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A B S T R A C T

The intervertebral disc is a complex joint that acts to support and transfer large multidirectional loads, including
combinations of compression, tension, bending, and torsion. Direct comparison of disc torsion mechanics across
studies has been difficult, due to differences in loading protocols. In particular, the lack of information on the
combined effect of multiple parameters, including axial compressive preload and rotation angle, makes it dif-
ficult to discern whether disc torsion mechanics are sensitive to the variables used in the test protocol. Thus, the
objective of this study was to evaluate compression-torsion mechanical behavior of healthy discs under a wide
range of rotation angles. Bovine caudal discs were tested under a range of compressive preloads (150, 300, 600,
and 900 N) and rotation angles (± 1, 2, 3, 4, or 5°) applied at a rate of 0.5°/s. Torque-rotation data were used to
characterize shape changes in the hysteresis loop and to calculate disc torsion mechanics. Torsional mechanical
properties were described using multivariate regression models. The rate of change in torsional mechanical
properties with compression depended on the maximum rotation angle applied, indicating a strong interaction
between compressive stress and maximum rotation angle. The regression models reported here can be used to
predict disc torsion mechanics under axial compression for a given disc geometry, compressive preload, and
rotation angle.

1. Introduction

The intervertebral disc is a complex joint with unique sub-
components, including the gelatinous nucleus pulposus (NP) and the
annulus fibrosus (AF). These two subcomponents act to support and
transfer large multidirectional loads placed on the disc during daily
activities, including combinations of compression, tension, bending,
and torsion (Adams et al., 2002). The majority of studies on disc me-
chanics have been limited to a single loading modality (e.g., compres-
sion or bending). More recently, there has been growing interest in
understanding disc mechanics under multiple loading modalities ap-
plied simultaneously to better represent physiological motions (Costi
et al., 2008; Gardner-Morse and Stokes, 2004; Garges et al., 2008; Veres
et al., 2010). Furthermore, understanding the disc's mechanical re-
sponse under combined loading modalities will be important for de-
veloping optimal repair strategies for injured or degenerated discs.

Axial compression is the primary loading modality experienced by
the disc, due to gravity and muscle forces acting to balance the spine in
an upright posture. There has been extensive research of the disc's

nonlinear mechanical behavior under axial compression with respect to
injury, degeneration, and recovery (Beckstein et al., 2008; Koeller et al.,
1984a, 1984b; O'Connell et al., 2011a, 2011b). The NP is thought to
have a higher contribution to stress absorption at lower loads
(Johannessen et al., 2006); however, at higher loads, stresses are
transferred radially from the NP to the AF as the disc joint stiffens
(Adams et al., 1996; Costi et al., 2007; O'Connell et al., 2011c). The
complexity of load distribution between disc subcomponents (i.e., NP
and AF) under axial compression likely affects the mechanical behavior
in other loading modalities, such as axial rotation due to engaging AF
collagen fibers in tension.

Axial and shear stresses on the disc vary greatly with respect to the
intensity of activities performed throughout the day (Rohlmann et al.,
2014). There is some evidence that small rotation angles may reduce
lower back pain (Garges et al., 2008; van Deursen et al., 2001a, 2001b),
while repetitive and large rotation angles may cause degenerative
changes (Barbir et al., 2011; Chan et al., 2011; Farfan et al., 1970;
Gluck et al., 2008; Guo, 2002; Yeung et al., 2003). Inclusion of axial
compression with rotation has been shown to increase torsional

http://dx.doi.org/10.1016/j.jmbbm.2017.09.022
Received 19 June 2017; Received in revised form 6 September 2017; Accepted 15 September 2017

⁎ Correspondence to: University of California, Berkeley, Department of Mechanical Engineering, 5122 Etcheverry Hall, #1740, Berkeley, CA 94720, United States.
E-mail address: g.oconnell@berkeley.edu (G.D. O’Connell).

Abbreviations: NP, Nucleus Pulposus; AF, Annulus Fibrosus; PBS, Phosphate Buffered Saline; J, Polar Moment of Inertia; h, Disc Height; σax, Applied Stress; K, Torsional Stiffness; U,
Strain Energy; EH, Hysteresis Energy; G, Apparent Torsional Modulus; WLS, Weighted Least Squares; SE, Standard Error; RMSE, Root-mean-square Error

Journal of the Mechanical Behavior of Biomedical Materials 77 (2018) 353–359

Available online 22 September 2017
1751-6161/ © 2017 Published by Elsevier Ltd.

MARK

http://www.sciencedirect.com/science/journal/17516161
https://www.elsevier.com/locate/jmbbm
http://dx.doi.org/10.1016/j.jmbbm.2017.09.022
http://dx.doi.org/10.1016/j.jmbbm.2017.09.022
mailto:g.oconnell@berkeley.edu
http://dx.doi.org/10.1016/j.jmbbm.2017.09.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2017.09.022&domain=pdf


stiffness and hysteresis energy (Espinoza Orias et al., 2009; Gardner-
Morse and Stokes, 2003, 2004). However, there is conflicting in-
formation about the contribution of disc geometry on disc torsion me-
chanics. Previous computational studies showed significant changes in
disc mechanics with variations in geometry (Lu et al., 1996; Meijer
et al., 2011; Natarajan and Andersson, 1999; Niemeyer et al., 2012),
conflicting with experimental results with human discs (Berkson et al.,
1979; Gardner-Morse and Stokes, 2004; Moroney et al., 1988). How-
ever, the lack of a relationship between human disc torsion mechanics
and geometry might be confounded by complex degenerative changes
in structure, composition, and geometry.

