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Abstract

Intervertebral discs (IVDs) maintain flexibility of the spine and bear mechanical load. Annulus
fibrosus (AF) defects are associated with VD degeneration and herniation which disrupt
biomechanical function and can cause pain. AF puncture injuries can induce IVD degeneration but
are needed to inject therapies. ldentifying small AF defects with biomechanical testing can be
difficult because 1VDs have a complex, composite structure and nonlinear biomechanical
properties that are dependent on AF fiber tension. It remains unclear how choice of biomechanical
testing protocols affect the sensitivity of biomechanical properties to AF injuries. This study
determined whether axial preload or magnitude of cyclic axial or torsional testing affected the
ability to detect minor AF defects in rat caudal motion segments using ex vivo biomechanical
testing. Intact and injured motion segments were subjected to a repeated measures study design
with multiple biomechanical testing protocols that varied axial tension-compression force
amplitude (£ 1.6 N, £ 8.0 N, = 16.0 N), axial preload (-1.6 N, =8.0 N, —=16.0 N, corresponding to
-0.1 MPa, -0.5 MPa, and —1.0 MPa, respectively), and torsional rotation angle (+ 10°, + 15°, and
+ 20°). Biomechanical properties obtained from the lowest force testing conditions for axial
tension-compression (x 1.6 N), axial preload (1.6 N), and angular rotation (+ 10°) exhibited the
largest differences in biomechanical properties between intact and injured conditions.
Biomechanical properties determined under low axial force or torsion amplitudes involve less AF
fiber tension and were most sensitive to injury. Low force testing protocols are recommended for
detecting minor structural AF defects and may enable more precise assessments of VD injuries,
healing or repair.
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Introduction

Back pain is a leading cause of global disability (Hoy et al., 2014; Centers for Disease
Control and Prevention (CDC), 2009; D 2016 Disease and Inju, 2017), and is associated
with IVD degeneration (Livshits et al., 2011). The annulus fibrosus (AF) of the
intervertebral disc (IVD) is a complex hierarchical tissue consisting of collagen fibers that
function to contain the inner nucleus pulposus (NP) and connect adjacent vertebrae during
spinal loading (Cortes et al., 2014; latridis et al., 2013). AF defects accumulate during aging
and degeneration, and AF injuries can result in loss of AF fiber tension and NP herniation
with consequential biomechanical changes that contribute to painful conditions (Adams and
Roughley, 2006). VD degeneration can result in back pain due to structural damage
occurring in the AF and endplates (Adams and Dolan, 2012). Large and small AF defects
have been shown to accelerate VD degeneration and height loss (latridis et al., 2006, 2013;
Elliott et al., 2008) and can lead to vascularization and innervation (Melrose et al., 2002;
Freemont et al., 1997). Annular tears are implicated with age, degeneration, and impaired
motion segment mechanics (Livshits et al., 2011; Thompson et al., 2000, 2004; Osti et al.,
1992; Fazzalari et al., 2001). Adult I\VDs heal poorly (Hampton et al., 1989; Martin et al.,
2013; Torre et al., 2018), and the limited 1VD healing that does occur is most likely to occur
at early stages of injury when defects remain small. Tissue engineering and regenerative
medicine techniques show most promise when applied early to minor IVD defects. A need
has arisen to develop increasingly precise biomechanical test protocols capable of detecting
functionally important biomechanical changes due to small 1\VVD injuries and healing
responses.

Improved biomechanical function is an important design criteria of VD repair strategies
(Long et al., 2016). There is a growing need to identify biomechanical test protocols and can
identify small AF injuries and more subtle defects since biological repair strategies are being
developed for implementation at early degeneration states or minor injuries. AF needle
puncture injuries are the most commonly used acute injury in animal models of IVD
herniation and degeneration. AF needle puncture results in altered ex vivo motion segment
biomechanical behaviors and instability as well as cellular and biochemical changes
representative of IVD degeneration (Elliott et al., 2008; Michalek et al., 2010a; Michalek
and latridis, 2012; Masuda et al., 2005; latridis et al., 2009; Hartman et al., 2015; Sobajima
et al., 2005). Needle puncture and injection is known to cause IVVD degeneration in
discography procedures, and is also a likely route for regenerative medicine treatments
(Carragee et al., 2009; van Heeswijk et al., 2018; latridis and Hecht, 2012). Thus, AF
puncture injury models are widely adopted to assess the potential of experimental strategies
to repair injured 1VDs in both large and small animal models (Sloan et al., 2018). Even
small AF defects result in significant alteration of microscale behavior in the AF and initiate
biomechanical and biological changes suggestive of degeneration (latridis et al., 2009;
Michalek et al., 2010b). The ability to detect small AF defects using ex vivo motion segment
mechanical testing requires refined test protocols. In contrast, large, AF defects are
commonly detected regardless of loading protocol. It is unknown if the ability to detect
differences in mechanical behavior between intact and injured 1VDs is affected by the
magnitude of axial and torsional displacements applied during biomechanical testing or the
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axial preload prior to testing, which can both influence the amount of AF tension and NP
pressurization. We believe that biomechanical testing protocols and parameters can be
adjusted to best reveal structural defects and increase sensitivity of injury detection.

