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Abstract

Background. The spine is routinely subjected to repetitive combined loading, including axial torque. Repetitive flexion–extension
motions with low magnitude compressive forces have been shown to be an effective mechanism for causing disc herniations. The
addition of axial torque to the efficacy of failure mechanisms, such as disc herniation, need to be quantified. The purpose of this
study was to determine the role of static axial torque on the failure mechanics of the intervertebral joint under repetitive combined
loading.
Methods. Repetitive flexion–extension motions combined with 1472 N of compression were applied to two groups of nine porcine

motion segments. Five N m of axial torque was applied to one group. Load–displacement behaviour was quantified, and planar
radiography was used to document tracking of the nucleus pulposus and to identify fractures.
Findings. The occurrence of facet fractures was found to be higher (P = 0.028) in the axial torque group (7/9), compared to the no

axial torque group (2/9). More hysteresis energy was lost up to 3000 cycles of loading in the axial torque group (P < 0.014). The
flexion–extension cycle stiffness was not different between the two groups until 4000 cycles of loading, after which the axial torque
group stiffness increased (P = 0.016). The percentage of specimens that herniated after 3000 cycles of loading was significantly larger
(P = 0.049) for the axial torque group (71%) compared to the no axial torque group (29%).
Interpretation. Small magnitudes of static axial torque alter the failure mechanics of the intervertebral disc and vertebrae in com-

bined loading situations. Axial torque appears to accelerate the susceptibility for injury to the intervertebral joint complex. This
suggests tasks involving axial torque with other types of loading, apart from axial twist motion, should be monitored to assess expo-
sure and injury risk.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Axial torques (AT) are experienced daily by the lum-
bar spine while performing domestic, athletic, and indus-
trial tasks. Both axial rotation (Kelsey et al., 1984;
Marras et al., 1993; Punnet et al., 1991) and cumulative
compressive loading (Jager et al., 2000; Kumar, 1990;
Norman et al., 1998) have been identified in epidemiol-
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ogic studies as significant risk factors in developing low
back injuries and/or pain. Damage to a facet joint
(McCall et al., 1979; Schwarzer et al., 1994) or the inter-
vertebral disc (IVD) (Ito et al., 1998; Boos et al., 2000)
has the potential to cause low back pain. However, the
onset of IVD injury/degeneration does not always coin-
cide with onset of pain (Boden et al., 1990; Jensen
et al., 1994), nor is there always diagnostic evidence to
correlate damage with painful facet joints (Schwarzer
et al., 1995b).

Several researchers have examined the partitioning of
the AT resistance between the IVD and facets. Various
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magnitudes of applied AT have been investigated: Far-
fan (1969) average maximum torque ranging from 23.7
to 32.7 N m, Krismer et al. (1996) �2–8.5 N m, Pearcy
and Hindle (1991) between 12 and 25 N m, and Adams
and Hutton (1981) 18–31.6 N m (with different grades of
disc degeneration and varied compression between 377.8
and 624.5 N). Farfan (1969, 1970) concluded that AT
damages the IVD prior to causing any bony damage.
Krismer et al. (1996) reported that intact annulus fibres
are more capable to restrict small axial torques than fa-
cet joints, and concluded AT is important in the devel-
opment of disc degeneration. However, several
researchers found that combined loading of AT and
compression damages the facet joints and is not com-
promising to the structural integrity of the IVD (Adams
and Hutton, 1981; Pearcy and Hindle, 1991). The opin-
ion of these researchers was that intact facets protect the
IVD from an AT load, so facet fracture must precede
disc herniation. The potentially controversial findings
regarding the role of AT in IVD failure mechanics are
likely due to the use of different loading scenarios (i.e.
with/without compression).

Risk factors identified for low back disorders in
industry do not usually separate the effects of trunk
AT from active trunk axial rotation; since these vari-
ables are inherently dependent (AT creates the rotation).
Axial rotation has been reported to increase the risk of
developing a low back disorder (i.e. herniation) when
incorporated into lifting scenarios, or is a component
of the required work posture (Kelsey et al., 1984; Mar-
ras et al., 1993; Punnet et al., 1991). Conversely, axial
rotation was not associated with increased risk for
developing a low back disorder when performed inde-
pendent of lifting (Kelsey et al., 1984). The mechanism
underlying the transformation of AT/axial rotation
from benign to malignant when combined with other
types of loading is unknown. Further, the structures in-
volved in the failure resulting from combined loading
with AT need to be identified. This is crucial informa-
tion in the decision to create and implement guidelines
governing the permissible repetitive exposure limit to
AT, and to the diagnosis and subsequent treatment/
rehabilitation assigned for the injuries.

