served to equilibrate the disc axial load and place the
AF into circumferential tension before performing cyclic torsion testing. The axial
compressive stress used during torsion was 0.48 MPa, corresponding to human 750 N
(approximate body weight) divided by 1560 mm? disc area. The applied axial load for each
species was previously reported” except for goat (250 N) and mouse caudal (0.5 N).
Torsional cyclic loading, performed immediately following the creep test, consisted of 20
sinusoidal cycles from 0° to 6° at 0.5 Hz, executed to both the left and right side of the disc.
The rat and mouse samples were tested using a custom-built torsion attachment on an
Instron 5542 testing system (Instron, Norwood, MA).6: 21. 22 Torsional frequency was 0.05
Hz due to machine capability.
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Data Analysis

Data from the 201" torsional loading cycle was analyzed to obtain values for torque range
(TR) and torsional stiffness (K). Experimental findings from preliminary investigation
indicate that steady-state is reached within 20 cycles of torsional preconditioning and that
the testing protocol did not damage the disc. Torque range was defined as the difference in
torque between 0° and 6° during the 20t cycle, averaging values for clockwise and counter-
clockwise rotations. Torsional stiffness was calculated as the slope of a linear regression
through the data points between 4.5° and 5.5° disc rotation. These values were selected
based on preliminary testing as the most linear portion of the torque-angular displacement
response among all species. Clockwise and counter-clockwise stiffness values were
averaged to calculate the disc torsional stiffness, K.

Normalized torsional parameters were calculated using disc dimensions to facilitate
comparison between species. First, the polar moment of inertia of the disc was determined
by assuming that only the annulus resists torsional motion and is shaped as a hollow ellipse.
Specifically, the polar moment of inertia (J, mm?) was calculated using the equation

7 (W, WHWLW, — NN} - N},N,)

_ &
/ 64

where Wap and W_ are the anteroposterior and lateral widths of the outer disc, and Nap and
N are the anteroposterior and lateral widths of the NP.6 Normalized torque range (MPa)
was calculated using the equation TR*h/J from the measured torque range (TR, N-m), disc
height (h, mm) and the polar moment of inertia (J, mm®). Normalized torsional stiffness
(MPa/°) was calculated as K*h/J from the measured torsional stiffness (K, N-m/°), disc
height (h, mm) and polar moment of inertia (J, mm?), as calculated above.

An additional analysis was performed to investigate the role of the outer annular fibers on
torsion mechanics based on a study performed by Hickey and Hukins,18 which examined the
increase in fiber length of the outer annular fibers with application of torsional rotation. The
analysis included the calculation of the stretched fiber length (d;) and this equation was used
in the current study to calculate the stretched fiber length throughout the 0° to 6° of rotation.
Equation 6 from Hickey and Hukins is presented below (note a correction to the original
equation, ¢*, in the numerator of the first term):

2 2\2 4 172
Y (14+n2) ¢ @+ Q7 sin’ 0 "
" | 4m2n2a? sin* 0 @?

where Vj is the volume of the disc, n is the disc eccentricity, d is initial fiber length, d; is the
fiber length after rotation, Q is the amount of disc rotation, © is the initial fiber angle, and ¢
is defined as shown in Figure 1. Fiber strain was calculated as (d;— @)/d using the initial
fiber length at 0° rotation and the fiber length at 6° rotation.

Biochemical Analysis

Following mechanical testing and geometry measurement the sample was placed in a -20 °C
freezer for preservation prior to biochemical analysis, including collagen content.” The disc
was separated from the vertebral bodies and, while frozen, tissue samples from the NP, inner
AF, and outer AF were harvested using either a 1.5 mm or 3.0 mm dermal biopsy punch
(Miltex Instrument Comp., Bethpage, NY) depending on the size of the disc. The sample
was dehydrated at 65 °C for 24 hours after which tissue dry weight was acquired. Dried
samples were digested with proteinase-K at 65 °C for 16 hours. A 50 p.L aliquot of the
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digest was used to measure collagen content with the orthohydroxyproline (OHP)
colorimetric assay and normalized by dry weight.23 This process was not performed on the
mouse and rat discs because of their small size.

Statistical Analysis

Results

One-way ANOVA and Dunnett's Multiple Comparison Test were used to compare the
torsion mechanical parameters and collagen content of each of the animal discs to the human
disc. Statistical significance set at p < 0.05. Pearson's correlation coefficients were
calculated for normalized torsional properties and annulus collagen content.

The torsional response of the human disc was fairly linear (Figure 2). After normalization, 9
of the 11 disc types exhibited similar torsional responses to human. However, the pig and
sheep samples were notably stiffer than the human and had a more nonlinear response.
Torque range and torsional stiffness were calculated for each species (Table 3) and
differences were observed for both the measured data and normalized values. The sheep had
6% lower torsional stiffness than human, the pig 91% higher stiffness, and the mouse and rat
were less stiff by several orders of magnitude (Figure 3A). Torque range results were
similar, where the sheep had a 23% lower torque range compared with human, pig had a
range 36% higher, and mouse and rat were several orders of magnitude lower (Figure 3B).

