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During repetitive movement, low-back loading exposures are inherently variable in magnitude. The cur-
rent study aimed to investigate how variation in successive compression exposures influences cumula-
tive load tolerance in the spine. Forty-eight porcine cervical spine units were randomly assigned to
one of six combinations of mean peak compression force (30%, 50%, 70% of the predicted tolerance)
and loading variation (consistent peak amplitude, variable peak amplitude). Following preload and pas-
sive range-of-motion tests, specimens were positioned in a neutral posture and then cyclically loaded in
compression until failure occurred or the maximum 12 h duration was reached. Specimens were
dissected to classify macroscopic injury and measurements of cumulative load, cycles, and height loss
sustained at failure were calculated. Statistical comparisons were made between loading protocols
within each normalized compression group. A significant loading variation x compression interaction
was demonstrated for cumulative load (p = 0.026) and cycles to failure (p = 0.021). Cumulative compres-
sion was reduced under all normalized compression loads (30% p = 0.016; 50% p = 0.030; 70% p = 0.020)
when variable loading was incorporated. The largest reduction was by 33% and occurred in the 30%
compression group. The number of sustained cycles was reduced by 31% (p =0.017), 72% (p = 0.030),
and 76% (p =0.009) under normalized compression loads of 30%, 50%, and 70%, respectively. These
findings suggest that variation in compression exposures interact to reduce cumulative compression
tolerance of the spine and could elevate low-back injury risk during time-varying repetitive tasks.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Cumulative compression loading in the lumbar spine is strongly
associated with the development of low-back disorders (Coenen
et al., 2013; Kumar, 1990; Norman et al., 1998). Previous in vitro
studies have demonstrated that compression magnitude (Coenen
et al., 2012; Parkinson and Callaghan, 2007b) and posture (Drake
et al., 2005; Gooyers et al., 2012; Parkinson and Callaghan, 2009)
influence cumulative load tolerance and thus alter low-back injury
risk. However, a seemingly important loading characteristic yet to
be incorporated into in vitro analyses is the inherent variability of
successive compression exposures experienced during repetitive
motor tasks (Beach, 2012; Beach et al., 2012; Granata et al.,
1999; van Dieén et al, 2001). Intra- and inter-individual
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low-back loading variation can result from adaptive movement
strategies and is a debated feature of healthy and pathological
spine systems (Claeys et al., 2011; Lorimer and Hodges, 2006;
Marras, 2000). As such, knowledge about the effects of loading
variability on cumulative compression tolerance could advance
understanding of low-back injury mechanisms.

In vitro tests on functional spinal units (FSUs) have shown that
repeated compression with a neutral posture frequently leads to
fatigue failure in bone (i.e., endplate and/or vertebral fracture)
(Parkinson and Callaghan, 2007b; van Dieén et al., 1999), while
intervertebral disc injury (i.e., disc herniation) is expected when
repetitive compression exposures are coupled with flexed lumbar
postures (Callaghan and McGill, 2001a; Parkinson and Callaghan,
2009). Under compression loading, these injuries are thought to
be a consequence of buckling in the supportive trabecular bone
(Brinckmann et al., 1989; McGill, 2002; Moore, 2000) and delami-
nation of the posterior annulus fibrosis resulting from posterior
displacement of the nucleus pulposus (Callaghan and McGill,
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2001a; Lu and Hutton, 1996), respectively. In many cases, these
injuries were contrived in a laboratory via the application of cyclic
compression wherein the peak cycle-to-cycle amplitude was fixed
throughout the test duration and typically scaled to a percentage of
the predicted ultimate compressive tolerance.

When, for example, performing full-body manoeuvres (e.g., lift-
ing), the variation in compression exposures differs from the
“representative” in vitro loading paradigm. Peak compression mag-
nitudes arising from flexible movement behaviors are expected to
fluctuate by 10-40% during moderately constrained repetitive tasks
(van Dieén et al., 2001). Considering this variation, it is possible that
the effects of mechanical loading induced by variable task perfor-
mance may be an important and potentially overlooked loading
feature when studying cumulative compression low-back injury
mechanisms. Therefore, the purpose of this study was to examine
the effect of peak compression variability on cumulative load
tolerance of porcine cervical spine FSUs. It was hypothesized that
variable compression loading would reduce cumulative tolerance
and consequently the number of tolerated loading-unloading
cycles. This investigation was designed to compare custom com-
pression waveforms that were constructed to have an equal average
peak compression magnitude and total cumulative load. The first
waveform had consistent inter-cycle peak amplitudes and the
second waveform had inter-cycle peak amplitudes that randomly
varied about the specified loading magnitude.