Using porcine specimens, Callaghan and McGill
(2001) demonstrated that herniation can be reliably cre-
ated with modest levels of compression (867 N and
1472 N) with highly repetitive flexion–extension mo-
tions, without damaging the facet joints. The question
of whether low magnitudes of AT in addition to repeti-
tive combined loading impacts the failure mechanics re-
mains. Researchers have speculated that three axes of
combined loading could increase the vulnerability of
the IVD to injury (Ahmed et al., 1990; Pearcy and Hin-
dle, 1991), and that such complex modes of loading
more closely mimics loading in vivo (Pearcy and Tibre-
wal, 1984). Yet, three axes of combined loading, repeti-
tive or acute, have rarely been investigated. A repetitive
loading example was conducted by Gordon et al. (1991)
who herniated all 14 tested functional spinal units (FSU)
with the application of two static positions (7� flexion
and >3� axial twist) combined with repetitive compres-
sion (1334 N), to an average of 40000 loading cycles.
Haberl et al. (2004) loaded specimens three times (30 s
duration) with combinations of 200 N of compression,
and up to 6 N m of flexion or extension, and 12.5 N m
of static AT, and tracked the resulting kinematics, but
did not report injury data. The mechanism of how
chronic exposure to AT contributes to intervertebral
joint failure mechanics remains poorly understood.
The purpose of this study was to investigate the role
of static AT, coupled with highly repetitive flexion–
extension motions and static compression, on FSU fail-
ure mechanics. It was hypothesized that the addition of
AT would not effect the onset, mode, or characteristics
of specimen failure.
2. Methods

2.1. Specimen preparation

Eighteen C3–C4 porcine cervical motion segments
were obtained from a common source to control for
physical activity, diet, and age prior to death. Ideally,
human lumbar specimens would be used in this study,
but suitable human specimens are scarce and difficult
to obtain. Given the functional, geometrical, and ana-
tomical similarities between porcine cervical and human
lumbar FSUs, porcine specimens were used as a model
of human tissues in this study of injury mechanics (Ox-
land et al., 1991; Yingling et al., 1999). The porcine spec-
imens were prepared, mounted and loaded (1472 N
compression) as described in Callaghan and McGill
(2001). Briefly, the specimens were thawed, dissected
to osteo-ligamentous FSUs, and fixed into custom alu-
minum cups using wire looped around the laminae
and anterior processes, screws into the vertebral bodies,
and embedded in dental plaster. The specimens were
wrapped with saline soaked plastic-backed cloth and
plastic wrap to ensure continuous hydration. Approxi-
mately 0.7 cm3 of barium sulfate radio-opaque mixed
with blue dye (Coomassie Brilliant Blue G-mix: 0.25%
dye, 2.5%MeOH, 97.25% distilled water) was injected
into the IVD prior to testing. This solution has proved
effective for permitting the documentation of nuclear
material tracking using radiography (Callaghan and
McGill, 2001). The 1472 N compressive load used in this
study is approximately 14–22% of the average compres-
sive strength of porcine cervical specimens reported in
the literature. Aultman et al. (2004) and Gunning
et al. (2001) found the average compressive strength of
C3/4 and C5/6 specimens to be between approximately



Table 1
Average (±1 SD) intervertebral disc cross sectional area, preload
creep, and maximum/minimum flexion–extension torque and angle
values from the first RoM test, for the two test groups

Measure Axial torque No axial torque
Mean (SD) Mean (SD)

Intervertebral disc cross
sectional area (mm2)

7.8 (0.7) 7.6 (0.9)

Preload creep (mm) �0.96 (0.29) �0.71 (0.29)

Maximum/minimum
torque from first
RoM test (N m)

Max. 26.8 (4.9) 26.8 (4.7)
Min. �8.9 (4.0) �11.6 (4.7)

Maximum/minimum
angle from first
RoM test (�)