While ex vivo biomechanical testing methods are commonly used to measure IVD
functional behaviors, there is a lack of uniformity of biomechanical testing protocols which
creates a challenge when comparing across different studies. The choice of testing protocol
on vertebra-1VVD-vertebra motion segments ex vivo can alter biomechanical parameters.
Testing methods vary in terms of test modality (e.g., axial, torsional, bending, complex
loading), specific test protocols, and analysis methods. These inconsistencies have potential
to influence parameter estimation and/or interpretation of outcomes, and are especially
important when comparing more subtle effects expected with mild degeneration, small VD
defects, or when comparing different I\VD repair strategies. IVD biomechanical behaviors
are non-linear due to of non-linear material properties and because of complex structural
interactions between NP and AF. The NP contributes more to load carriage than the AF at
lower loads (Johannessen et al., 2006), while the AF experiences more radial stresses at
higher loads (Adams et al., 1996; Costi et al., 2007; O’Connell et al., 2011). Therefore,
motion segment biomechanical responses are influenced by loading levels which can be
adjusted to simulate physiological levels by altering the test protocol. The IVD experiences a
resting compressive stress /n vivo due to activation of surrounding spinal muscles, and the
application of an axial preload ex vivo can stimulate these physiological conditions and
increase VD axial and torsional stiffness and hysteresis (Gardner-Morse and Stokes, 2003,
2004). Further, torsional mechanical properties are most sensitive to AF integrity, and these
properties change nonlinearly with rotation angle (Bezci et al., 2018).

The objective of this study was to determine mechanical testing protocols that best detected
small VD injuries in rat caudal IVDs. Rat caudal 1VVDs were used because of their
simplified geometry and common use in puncture animal models (Lai et al., 2015; Sloan et
al., 2017; Rousseau et al., 2007; Ulrich et al., 2007). Rat caudal 1VDs were evaluated with
cyclic axial and torsional biomechanical tests with varying axial loading amplitude, axial
preload value, and torsional rotation angle amplitude. Stiffness, range of motion, neutral
zone and hysteresis parameters were calculated. Results demonstrated that small AF defects
were most sensitively detected when tested under relatively low load magnitude, low axial
preload, and fewer degrees of rotation.

Materials and methods

2.1. Animals and specimen preparation

Motion segments from skeletally mature Sprague Dawley rats (n = 10) from coccygeal levels
c4/5, c6/7 and c8/9 were dissected for a total of 30 motion segments with intact rostral and
caudal vertebrae, wrapped in 1X PBS soaked Kim wipes and stored at —20 °C until day of
testing. Motion segments from multiple levels were evenly distributed between three axial
preload groups to control for potential level effects, although geometry of rat caudal 1\VVDs is
similar (Espinoza Orias et al., 2009). Axial preloads of -1.6 N, —=8.0 N and -16.0 N
corresponding to —0.1 MPa, —0.5 MPa, and —1.0 MPa (calculated as load/area), respectively,
were chosen as they correspond approximately to intradiscal pressures while lying prone,
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relaxed standing, and sitting with knees flexed (Wilke et al., 1999). On the day of testing,
motion segments were thawed in 1X PBS at room temperature for 2 h and excess connective
tissue was removed using a scalpel. Motion segments were visually aligned in custom
stainless steel pots using a plumb line and pottted using an instant adhesive (Loctite 401,
Henkel, Dusseldorf, Germany) with an accelerant (Loctite 712, Henkel, Dusseldorf,
Germany).