2. Methods
2.1. Specimen preparation

Forty-eight FSUs (24 C3C4; 24 C5C6) were excised from porcine
cervical spines that were acquired from an abattoir. Porcine FSUs
were used as a surrogate for human lumbar FSUs due to the
anatomical, functional, and biomechanical similarities (Busscher
et al.,, 2010; McLain et al., 2002; Yingling et al., 1999). All speci-
mens were kept frozen (-20 °C) during storage and were thawed
overnight prior to dissection of surrounding muscle and fat away
from the osteoligamentous structure. Care was taken to preserve
the posterior spinal elements, including the facets and surrounding
capsule tissue during dissection. Specimen selection was based on
the degenerative state of visible intervertebral discs. Quality of the
exposed superior and inferior intervertebral discs was assessed
using the grading scale developed by Galante (1967). Only non-
degenerated specimens (Grade 1) were included in this investiga-
tion. Following dissection and assessment, digital callipers were
used to measure the anterior-posterior depth (A) and the medial-
lateral width (B) for calculation of endplate area using the equation
for surface area of an eclipse (/4 * A * B) (Callaghan and McGill,
1995). The mean area of the two exposed endplates represented
the tested FSU.

Specimens were placed between aluminum cups such that the
midplane of the exposed intervertebral disc was parallel to the
cup surface. The exposed endplates were mounted to the cups
using dental plaster (Dentstone, South Bend, IN, USA) together
with a partially inserted screw that perforated each cup and pene-
trated the endplate center. The aluminum cup fastened to the
superior vertebra was mounted to a torque cell (T120-106-1 K,
Sensor Data Technologies, Sterling Heights, MI) that was attached
in series with the actuator of a servohydraulic materials testing
system (Model 8872, Instron Canada, Toronto, ON) while the cup
attached to inferior vertebra was placed over a bearing covered
surface (Fig. 1). This experimental setup facilitated load application
to the superior vertebrae and the four-point mounting of the supe-
rior aluminum cup to the torque cell prevented motion about the
FSUs lateral bend axis.

Compression
Actuator

Flexion/Extension
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Aluminum Cup |
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Fig. 1. Experimental setup and placement of the fixated FSU within the materials
testing system.

2.2. Cyclic loading protocol

Prior to testing, specimens were preloaded with 300 N of com-
pression for 15 min to eliminate post-mortem tissue swelling
(Callaghan and McGill, 1995). During this preload test, a separate
servomotor (AKM23D, Kollmorgen/Danaher Motion, Radford, VA)
attached perpendicular to the flexion/extension torque cell rotated
the FSU to a position of elastic equilibrium (i.e., the control pro-
gram searched for a position minimizing the external moment)
(Gunning et al.,, 2001). Specimen-specific range-of-motion was
then determined by rotating the FSU about its flexion/extension
axis (0.5°/s) while under a compression load of 300 N. Five repeti-
tions of this test were performed to obtain the moment-angle his-
tories. The average mid-point between the linear boundaries of the
moment-angle curve obtained from the final three repeats of the
flexion-extension test was taken as the FSU’s neutral flexion/exten-
sion posture (Thompson et al., 2003). The neutral flexion/extension
posture unique to each FSU was used and remained fixed for cyclic
compression testing.

Each specimen was randomly assigned to one of six groups.
These groups corresponded to compressive load (30%, 50%, and
70% of the estimated ultimate compressive tolerance (UCT)) and
cyclic loading protocol (consistent amplitude, variable amplitude).
The UCT of each FSU was estimated using a validated equation that
is based on average endplate area (Parkinson et al., 2005). Both
cyclic loading conditions consisted of a custom sinusoidal wave-
form that had a 2 s loading duration for a loading frequency of
0.5 Hz. The control waveform had consistent inter-cycle ampli-
tudes while the variable waveform had inter-cycle amplitudes that
randomly varied about the assigned mean normalized peak com-
pression by a maximum of +30% (Fig. 2). This variation should
not be construed as variation about the UCT estimation and was
optimized to ensure a comparable cycle-to-cycle cumulative load
with the consistent amplitude waveform (Fig. 2c). The selected
variation range was estimated based on documented variability
in joint compression during repetitive lifting (van Dieén et al.,
2001) and established cumulative load weighting factors
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Fig. 2. Consistent amplitude waveform (A), variable amplitude waveform normalized to a mean peak compression load of 1 (B), and the integrated sum of both waveforms
(C). The mean peak compression and cumulative compression of each waveform were equal. The similarity in cycle-by-cycle cumulative load is demonstrated by the
integrated sum of both waveforms plotted as a function of time. Both waveforms contained 30 loading-unloading cycles and were repeated until failure was detected. It
should be noted that the example waveforms do not include the bias load (300 N) included during testing.