The normalized torsional stiffness values for many species were similar to the human,
however the pig and sheep values were 363% and 308% higher than human (Figure 3C).
Likewise, the normalized torque range of motion for both the pig and sheep was three times
higher than the human (Figure 3D), with no statistically significant difference between the
other species and human.

The fibers in the outermost boundary of the AF are likely to provide the primary resistance
to torsion.1” Therefore, a fiber stretch model presented by Hickey and Hukins was used to
interpret the variation in torsional properties.1® Assuming the initial fiber angle to be 25°
from horizontal, the average fiber strain for the human samples in the outer annulus of a disc
rotated 6° was calculated to be 0.088 + 0.005. Fiber strain was found to be highly dependent
on the assumed initial fiber angle, with increases in the calculated strain corresponding to
increasing fiber angle until it reached a peak of 0.12 at an angle of 48° (Figure 4). This trend
was even more pronounced in species with high lateral width to height ratios, such as sheep.

Total collagen content was calculated for the NP, inner AF, and outer AF disc regions as g
collagen/mg dry weight using the OHP assay (Table 4). Within the NP, the baboon, goat,
and sheep discs had similar collagen content as the human. In contrast, pig discs had less
than half of the collagen as human, whereas the calf and cow tail discs had 3-6 times more.
In the inner AF, the baboon discs were most similar to human with just 4.6% less collagen.
Pig discs had the highest collagen content, with 127% more than human, and goat had the
lowest, with 44.9% less than human. For the outer AF, the majority of samples had collagen
content similar to humans. However, the goat samples had 48.6% less and calf had 44.8%
more than human.

Collagen content of the outer AF did not correlate with the normalized torsional properties.
Specifically, the Pearson's correlation coefficient for the outer AF collagen content and the
normalized torsional stiffness is 0.21 and for the collagen content and normalized torque
range is 0.16.
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In addition to the torsion properties and collagen content reported in this paper, the
geometry, tension/compression and creep properties, and GAG and water content were
previously published for the majority of the samples.” However, these results had not been
published for the goat and mouse caudal samples and, except for mouse biochemical
measurements, are presented in Table 2. Normalized compressive stiffness of goat samples
was 27.6% less than human and mouse caudal was 133% higher than human. The goat
samples had consistently lower GAG content than human. However, the % water content of
the goat discs was at most 6% higher or lower than human in all three regions.

Discussion

This study compared the intervertebral disc torsion mechanical properties and collagen
content across several different species. The torsional properties of these discs varied by
orders of magnitude, but after normalizing by geometry, torsional properties were only
statistically different from human for 2 of 11 disc types. These results suggest that several
animal models are appropriate for studying the human disc torsion response when disc
geometry is accounted for. In particular, the goat, mouse lumbar, and mouse caudal discs
exhibited normalized torsional stiffness values within 10% of human, while calf lumbar and
bovine caudal discs exhibited values within 25% of human properties. However, the sheep
and pig samples were notably stiffer than human. This study of disc torsion mechanics is
complementary to previous studies that have examined disc geometry and axial
compression.3: 7

Previous studies have compared the mechanical response of various animal discs to human
discs.® 2425 Although many of our tested values are similar to those in the literature,
variation in observed mechanical properties is expected because of the variability in test
protocols. For example, compressive loads are often included to load the annulus in
tension, 26 but the magnitude of the applied load varies between studies. The current study
has the distinct advantage of performing all tests in a uniform manner across species.

The outer annulus experiences the most significant stresses during torsional loading.1” With
fiber alignment of intervertebral discs, it is likely that these outermost AF fibers play a large
mechanical role in torsion. Thus, calculating the stretched fiber length may provide greater
insight into torsion properties. It was determined that the initial fiber angle contributes
greatly to the amount of fiber strain (Figure 4). Given the marked increase in fiber strain due
to initial fiber angle, measurement of fiber angle in future studies may build upon this
finding to determine the actual amount of fiber strain in these species under torsion. This in
turn may explain some of the differences observed in the torsional properties.

As with any study, this work has a few limitations to be aware of. The machine capabilities
for testing the rat and mouse discs necessitate a slower testing rate, which may have slightly
affected the mechanical properties that were measured. Also, the mechanical testing fixed
the axis of rotation of the disc to be in the disc's geometric center, which is different from
the /in vivo axis of rotation due to the facet joints. However, the center of rotation has been
calculated to be within the disc at low loads even accounting for facet forces.2” Furthermore,
because the axis was fixed in the same location for all of the species, the experimental data
obtained from these tests can still be compared. A biochemical limitation of this work is that
the OHP assay only determined collagen content within the disc, but did not distinguish
between collagen types. Although collagen content provided useful information, it would be
of interest to distinguish between different collagen types, primarily Types I and 11. Also,
collagen content for the rodent discs was not measured due to the small size of the discs.
Finally, while the geometrical model is an excellent estimate of fiber strain,18 it was limited
by assuming initial fiber angle and may overestimate fiber strain because it does not take
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into account change in height or change in area that occurs during the creep test or during
the torsion test to maintain a constant load. Further differences in torsion response may be
explained by looking at other disc constituents such as elastin.28