2.2. Study design and annular puncture injury

A repeated measures study design was used where motion segments first underwent testing
in the intact condition followed by rehydration, injury, and re-testing (Fig. 1A). Following
axial and torsional testing (described below) in the intact condition, minor injury was
induced using a dorsolateral puncture injury with a 26 gauge (G) syringe needle tip. The
26G syringe needle (0.46 mm outer diameter) created an injury of approximately 40% of
average rat caudal 1VD height of 1.16 mm (Hsieh et al., 2009), and this size corresponds to
minor injury since it was previously shown to induce 1D degeneration but biomechanical
testing demonstrated puncture injuries of 40% or less had variable effects and were difficult
to detect (Elliott et al., 2008). This injury is also considered minor because no herniation
occurred as determined by visual inspection, and the syringe needle tip used to create the
injury is sharp and beveled, simulating annular tears as opposed to a biopsy or box defect.
Injured 1\VDs were placed in 1X PBS for 60 min to rehydrate, and then retested in the
injured condition. This repeated measures study design allowed determination of specimen
matched biomechanical parameters in intact and injured conditions.

2.3. Axial and torsional loading

Axial tension-compression testing was performed using an Enduratec ELF 3200 (TA
Instruments, New Castle, DE) using a force-controlled cyclic testing protocol. Potted motion
segments were secured in the testing machine and loaded at three different magnitudes for
20 cycles per magnitude at a frequency of 1 Hz: + 1.6 N, £ 8.0 N, and + 16.0 N (Fig. 1B).
After axial tension-compression testing, motion segments were allowed to free swell in PBS
for 30 min. Torsional testing was performed using an AR2000ex rheometer (TA instruments,
New Castle, DE) using an angular displacement-controlled cyclic testing protocol. The
torsional testing protocol was comprised of two stages: 1) axial compressive preload and 2)
cyclic angular rotation. Potted motion segments were secured in the testing machine, and
axial compressive preload was first applied for 5 min at one of three magnitudes: + 1.6 N,
+8.0 N, or + 16.0 N and then held at steady displacement for torsion loading (Fig. 1C).
Samples were then rotated to three different angular displacement magnitudes for 20 cycles
each at a frequency of 1 Hz: £ 10°, + 15°, and + 20°. Increasing load magnitudes for axial
testing or angles of rotation for torsional testing were selected to reflect the loading curve
under varying levels of challenge to the motion segment-from least challenging where the
loading curve does not reach linearity, to most challenging where the loading curve reaches
the linear region (Fig. 1D).

2.4. Biomechanical parameter evaluation

Axial data were analyzed for compressive stiffness, tensile stiffness, range of motion (ROM)
and neutral zone (NZ) length (Fig. 2A), and torsional data were analyzed for torsional
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stiffness, torque range, NZ length, and hysteresis (Fig. 2B) from the last cycle of testing
(Martin et al., 2013; Johannessen et al., 2006; Beckstein et al., 2008) for each test by using a
custom MATLAB (MathWorks, Natick MA) code.

Compressive and tensile stiffness was calculated as the slope of the top and bottom 20% of
the load vs. displacement curves, respectively. Axial ROM was calculated as the total
displacement from compression to tension. Torsional stiffness in the clockwise and
counterclockwise directions was averaged to obtain a single torsional stiffness value.
Torsional stiffness was calculated as the average of the top 20% of the torque vs. rotation
curve in both the clockwise and counterclockwise rotations. Torque range was calculated as
the total torque developed from the fully counterclockwise to fully clockwise rotations.
Axial and torsional NZ length was defined as the displacement or rotation for which 0 load
is developed (Panjabi, 1992) and was manually determined from the load vs. displacement
or torque vs. rotation plots using a custom MATLAB script, and values were taken as the
average NZ measurements from 3 users. The average ICC for manually determined axial NZ
length of three users was ICC = 0.9568.

A custom MATLAB script was developed to automate NZ length measurements, reduce
human variability, and decrease analyses time. Torsional torque-displacement curves were
used to compare manually obtained NZ lengths and NZ lengths obtained using the
automated method. Automated torsional NZ length was identified from the last complete
cycle of loading using a custom algorithm written in MATLAB that calculated the slope of
the nonlinear regions with lowest stiffness and little curvature. Briefly, the region of smallest
slope was found by linear regression of a short segment that was moved along the entire
length of the force-displacement curve. This initial segment length was chosen by visual
estimation to be a small portion of the neutral zone with negligible curvature. The standard
error of the fit provides a baseline value that characterized the sampled data noise. The
length of this small segment was then expanded independently in both positive and negative
directions until the standard error had increased by 15% over the base value to indicate an
increase in curvature. The NZ lengths were calculated as the length of this line where the
threshold was met.