(Parkinson and Callaghan, 2007b, 2008). Both input waveforms
were scaled based on the input average peak compression and a
bias load of 300 N was included to represent the approximate mass
of the human trunk during upright standing.

Cyclic loading was performed in load control until failure
occurred or the maximum test duration of 12 h. (21,600 cycles)
was reached. FSUs were encapsulated with plastic-backed saline
soaked gauze in attempt to prevent specimen dehydration during
the loading protocol. Throughout the loading protocol, compres-
sive force and vertical displacement data were sampled at 10 Hz.

2.3. Failure analysis

The cycle at which failure occurred was identified by a step-like
increase in displacement that was paired with a step-like decrease
in average cycle stiffness (Parkinson and Callaghan, 2007b, 2008,
2009). Following the testing of specimens, dissection was
performed to locate and classify the morphology of macroscopic
vertebral failure. All fractures were classified as an endplate crack,
step, stellate, or crush (Brinckmann et al., 1988; Gallagher et al.,
2006). Specimens without visible evidence of failure were

classified as survivors. In addition to documentation of macro-
scopic failure, the following dependent measures were obtained:
number of cycles to failure, absolute height loss at failure, and
cumulative compression load to failure. Cumulative load was
defined as the time integrated compression force and calculated
using a trapezoidal integration technique. Height loss was deter-
mined as the absolute difference in baseline vertical displacement
between the initial cycle and the cycle of injury. The employed
method does not partition height loss due to bone failure from
intervertebral disc height loss (Gooyers and Callaghan, 2015).
Therefore, disc height was not recorded before or during testing
and reported height changes represent the overall FSU height loss.

2.4. Statistical analyses

The following statistical analyses were performed using RStudio
software (Version 1.0.136, RStudio Inc., Boston, MA, USA). To eval-
uate specimen randomization, a two-way analysis of variance
(ANOVA) was used to assess group differences in endplate area
and applied load magnitude. A separate two-way ANOVA was per-
formed to examine the effects of compression magnitude (3 levels)
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and loading variability (2 levels) on each dependent measure
(described above). An additional unpaired t-test was conducted
to examine mean differences between failed specimens exposed
to the consistent and variable protocols within the 30% UCT group.
This posteriori analysis was limited to the 30% UCT group since all
specimens within the 50% and 70% UCT groups failed, meaning that
differences between failed specimens were captured by the two-
way ANOVA test. For all statistical analyses, alpha was set a priori
to 0.05, and where applicable, a Tukey’s post hoc test with Bonfer-
roni corrections was performed.

3. Results

The results are presented for each dependent variable where a
statistically significant effect was detected. Reported percentages
refer to the relative change resulting from loading variation or
compression magnitude. No significant main effect or interaction
between compression magnitude and loading variation was
detected for absolute height loss at failure (p > 0.086).

3.1. Randomization

Randomization was deemed effective given that no there were
significant differences detected in endplate area nor mean peak
compression magnitude between experimental groups (Table 1).

3.2. Cycles to failure

A statistically significant interaction effect was detected for the
number of cycles to failure (p = 0.021). In each normalized com-
pression group, the variable loading protocol led to a significant
reduction in the number of tolerated cycles (Table 2). The most
noteworthy reductions occurred at higher normalized compression
loads, with a 72% (pagj =0.030) and 76% (pqq; = 0.009) reduction
observed within the 50% and 70% UCT groups, respectively. The
posteriori comparison of specimens with identified failure within
the 30% UCT group revealed a statistically significant difference
in cycles to failure between variation protocols (p=0.032). On
average, failed specimens in the variable loading group fractured
in 7915 cycles, which is approximately 3524 cycles fewer than
FSUs assigned to the consistent loading group.