In conclusion, axial torsional properties of 11 disc types from 8 mammalian species were
compared with human disc. In addition, collagen content was measured of 7 disc types from
6 species. In general, the collagen content of the discs is similar across species. While the
measured torsion data varied widely, normalization by geometry greatly reduced the
variability between species. The goat and mouse discs had the most similar normalized
torsional properties while the pig and sheep discs normalized properties were least similar to
the human. Unlike a compression study in which geometric normalization accounted for the
majority of the variation between species,’ in torsion loading structural arrangement of the
disc's components are important to consider.
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Figure 1.

Definition of terms used in fiber strain equation,2? where d is initial fiber length, d; is
stretched fiber length, h is disc height, 6 is the initial fiber angle from the vertical disc axis,
¢ is the initial torsion angle, and Q is the amount of axial rotation.
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Figure 2.
Representative normalized torsion responses for human discs (solid) and for several species.
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B. Torque Range (N-m)
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Mean and standard deviations of measured and normalized properties for mechanical
parameters: A) torsional stiffness B) torsional range of motion C) normalized torsional
stiffness D) normalized torsional range of motion. L and C represent lumbar and caudal,
respectively. Significantly different than the human, Dunnett's Multiple Comparison Test,

*p <0.05, **p <0.01, ***p < 0.001
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Figure 4.
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Influence of initial fiber angle on the calculated fiber strain at six degrees torsion in a human
disc using a geometric model.20 The initial fiber angle a in this figure is measured from

horizontal (inset).

Spine (Phila Pa 1976).
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Mean (Standard deviation) for torsion mechanical parameter values for each species. Shaded boxes are
significantly different than the human, Dunnett's Multiple Comparison Test.

Torsional Stiffness (N-m/°) Torque Range (N-m) Normalized Torsional Stiffness Normalized Torque Range
(MPa/°) (MPa)
Human 3.18 (0.89) 20.0 (4.8) 0.087 (0.019) 0.548 (0.099)
Calf 2.58 (0.52) 11_9*** @.1) 0.108 (0.045) 0.498 (0.202)
Plg *k Kk *k *kk *kk
6.06 (1.08) 272 (4.4) 0.403  (0.125) 1.80 (0.49)
* % *kk
Baboon 157" (0.31) 843" (201) 0.127 (0.037) 0.683 (0.231)
*k Kk *kk
Goat 119" (033) 700" (172) 0.084 (0.017) 0.500 (0.118)
*kk * kK
Sheep 2.99 (0.75) 15.4 (4.3) 0356 " (0.171) 180" (0.80)
i * kK *kk
Rabbit 007" (0.03) 042" (0.14) 0.152 (0.093) 0.919 (0.423)
_ *k* * kK
Rat-L 133E-3 " (328 E -4) 584E-3 " (LO2E-3) 0.040 (0.008) 0.176 (0.026)
_ *k* *kk
Mouse - L 110E-4""" (1.83E -5) 821E-4"" (1L54E -a) 0.083 (0.020) 0.614 (0.159)
_ *k* *k*
Cow-C 066" (0.20) 522" (1.15) 0.068 (0.043) 0.530 (0.306)
_ KKk * kK
Rat-C 9074E-4"" (350 E -4) 4333 (L18E-3) 0.015 (0.007) 0.070 (0.029)
_ *k Kk * kK
Mouse - C 588E-5  (6.04E -6) 468E-4"" (8.25E -5) 0.095 (0.030) 0.741 (0.204)
*p<0.05
Hok
p<0.01
A kA
p <0.001
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Table 4
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Mean (Standard deviation) for total collagen content normalized by dry weight (DW) for each species. Shaded

boxes are significantly different than the human, Dunnett's Multiple Comparison Test.

NP (g/mg DW) | Inner AF (ng/mg DW) | Outer AF (ng/mg DW)
Human 15.6 (4.0) 47.9 (3.0) 102.6 (18.9)
Calf 60.3*** (18.5) 92.9** (22.6) 148.6* (20.5)
Pig 5.8(2.9) 108.7*** (6.4) 122.4 (22.8)
Baboon 18.9 (6.7) 45.7 (21.2) 110.4 (41)
Goat 18.5 (5.8) 26.4 (15.7) 52_7* (13.9)
Sheep 19.2 (10.6) 66.8 (11.1) 106.9 (18.4)
Rabbit N/A 34.0 (17.2) 77.9 (19.2)
— *%
Cow-C 134" (18) 70.7 (15.8) 106.9 (23.4)
p<0.05
Ak
p<0.01
AAA
p <0.001
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