2.5. Statistical analyses

Statistical analyses were performed using Prism (GraphPad, La Jolla, CA) taking p < 0.05 to
be significant. All data were confirmed as normally distributed using the Shapiro-Wilk
Normality test. Two-way ANOVA with Sidak’s multiple comparison test determined the
effects of acute injury and loading condition on axial and torsional biomechanical
parameters. Two-way ANOVA with Tukey’s multiple comparison test determined the effect
of axial preload and rotation amplitude in torsional testing on percent change from intact
conditions. Inter-class correlation coefficient (ICC) was determined from axial NZ length
measurements of three users. The Pearson’s correlation coefficient (r) and coefficient of
determination (r2) were calculated to determine the correlation between manually calculated
and automated NZ lengths. G*Power 3.1 was used to determine the statistical power of the
correlation test using an effect size of 0.9574, as calculated from the coefficient of
determination from the correlation of 14 randomly selected samples. The calculated power
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was 1.0, indicating a low probability of type Il error using 14 samples for the correlation
analysis.

3. Results

3.1. Compressive stiffness and axial range of motion were sensitive to minor annular
injury at a relatively low load magnitude

Minor injury resulted in a significantly reduced compressive stiffness compared to the intact
condition at the lowest axial loading magnitude of + 1.6N, with no changes detected at
higher loading magnitudes or between axial loading magnitude groups (Fig. 3A). Minor
injury resulted in a significant reduction in tensile stiffness at the lowest axial loading
magnitude of £ 1.6N with no change at higher loading magnitudes or between axial loading
groups (Fig. 3B). Minor injury resulted in significantly increased range of motion was
significantly increased for all axial loading magnitudes, but the effect was most pronounced
at + 1.6N (Fig. 3C). Axial NZ length was only significantly increased at the lowest loading
magnitude of £ 1.6N, with a trend (p < 0.1) of a greater effect compared to the highest
loading magnitude of + 16N (Fig. 3D). Intact compressive stiffness, tensile stiffness, range
of motion, and axial NZ length increased with load magnitude, and the parameter with the
greatest % change detected between intact and injury was axial range of motion at the lowest
loading magnitude of + 1.6N at 49.18% change (Table 1).

3.2. Torsional stiffness and torque range were sensitive to minor annular injury at a
relatively low axial preload with smaller rotational angle

Torsional stiffness was significantly decreased with injury compared to intact for all
experimental groups of varying axial preload and degrees of rotation. The lowest axial
preload of 1.6N combined with the fewest degrees of rotation of + 10° exhibited the largest
percent difference of injury on torsional stiffness (Fig. 4A). Torque range was also
significantly decreased with injury in all groups, with the largest differences from intact at
the lowest loading conditions of 1.6N axial preload for £ 10° and + 15° compared to the
highest axial preload of + 16N combined with the most degrees of rotation of + 20° (Fig.
4B). Intact values for torsional stiffness and torque range increased with increasing axial
preload and rotation amplitude. The parameter with the greatest % change detected between
intact and injury was torsional stiffness at 1.6N axial preload combined with + 10° with a
34.1% change (Table 2).

3.3. Torsional neutral zone length and hysteresis were insensitive to minor injury

Torsional NZ length and hysteresis were unaffected by injury for all groups, although trends
(p < 0.1) were observed at 16N combined with *+ 15° rotation and 1.6N combined with + 25°
rotation, respectively (Fig. 4C and D). Torsional NZ length and hysteresis were less sensitive
to injury compared to torsional stiffness and torque range, which may be been partly related
to greater variability since values for percent change in NZ from intact values are lower than
for stiffness and torque range (Fig. 4). Mean values of torsional neutral zone length
increased with injury as expected, although this was not significant so we conclude torsional
NZ length was insensitive to minor injury or loading protocol (Fig. 4C, Table 3). Similarly,
mean values of hysteresis were decreased with injury in all groups, although this was not
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significant, therefore torsional hysteresis was insensitive to minor injury or loading protocol
(Fig. 4D, Table 3).