During consistent and variable compression loading, FSUs in the
30% UCT loading group withstood significantly more loading-

Table 1

unloading cycles than FSUs assigned to the 50% UCT group [consis-
tent = 13975 (85%); variable = 10656 (97%)], which tolerated signif-
icantly more cycles than FSUs subjected to a 70% UCT loading
magnitude [consistent = 2461 (94%); variable = 699 (97%)] (Table 3).

3.3. Cumulative compression

A statistically significant interaction effect was also observed for
cumulative compression tolerance (p = 0.026). FSUs that experi-
enced consistent peak compression loading tolerated greater cumu-
lative loads within all compression groups compared to the variable
loading protocol at an equal average normalized peak load (30%
Padj = 0.016; 50% pagj = 0.030; 70% paqj = 0.020) (Table 2). The abso-
lute difference in cumulative compression between loading varia-
tion protocols was greatest within the 30% UCT group by a
magnitude of 22.7MN-s, which equates to a 33% reduction during
variable loading. Although, the relative differences in cumulative
load tolerance were greater within the 50% (73%) and 70% (75%)
UCT groups, the absolute reductions during variable loading were
12.1 MN-s and 0.6 MN:s, respectively. The posteriori analysis on
specimens with identified failure within the 30% UCT group demon-
strated a statistically significant difference in cumulative tolerance
between loading protocols (p = 0.039). The mean cumulative load
tolerated by the fractured specimens in each group was 29.6 MN-s
and 47.9 MN:s for the variable and consistent loading, respectively.

The magnitude of tolerated compression was significantly
greater in the 30% UCT group than the 50% UCT group by approx-
imately 52.5 MN:s (76%) during a consistent peak loading magni-
tude (Table 3). A significant difference of 15.9 MN-s (95%) was
also noted between 50% UCT and 70% UCT loading during consis-
tent peak compression exposures. A similar trend was observed
for variable peak compression magnitudes. That is, the cumulative
compression tolerance during the 30% UCT loading was 41.9 MN:s
(92%) greater than the 50% group (Table 3). The cumulative com-
pression tolerance was significantly greater during 50% UCT than
70% UCT loading by a magnitude of 4.4 MN-s (96%).

3.4. Post failure analysis

Failure was detected in approximately 90% of the tested FSUs. In
these 43 incidences, failure occurred within the vertebral endplate.
Resulting endplate fractures with a crack morphology were
observed most frequently (67%), while stellate (10%), step (8%),

Mean (standard deviation) endplate area and applied compression for the combinations of amplitude variability and normalized compression load (% UCT).

Loading protocol Endplate area (mm?)

Compression force (KN)

30% 50% 70% 30% 50% 70%
Consistent 726.6 (49.0) 726.7 (47.3) 720.0 (63.5) 3.3 (0.1) 53 (0.3) 7.7 (0.3)
Variable 7275 (73.9) 729.4 (18.8) 7209 (40.8) 34 (02) 53 (0.1) 7.8 (0.4)

There were no significant between-group differences between endplate area (pq; > 0.05).
There were no significant differences in applied compression force between amplitude variability conditions within each normalized compression group (pqag; > 0.05)

Table 2
Dependent measures obtained at the cycle of failure during the consistent and variable loading protocols. All values represent the mean and the standard deviation is indicated in
parentheses.
Consistent Variable
30% 50% 70% 30% 50% 70%
Injury cycle (#) 16519.5 (5865.0) 2543.6 (846.3) 82.5 (94.5) 11375.9 (6946.2) 719.9 (166.3) 20.0 (17.0)
Cumulative load (MN:s) 69.2 (24.7) 16.7 (5.1) 0.8 (1.0) 46.5 (29.2) 4.6 (1.6) 0.2 (0.1)
Height loss (mm) 5.1 (1.1) 39 (2.8) 3.1 (2.1) 5.2 (2.1) 4.1 (1.9) 4.2 (2.2)

Boldface values indicate that a statistically significant mean difference (pqq; < 0.05) was found between amplitude conditions (i.e., consistent vs. variable) of the same mean

normalized peak compression load.
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Table 3

Adjusted p-values for between-compression group comparisons during the consistent (non-bolded) and variable (bolded) compression protocols. All comparisons were

statistically significant (paq; < 0.05).