Max. 20.97 (2.26) 21.59 (3.12)
Min. �3.33 (1.68) �3.33 (1.68)
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6.5 kN and 10.6 kN. Parkinson et al. (in press) found no
difference between C3/4 and C5/6 specimens, with aver-
age compressive strength values of 10.4 kN and 10.5 kN
respectively. This magnitude of compression was chosen
based on previous work that demonstrated 1472 N of
compression when combined with repetitive flexion–
extension motions reliably produced herniations after
6000 cycles (Callaghan and McGill, 2001). The speci-
mens were randomly assigned to a testing group prior
to mechanical loading. Based on the similarity in IVD
cross sectional area (P = 0.5395), and conditioning test
behaviour (Table 1), the two testing groups were deemed
to be homogeneous.

2.2. Loading protocol

Prior to testing, each FSU was preloaded with 300 N
of compressive force in a servo-hydraulic dynamic test-
ing system (Model 8511, Instron Canada, Burlington,
ON, Canada) for 15 min. The servomotor that produced
the flexion–extension torques was set to a zero moment
X-ray 
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Fig. 1. The testing protocol timeline with the testi
during the preload session. The end value represented an
elastic equilibrium point of the specimen and was taken
as the zero position for the remainder of testing. This
position is within the neutral zone defined by Panjabi
et al. (1989) and is consistent with the methods of Calla-
ghan and McGill (2001). The FSU was then axial loaded
with 1472 N of compressive force. The specimen was
flexed and extended beyond the neutral zone five times
during each range of motion (RoM) test at a rate of
0.5�/s. The angular values used for the subsequent dy-
namic test were selected from the last three moment-
angle profile repeats from the RoM test. The angular
positions were identified as the points (marking the
boundary of the elastic zone) just before the torque ver-
sus angular position curve deviated from the linear sec-
tion during both the flexion (rise) and extension (return)
to the zero load position. This is similar to the boundary
of the elastic zone as described by Panjabi et al. (1989),
and the linear region identified by Adams et al. (1980).
The torque at these positions (maximum flexion and
extension angles) served as the torque targets for the
RoM tests and the angular positions were used as tar-
gets for the dynamic repetitive tests. Three dimensional
RoM was assessed through the application of moments
to the unloaded FSU and a pre-test X-ray was taken.

To ensure repeatability of positioning in subsequent
manual tests, the position of the specimen (top cup
versus bottom cup) in the first manual test was measured
using a goniometer in each axis sequentially. A ±3 N m
torque (Digital Torque Gauge DTGHS, Chatillon Force
Measurement, Digital Measurement Metrology, Bramp-
ton, Ontario, Canada) was applied to the unloaded FSU
about the flexion–extension, lateral bend, and axial twist
axes while the resulting angular motion was recorded
using a potentiometer (Model 6639S-001-502, resistance
5 KX ± 15%, linearity ± 2.0%, Bourns, Electrosonic,
Mississauga, ON, Canada) attached between the bottom
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Fig. 2. The servo-hydraulic dynamic testing system applying axial
compression (Instron), flexion–extension motions (servomotor), and
axial torque to a specimen via a force couple (created by hanging equal
masses off pulleys on opposite sides of the specimen). The potted
specimen mounting cup sat on a ball bearing table which allowed
unconstrained X–Y motion and axial rotation.
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and top specimen cups. Both the potentiometer and tor-
que transducer were A/D converted at 64 samples/s.

The FSUs were then tested to 1000 cycles of repetitive
flexion–extension motions with static compressive force
and with or without AT (through random assignment).
Repeats of the tests and 1000 cycles of exposure, repre-
senting one trial as depicted in Fig. 1, were continued to
a maximum of 6000 cycles or until the testing of the
FSU became compromised (bottom cup contacted X–
Y translation table or if the top and bottom cup con-
tacted) by the instrumentation (Fig. 2). To create the
5 N m AT moment applied in the AT condition,
weighted cables were attached perpendicularly to two
I-bolts set in the bottom cup to produce a force couple
(Fig. 2). A second potentiometer was attached to the
front pulley to measure any rotational angular deforma-
tion during the dynamic testing. The specimens were
cyclically loaded at a rate of 1 Hz in angular positional
control, with the total testing time averaging six hours
per specimen. The flexion–extension angular position
and torque, axial compressive force and axial deforma-
tion, and the rotational deformation were A/D con-
verted at a rate of 30 Hz.