The correlation coefficient and coefficient of determination of torsional NZ lengths obtained
manually and via an automated MATLAB script was determined. A correlation analysis of
NZ length measurements of 14 randomized samples from our total data set determined the
correlation coefficient of manual NZ length measurements and automated NZ length
measurements was r = 0.9574, with a coefficient of determination of r2 = 0.9166 and p <
0.001, indicating strong correlation between manually determined and automated NZ length
calculations (Fig. 5).

4. Discussion

Many different biomechanical protocols are used for I'VD motion segment testing, and there
lacks clarity on the testing protocols that are best able to detect injury effects on IVD
biomechanical properties. This study showed that biomechanical properties determined from
tests performed at lower magnitudes of axial preload and torsional rotation exhibited the
largest differences between the intact and acute injury conditions. Torsional stiffness, torque
range, and axial range of motion were the biomechanical parameters most sensitive to these
defects. A minor injury was induced so that injury effects would be less pronounced between
intact and injured IVDs, and therefore necessitate refined biomechanical testing methods to
identify these differences. The capacity to detect subtly impaired biomechanical function is
important clinically since these minor injuries might represent small AF tears, mild
degenerative changes or repair progression following a regenerative medicine strategy. Large
AF defects are known to have large effects on most axial and torsional biomechanical
properties (Elliott et al., 2008), and do not require similar optimization of testing protocols
for their detection.

Minor injuries had the largest effects on torsional stiffhess, torque range and axial range of
motion when these parameters were calculated from testing protocols at low axial
amplitudes and preloads and at low rotational amplitudes. The sensitivity of torsional
stiffness, torque range and axial range of motion parameters to injuries have been shown
previously (Michalek et al., 2010a; Michalek and latridis, 2012; Krismer et al., 1996), but
sensitivities to loading protocol have not. Parameters obtained under mild loading conditions
appeared to best describe the ‘toe region’ or ‘neutral zone’ regions where relatively few
annular fibers are recruited. Incision of AF fibers results in release of residual stress
(Michalek et al., 2012), and these changes have the greatest influence on the toe region
rather than the linear region. The effect of injury is largely dependent on the defect size or
number of cut fibers (Elliott et al., 2008; Adams and Green, 1993), and these cut fibers may
exert a greater influence on circumferential hoop-stresses, NP pressurization or outward
bulging (Michalek et al., 2012) under mild loading conditions. In contrast, parameters
obtained with high force axial preloads generate large hoop stresses that recruit a much
larger number of AF fibers, most of which are intact, so that cut fibers from local needle
puncture may have a relatively smaller influence. The composite nature of the highly fibrous
AF structure has many levels of mechanical redundancy and even in the area of fiber damage
neighboring fibers can be recruited to carry load adjacent to damaged fibers and damaged
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fibers can carry also load a relatively short distance away from the fiber break (latridis and
ap Gwynn, 2004). The most sensitive parameter to injury effects were torsional stiffness
with low axial preloads, which is unsurprising since torsional testing with low axial preloads
isolates the effects of AF fiber tension with fibers being stretched as rotation angle increases,
since there is negligible NP pressurization.

There were some limitations of this study. Relatively high variability was observed in axial
testing at low load magnitudes. Table 1 shows that the absolute variance is lower for the

+ 1.6N test than for the higher loading magnitude tests. However, when normalized in Fig. 3,
this variation is demonstrated to be a greater percentage of the mean. This pattern in
variance is to be expected when testing over a large range of forces. Importantly, the
statistical comparisons between load magnitude groups were on normalized data and
accounted for this variance. In addition to the effects of varying loading protocols on
biomechanical parameters, other factors such as motion segment hydration may play a role.
Hydration has been shown to play an influential role on IVD compressive properties (Race
et al., 2000), and could be considered as a variable in future studies aiming to optimize
biomechanical testing protocols. Further, sequence of testing and load history from
subsequent tests may influence biomechanical parameters and should be considered during
loading protocol development (Costi et al., 2008; Amin et al., 2016).