Direct comparison of disc torsion mechanics across studies has been
difficult, due to differences in loading protocols. In particular, the lack
of information on the combined effect of multiple parameters, including
axial compressive preload and rotation angle, makes it difficult to dis-
cern whether disc torsion mechanics are sensitive to the variables used
in a test protocol. Sub-failure compression-torsion mechanics is im-
portant for understanding the mechanical behavior of healthy discs,
preventing low back injuries, developing physiotherapies to reduce
back pain, and designing appropriate biomimetic tissue engineered
repair strategies (Bisschop et al., 2013; Chan et al., 2015; Rainville
et al., 2004). Thus, the objective of this study was to evaluate com-
pression-torsion mechanics of healthy bovine discs under a wide range
of axial compressive preloads and rotation angles. The second objective
of this study was to normalize disc torsion mechanics with geometric
parameters to provide a measure of torsion mechanics that can be
compared across species. The findings from this study describe disc
torsion mechanics as a function of disc geometry, axial compressive
stress, and maximum rotation angle.

2. Material and methods

Caudal spine sections from skeletally mature bovines were acquired
form the local abattoir (17 spines, age ~ 18 months). The surrounding
musculature was removed, and bone-disc-bone motion segments were
prepared by removing facet joints with a bone saw and cutting through
the superior and inferior vertebral bodies (n = 40). Motion segments
were potted in bone cement to create parallel surfaces. Only the first
four levels of each caudal spine were used for mechanical testing. Prior
to testing, samples were hydrated overnight in a phosphate buffered
saline bath (0.15 M PBS) at 4 °C to ensure that steady-state hydration
was achieved prior to testing (Bezci et al., 2015).

Each sample was allowed to equilibrate to room temperature, and
then attached to a mechanical testing machine with custom grips for
axial rotation (Fig. 1A; Bionix MTS 858, MTS System Inc., Minneapolis,
MN, USA). Mechanical testing was performed at room temperature in a
0.15 M PBS bath to prevent dehydration during testing. A nominal 20 N
preload was applied for 10 min to prevent over-hydration during the
overnight recovery, and to ensure contact between the motion segment
and the top loading platen. The geometric center of the discs was

visually aligned with axis of rotation of the mechanical testing device,
and twelve equally spaced screws were used to secure motion segments
to each grip during axial rotation (Fig. 1A).

Axial rotation was performed under a range of compressive preloads
and rotation angles. Samples were randomly assigned to one of the
rotation groups (± 1, 2, 3, 4, or 5°). Each rotation group was tested at
four different compressive preloads (150, 300, 600, and 900 N), which
were applied in a random order. The compressive preload was applied
and held for 4 h to allow for creep deformation. Then, ten cycles of
torsional loading were applied at a rate of 0.5°/s to the pre-assigned
maximum rotation angle. Motion segments were rehydrated unloaded
in 0.15 M PBS bath at 4 °C for 24 h to ensure full recovery of disc
mechanics before re-testing under a different compressive preload
(Bezci and O'Connell, 2017). Force, displacement, torque, and rotation
were recorded during testing (torsion data acquisition at 4 Hz).

Following mechanical testing, discs were rehydrated and removed
from the vertebral bodies using a scalpel. The axial plane was imaged
with a digital camera to measure disc area, anterior-posterior width,
and lateral width using a custom-written algorithm in Matlab
(Mathworks, Inc.), as previously described (O'Connell et al., 2007). The
polar moment of inertia (J) was calculated assuming the disc was a
hollow ellipse (Showalter et al., 2012). The disc height (h) was calcu-
lated as an average of three measurements obtained using digital cali-
pers. The applied axial stress, σax, was calculated as the applied com-
pressive load divided by the cross-sectional area.

The last cycle of torque-rotation data was used to characterize the
changes in the shape of hysteresis loop and to calculate the torsional
properties (Fig. 1B). Changes in hysteresis were calculated by mea-
suring the height and width of the curve along the geometric axes
(Fig. 1B – Inset). The width of hysteresis loop was calculated as the
width between the zero torque locations on the unloading curves.
Previous studies have reported a similar parameter, called the neutral
zone, which represents the range over which a motion segment moves
with minimal resistance (Mannen et al., 2015; Newell et al., 2017; Smit
et al., 2011). The height of the hysteresis loop was defined as the dis-
tance between the torque measurements under zero rotation.

Torsional stiffness (K) was calculated as the slope of the loading
response from the torque-rotation curve (Fig. 1B – red lines). Strain
energy (U), which represents energy stored in the material, was cal-
culated as the area under the loading curve. Hysteresis energy (EH),
which is indicative of energy loss per cycle, was calculated as the area
between the loading and unloading torque-rotation curves. The specific
damping capacity of the disc was calculated as the hysteresis energy
divided by the applied strain energy during loading (i.e., EH,L/U, where
EH,L = EH/2). The specific damping capacity describes the material's
ability to absorb energy during dynamic loading, where a value close to
0 represents a solid-like behavior and a value close to 1.0 indicates a
fluid-like behavior.

Disc geometry was used to account for inter-specimen variability
and to calculate normalized torsional parameters (Table 1). Disc height

Fig. 1. (A) Representative sample prepared for tor-
sional testing. * denotes evenly spaced screws used
to ensure that samples did not slip during rotation.
The dashed line represents the axis of rotation, which
was used to align the disc. (B) Characterization of
torsional mechanics. Torsional stiffness was calcu-
lated as the slope of loading curve (red lines). Data
shown represent the response during the last cycle of
torsion. Inset – the width and height of the hysteresis
loop were calculated based on the dimensions on the
geometric axes (blue = width and red = height).
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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