2.3. Post-loading protocol

Once testing was completed the specimen was
removed from the cups and X-rays were taken of the
intact and sectioned (through the disc) specimen. The
condition of the specimen was inspected for fractures
and posterior accumulation of the dye stained nucleus
pulposus material was photographed and recorded.
The facets were manually tested for resistance to pres-
sure and visually inspected, and confirmation of fracture
was achieved radiographically. Data on the damage to
the cartilage on the articular surfaces of the facets was
not included since the cartilage could have been dam-
aged during the post-testing dissection procedures.

The X-rays were blinded once all of the specimens
were tested, and were read by a radiographic expert
from the Ontario Veterinary College (University of
Guelph, Guelph, ON, Canada). Using the radiographic
criteria from Callaghan and McGill (2001), the trial in
which the presence of herniation was observed was re-
corded. Nuclear extrusion and annular bulge were both
described as herniation since they can not always be dis-
tinguished radiographically (Adams and Hutton, 1982).

2.4. Data reduction

Axial creep (mm) from the dynamic tests was selected
for every test cycle when the specimen crossed the zero
position. Flexion–extension axis stiffness (N m/degree)
and hysteresis (N m degree) values from the RoM test
were calculated using the torque and angle values from
the last three repeats. Load–displacement curves have
been shown to become consistent following two repeats
(Dhillon et al., 2001). An average stiffness was calcu-
lated from the slope of the line connecting the maximum
and minimum torque and angle values (the ends of the
linear region) for each of the last three repeats in the
RoM test. These stiffness values were averaged across
the last three repeats to provide the overall average stiff-
ness for the specimen. The hysteresis energy values were
calculated as the difference in the area between the load-
ing and unloading curves. The area was calculated using
the trapezoidal integration method. The angle and tor-
que data for the last ten cycles of each trial were aver-
aged to calculate the dynamic flexion–extension axis
stiffness values. From the manual tests, the range of
angular deformation was normalized using the initial
values. The creep due to the 5 N m of applied AT was
measured at the zero position from the beginning to
the end of dynamic testing.

2.5. Statistical analyses

Two-way ANOVAs for group (AT and no AT) and
trial (repeated measure) were applied to the RoM, dy-
namic, and manual test data. For the IVD size, preload
axial creep, and initial flexion–extension axis maximum/
minimum torque and angular values from the RoM test,
t-tests for two-samples were applied. For the two groups
(with and without AT) a test for equality of the bino-
mial proportion was used to analyse the occurrence of
herniation, and the Fisher�s exact test was used for the
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number of endplate fractures and facet fractures. The a-
value was set to 0.05 for all tests.
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Fig. 3. The distribution, per 1000 cycles, of track initiation (A) and
herniation (B) of nuclear material through the annulus of the
intervertebral disc as determined from planar radiographs.
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3. Results

The occurrence of facet fractures was found to be sig-
nificantly higher (P = 0.028) in the AT group which had
7/9 specimens with at least one facet fracture, compared
to the 2/9 facet fractures in the no AT group. The C4
compression facet failed for all AT specimens that had
a facet fracture. Whereas only one FSU in the no AT
group had the C4 compression facet fail. Results of
the macroscopic inspection revealed delamination of
the annulus in all of the specimens, regardless of test
group. There was no difference (P = 0.833) in the num-
ber of endplate fractures or herniations after 6000 cycles
of loading (both 7/9) between the two groups. Statisti-
cally more (P = 0.049) specimens in the AT group herni-
ated (71%) than the no AT group (29%) at the 3000
cycles limit established by the hysteresis energy and stiff-
ness responses. The plots of the trial compared to the
initiation of annular track formation (Fig. 3A) and her-
niation (Fig. 3B) demonstrate that the failure events oc-
curred earlier in the AT group specimens.