The use of small animal models of VD injury such as the rat is suitable for the assessment
of AF repair, given the similarities biomechanical properties to human IVDs (Espinoza Orias
et al., 2009; Beckstein et al., 2008; Elliott and Sarver, 2004; O’Connell et al., 2007), ease of
implementation, and high repeatability. The rat tail I'VD, when normalized for geometry, has
similar biomechanical parameters compared to human lumbar 1VDs (Showalter et al., 2012),
and is a commonly used biomechanical model because tail IVDs are easily accessed for
puncture and have axisymmetric geometry with relatively long vertebrae facilitating
gripping, testing and analyses. The use of rat tail IVDs is also common in screening of
biomaterial AF repair strategies /77 vivo (Sloan et al., 2017; Wang et al., 2017; Grunert et al.,
2014, 2015; Borde et al., 2015), but IVD repair studies often lack biomechanical
characterization. While some studies have assessed biomechanical changes immediately
following rat IVD injury (Elliott et al., 2008; Michalek et al., 2010a), there is a paucity of
literature. The 26G needle puncture is considered a minor injury as the defect (~40% IVD
height) is localized to a single point and the majority of AF fibers remain intact. Future
investigations are important to consider species differences since more fibrous NP regions of
other species may exhibit some differences and since ex vivoand Jin vivobovine, sheep, and
goat which are important large animal models often required for translation of experimental
AF repair strategies to the human. We observed that minor injury does not induce significant
changes in hysteresis, yet the assessments of viscoelasticity are limited to this relatively high
frequency testing. Stress relaxation and creep are additional tests used to calculate
viscoelastic parameters at different time scales that are sensitive to IVD injury and repair
(Sloan et al., 2017; Vresilovic et al., 2006) and warrant further investigation.

We further determined an automated NZ length measurement method that reduced analyses
time and showed strong association with manually obtained NZ length values. Automated
NZ length analyses could not be performed on axial force-displacement data due to
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insufficient sampling rate, and axial NZ length was therefore measured manually. The
automated method is an improvement to obtain NZ length measurements since it is an
objective method without potential for operator bias, but is limited because it needs
sufficient sampling rates to be applied.

In conclusion, the lowest axial loading magnitude of + 1.6 N, the lowest compressive axial
preload tested of —0.1 MPa, and the fewest degrees of rotation tested of £ 10° were the
protocols that best detected effects of minor, acute injury in the rat tail IVD. There is no
consensus on optimal biomechanical testing protocols even though axial and torsional
biomechanical testing are an important functional outcome for characterizing injured and
degenerated 1VD motion segments, and for tracking success of 1VD repair strategies. These
findings highlight that minor injuries can be difficult to detect since they only disrupt
relatively few fibers. Minor injury was easiest to detect when IVD biomechanical parameters
were obtained under relatively mild axial load magnitudes, low axial preloads, and rotational
amplitudes when parameters describe the ‘toe region’ portion of the curve where relatively
few fibers are recruited and injury has the greatest effect. Mild loading conditions are also
preferable since they are often less destructive if IVDs must undergo further assessments.
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Bi%mechanical test protocols. A) A repeated measures study design to determine effects of
acute injury on rat tail VD mechanical parameters. B) Axial tension-compression testing
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Pegrcent change of axial mechanical parameters demonstrated that low loading magnitude
amplifies differences in axial properties after mild injury. A,B) Compressive stiffness and
tensile stiffness decreased only at the lowest loading magnitude. C) Axial range of motion
increased in all loading groups, but the effect was amplified by the lowest loading
magnitude. D) Axial NZ length increased following injury at the lowest loading magnitude.
*p < 0.05 between intact and injury. Solid bars p < 0.05, dashed bar p < 0.1 (trend) between
loading magnitudes. Data presented as mean * standard deviation (SD).

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Torre et al.

>

Torsional Stiffness
% Change From Intact

NZ Length
% Change From Intact ()

150+

100- ° #

-100 T T T

s N
o % Y

Fig. 4.

o)

Torque Range
% Change From Intact

O

Hysteresis
% Change From Intact

Page 16

150+

100+

-100

s N
% Y

Percent change of torsional mechanical parameters demonstrated that low loading magnitude
amplifies differences in torsional properties after mild injury. A,B) Torsional stiffness and
torque range decreased following injury, and this effect was amplified at the lowest axial
preload combined with the fewest degrees of rotation. C,D) Torque range and hysteresis
were highly variable and mostly insensitive to acute injury. *p < 0.05, #p < 0.1 (trend)
between intact and injury. Bars p < 0.05 between loading magnitudes. Data presented as