A significant (P < 0.0001) trial effect was found for
the maximum and minimum angle the specimen reached
during the RoM test, but there was no significant group
or interaction effects for these RoM test angles. The
maximum and minimum angle decreased in magnitude
for the same torque as the trial number increased (i.e.
the specimens became more stiff). However, interaction
effects were found for the RoM test flexion–extension
axis hysteresis energy (P = 0.018) and cycle stiffness
(P = 0.024). The two groups behaved differently as the
number of cycles (trial number) increased. Examining
the interaction patterns revealed that the AT group
showed a significant increase in the hysteresis energy
after 1000–3000 (P < 0.014) cycles whereas the no AT
group returned to near original hysteresis values before
continuing to decrease (Fig. 4). For stiffness, the two
groups were not different until 4000 cycles (P = 0.016),
where the no AT group plateaued and the AT group
stiffness continued to increase (Fig. 5). During the
RoM tests, the maximum applied flexion/extension an-
gles and moments were 18.5� (SD 2.3)/�1.3� (SD 0.7)
and 26.9 N m (SD 4.1)/�12.2 N m (SD 3.9) for the axial
torque group and were 19.1� (SD 3.1)/�1.3� (SD 0.9)
and 29.2 N m (SD 4.5)/�12.9 N m (SD 4.7) for the no-
axial torque group. There was no statistical difference
between the flexion or extension angles and moments
applied in the two loading groups (P > 0.152).

There were no significantly different responses for
axial creep during the dynamic tests (P > 0.140). Trial
effects were found to be significant (P < 0.0001) for the
flexion–extension axis cycle stiffness and for the range
of torque applied. All of these values increased with
increasing trial number. There were no group or interac-
tion effects for stiffness (P = 0.751,0.984) or range of
torque (P = 0.593,0.901). The FSU experienced creep
due to the application of 5 N m AT resulting in an aver-
age new moment of 4.98 N m (SD 0.01) and 3.37� (SD
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1.66) total creep by the end of dynamic testing due to the
constraints of the jig.

The angular deformation recorded from the unloaded
specimens in six directions, flexion–extension, right/left
lateral bend, and clockwise and counterclockwise axial
twist was not significantly different between the two
groups and there were no significant interactions be-
tween group and trial. However, there was a significant
trial effect for each of the paired movements, with
P = 0.0002 for flexion–extension motions and P <
0.0001 for both lateral bend and axial twist motions.
The angular deformation for all measures increased with
increasing cycle number. During the flexion–extension
and lateral bend motions, the average angular deforma-
tion recorded for no AT group tended to overlay or
slightly exceed the AT group values. The trend for axial
twist was the opposite with the average angular defor-
mation of the AT group exceeding the no AT group
for each trial.
4. Discussion

Static AT increased the vulnerability of FSU in repet-
itive combined loading by changing the failure mecha-
nism. Specifically, the addition of 5 N m of static AT
appears to result in an earlier onset of herniation, higher
incidence of facet fracture, and higher energy dissipation
and specimen stiffness up to approximately 3000 cycles of
loading. These findings suggest AT coupled with com-
bined loading accelerates the FSU failure. From this
investigation it appears that the failure of the facet and
IVD are not necessarily independent, and so any damage
leads to an accelerated destruction of both structures.

While all specimens ultimately herniated in this study,
the addition of AT, at the levels of loading tested, did
contribute to earlier initiation of disc herniation. The
IVD is strongest at bearing compressive loads, but is
not well suited to resist combined flexion and axial rota-
tion, which generate tensile stresses resisted only by the
annulus fibrosus in the IVD (Adams and Dolan, 1995;
Green et al., 1993; Panjabi et al., 1984; Pearcy, 1993).
In addition to an increase in flexion–extension moment
applied when the facets contact (Haberl et al., 2004),
the IVD is required to resist more tension when exposed
to AT in midranges of flexion due to the increased initial
spacing between the facet joints (Pearcy, 1993; Pearcy
and Hindle, 1991). As the facets begin to fail the FSU
is able to rotate further, which again increases the tensile
strain on the annulus, contributing to IVD damage. At
the end of testing the AT group specimens had an aver-
age creep of approximately three degrees, which has
been reported as the amount of rotation where facets fail
(Adams and Hutton, 1981). This postulated failure
mechanism is supported by the higher hysteresis energy
loss (Fig. 4) and cycle stiffness (Fig. 5), earlier herniation
onset, higher facet fractures, as well as the increased
axial rotation trends in the manual RoM test, observed
in the AT group.

As in any in vitro study using an animal model in
place of human tissue, there were limitations that define
the context of the work. The use of an animal model
provides a homogeneous specimen population and con-
trol over variables such as age, diet, weight, level of
physical activity, and disc degeneration, but limits the
direct applicability of the results to humans. The human
lumbar spine supports large compressive forces due to
the weight of the upper body and head. The loading
experienced by pig cervical vertebrae is also highly com-
pressive given the need to support a cantilevered head
(Yingling et al., 1999). Yingling et al. (1999) found
porcine cervical vertebrae resembled human lumbar
vertebrae geometrically and functionally, while Oxland
et al. (1991) found anatomical similarities. Of particular
interest, Yingling et al. (1999) found that the facet angle
is closer in cervical porcine to human lumbar vertebrae
than porcine lumbar specimens. The in vitro porcine
model used consisted of only specimens with no disc
degeneration (i.e. Grade 1) as defined by Galante (1967).
It is well established that Grade 1 specimens herniate
more readily than degenerated IVD, but less readily
than the slightly degenerated lower lumbar disc of peo-
ple aged between 40 and 50 (Adams and Hutton, 1982).
Likewise, the use of Grade 1 specimens may introduce a
�margin of error� with respect to injury formation. Freez-
ing of tissue has not been shown to change the compres-
sive elastic properties of the porcine IVD (Callaghan
and McGill, 1995), or alter the time-dependent behav-
iour of the human IVD (Dhillon et al., 2001). Further,
Adams and Dolan (1996) mentioned that post mortem
changes are small with respect to the variability inherent
in human specimens. The primary difference between
loading living and dead tissue is that in vivo there is
an inflammatory response; a feedback based system
leading to recovery periods (sleep/rest). However, in
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poorly vascularized tissues the cell-mediated repair pro-
cesses are not necessarily inflammatory. Further, the
physiological repair mechanisms of microfractures in
bone (Brinckmann et al., 1988), and synthesis of prote-
oglycans (Urban et al., 1978) and collagen (Adams
and Hutton, 1982), take much longer than two weeks
(several weeks to >1 year). Therefore, the 6000 cycles
of loading used as the maximum in this study, could
be easily accumulated in vivo in shorter time periods
than required for the repair processes to occur. The test-
ing conditions were limited to examining compressive
load with dynamic flexion–extension motions of FSUs
and one direction static axial twist, whereas the spine
moves with six degrees of freedom.

The increase in stiffness found in this study for the
AT group up to 4000 cycles illustrates the increased
FSU damage sustained by this group. Thompson et al.
(2000) found an increase in stiffness with an increase in
damage of the IVD. Callaghan and McGill (2001) and
Yoganandan et al. (1994) also found an increase in stiff-
ness with increase in exposure time during repeated
combined loading. However, the three axes combined
loading study by Gordon et al. (1991) showed no corre-
lation between damage and biomechanical parameters
(stiffness or hysteresis), and no differences prior to or
following injury. Comparison of these repetitive loading
results with the acute loading study by Aultman et al.
(2004), demonstrate that the mechanism of failure is
dependent on the type of loading. Aultman et al.
(2004) found that AT decreased the FSU�s ultimate
compressive strength and caused endplate fractures but
no damage to facets. The high percentage of specimen
herniation in the no AT group is consistent with the
findings of Callaghan and McGill (2001).

The low level of applied static AT (5 N m) accelerated
IVD and facet fracture when combined with compres-
sion and flexion–extension motions. Adams et al.
(2002) postulated that in vivo the maximum AT carried
by a lumbar spine joint is 6–12 N m. The prevalence of
painful facets was as high as 15% in a working popula-
tion (Schwarzer et al., 1994), and pain due to disruption
of the internal structure of the disc was 40% in a low
back pain population (Schwarzer et al., 1995a). Given
the prevalence and risks attributed to this type of load-
ing, scenarios that combine axial AT exposure with
repetitive motions need to be assessed in order to pre-
vent the risks of spine injuries or low back pain. These
findings suggest further study of AT in combined load-
ing, as well as the establishment of an exposure guideline
for this type of repetitive loading is warranted.
5. Conclusions

While AT has been reported to be insufficient to con-
tribute to the failure of the IVD (Adams and Hutton,
1981; Pearcy and Hindle, 1991), three axes of combined
loading (highly repetitive flexion–extension motion, sta-
tic compression, and static AT) appeared to damage
both the IVD and facets. The ability of small magni-
tudes of static AT to alter the failure mechanics of the
intervertebral disc and vertebrae in combined loading
paradigms indicate the complexity of the relationship
amongst three axes of loading and the FSU structures.
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