mean + standard deviation (SD).
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Table 1
Parameter  Intact Injury % Change
Compressive Stiffness (N/mm)
+16N 1426 (444) 1296 (3.15)  -1.58 (35.46)
+80N 5898 (13.64) 56.06(13.09) —2.62(22.67)
+ 160N 89.09(32.01) 86.07(30.71) ~-1.24 (25.28)
Tensile Stiffness (N/mm)
£16N 1222(313) 10.78(3.20)  -5.94 (35.56)
+80N  49.92(11.68) 47.90 (11.46) -1.63(22.73)
+ 160N 66.38(30.97) 66.73(24.19) 4.07 (25.68)
Range of Motion (mm)
+16N 045(023)  057(0.19)  49.18 (75.29)
+80N  0.87(0.20) 0.98 (0.18) 15.25 (22.62)
+ 160N 1.18(0.28) 1.28 (0.24) 10.93 (18.80)
Neutral Zone Length (mm)
+16N  0.27(0.13) 0.35 (0.16) 46.8 (78.6)
£80N  0.60(0.17) 0.66 (0.21) 15.0 (40.3)
+160N 077(033)  082(0.16)  16.7 (40.0)
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Parameter  Intact Injury % Change
Torsional Stiffness (Nmm/rad)
+ 16N
+10° 0.26 (0.11) 0.16 (0.08) -34.1(26.4)
+ 150 0.33(0.12) 0.24 (0.11) -26.3 (21.3)
+20° 0.34(0.12) 0.28 (0.12) -15.0 (21.2)
+ 80N
+10° 0.30(0.13) 0.24 (0.12) -20.3(9.9)
+ 150 0.34(0.14) 0.27 (0.13) -21.5(13.0)
+20° 0.36(0.14) 0.30 (0.14) -19.2 (12.3)
+ 160N
+10° 0.31(0.15) 0.24 (0.13) -20.6 (19.0)
+ 15 0.35(0.19) 0.29 (0.18) -19.4 (18.3)
+20° 0.38(0.20) 0.34 (0.25) -18.0 (17.0)
Torque Range (Nmm)
+ 16N
+10° 0.037(0.013) 0.031(0.022) -14.0(47.6)
+ 159 0.078(0.029) 0.059 (0.038) -24.7 (42.8)
+20° 0.113(0.037) 0.092(0.056) -18.2(34.9)
+ 80N
+10° 0.066 (0.020) 0.052(0.020) -21.2(18.0)
+ 750 0.095(0.035) 0.080(0.029) -12.0(34.5)
+20° 0.128(0.044) 0.107 (0.042) -15.1(33.6)
+ 160N
+10° 0.076 (0.036) 0.060(0.022) -11.1(19.6)
+ 750 0.109 (0.048) 0.087 (0.033) -9.3(26.6)
+20° 0.135(0.065) 0.122(0.062) -2.4(24.9)
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Parameter  Intact Injury % Change
NZ Length (rad)
+ 16N
+10° 0.6 (0.02) 0.17 (0.04) 5.3(24.2)
+15  0.21(0.04) 0.22 (0.07) 9.1 (43.4)
+20° 0.25(0.05) 0.26 (0.07) 9.9 (46.9)
+ 80N
+10° 0.13(0.05) 0.13 (0.04) 6.9 (25.3)
+159 0.6 (0.03) 017 (0.01) 10.2 (24.0)
+20°  0.23(0.06) 0.23 (0.03) 2.1(23.8)
+16.0N
+10° 0.9 (0.04) 0.10 (0.02) 3.6 (22.0)
+ 150 0.13(0.02) 0.15 (0.03) 17.1 (28.9)
220° 0.21 (0.07) 0.20 (0.06) 2.9 (37.4)
Hysteresis (Nmm*rad)
+ 16N
+ 70°  0.0006 (0.0003) 0.0005 (0.0004) -8.0(39.7)
+ 759 0.0015 (0.0006) 0.0013 (0.0009) —-13.7 (36.9)
220° 0.0031 (0.0012) 0.0026 (0.0014) -17.5(21.2)
+ 80N
+70° 0.0015 (0.0006) 0.0012 (0.0004) -8.1(42.4)
+ 757 0.0027 (0.0006) 0.0024 (0.0009) -0.3 (57.8)
+20° 0.0047 (0.0010) 0.0042 (0.0016) 8.5 (43.2)
+ 160N
+70° 0.0020 (0.0010) 0.0017 (0.0005) —2.6 (37.9)
+ 757 0.0033(0.0012) 0.0029 (0.0008) —6.0(25.7)
+20° 0.0053(0.0022) 0.0049 (0.0018) 1.4 (41.3)
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