Cumulative compression

Cycles to failure

30% 50% 70% 30% 50% 70%
30% X 0.041 0.019 X 0.007 < 0.001
50% 0.038 X 0.009 0.005 X 0.010
70% 0.023 0.036 X 0.001 0.004 X

Incidence

[]

B (Crack OStep OStellate UCrush & Survivor

30%

50%
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70%

30%

50%
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Fig. 3. Incidence of vertebral endplate fractures and their morphology for each experimental condition.

and crush (4%) fractures were limited to when the average peak
normalized load was 50% or greater (Fig. 3). The incidence of frac-
ture within the cranial and caudal endplate was approximately 60%
and 28%, respectively and both endplates fractured in 12% of cases.
For the five occurrences where fracture was observed within the
cranial and caudal endplates, both fractures had crack
morphologies.

A total of five FSUs tolerated the 12 h loading protocol (Fig. 3).
All survivors were exposed to a mean normalized peak load of
30% UCT, with four FSUs undergoing the consistent protocol and
one FSU experiencing the variable protocol. In all cases, evidence
of intervertebral disc damage or prolapse was not observed.

4. Discussion

Analysis of loading variation within normalized compression
groups demonstrated that variable compression exposures
reduced the cumulative load tolerated by intact neutrally posi-
tioned porcine cervical spine FSUs. The compression variation
imposed in this study also effected the number of cycles to fracture
occurrence in a similar manner. At the identified cycle of injury,
height loss was not significantly different between variable and
consistent loading, regardless of the normalized mean peak com-
pression magnitude. Similar to previous studies (Parkinson and
Callaghan, 2007b, 2008), an inverse relationship between compres-
sion magnitude and cumulative compression tolerance was
demonstrated for both consistent and variable loading. Taken
together, our findings suggest that peak low-back compression
variation of up to 30% could increase injury potential during repet-
itive motor tasks.

The demonstrated effects of loading variation between succes-
sive loading exposures in the current study echo a similar point
made previously by van Dieén and colleagues (2001). Despite the
mean peak compression exposure remaining well within the mar-
gin of safety limits of what was an assumed fixed injury threshold,
the cited research group proposed that a randomly incurred high
compression exposure can exceed the tissue tolerance threshold,

thereby facilitating plastic deformation. This high load cycle was
termed an “outlier” load and was incorporated into the variable
loading protocol used in the current study at cycle 10 (Fig. 2b).
The reported effects of the tested variation should be taken conser-
vatively, as greater amounts of loading variation are expected to
occur during less constrained motor tasks (van Dieén et al,
2001). Practically, the examined loading variation could represent
flexible movement strategies for moderately constrained motor
tasks or performance of prolonged and/or repetitive tasks associ-
ated with nominal low-back compression (e.g., sitting, bending,
walking, running, carrying, light lifting etc.) (Alessa and Ning,
2018; Callaghan and McGill, 2001b; Callaghan et al., 1999;
McGill et al., 2013; Zehr et al., 2018a; Zehr et al., 2018b) coupled
with intermittent and abrupt performance of tasks associated with
higher-risk low-back compression loads (i.e., heavy lifting, tool/
equipment handling, patient transfer/repositioning, etc.) (Beach
et al., 2012; Gooyers et al.,, 2018; Marras et al., 2009; Prairie
et al., 2016).

Of the two common theoretical injury paradigms (i.e., acute vs.
chronic) (Kumar, 2001; McGill, 1997), our findings point to an
intermediate pathway for cumulative low-back injury. That is, a
combination of repetitive sub-threshold loading (i.e., chronic) and
random higher load exposures (i.e., acute) reduced cumulative
compression tolerance in this study. A potential reason for the
reduction in cumulative load tolerance observed with the variable
loading protocol at all tested compression magnitudes may, in part,
be explained by existing weighting factors, which are used to
adjust compressive load magnitudes based on their potential for
low-back injury development (Parkinson and Callaghan, 2007b,
2008). According to the non-linear relationship between weighting
factors and normalized peak compression, the intermittent high
compression cycles are associated with a larger weighting factor
compared to the average peak compression quantity, and thus ele-
vate cumulative injury risk. For example, this is highlighted by our
results within the 30% UCT group, where a 30% variation from the
average peak compression load of 3.4kN (mean estimated
UCT=10.54kN) led to peak compression exposures of 4.4 kN
(i.e., outlier cycle), which equates to 41.9% UCT. These randomly
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incurred high compression cycles exceed the 37.5% UCT weighting
factor threshold and would therefore be adjusted by a factor that is
greater than one for the assessment of cumulative compression
injury risk.

Previous reports suggest possible benefits of biomechanical vari-
ability from inherent motor variation on musculoskeletal health
(Davids et al., 2003; Hamill et al., 2012; Mathiassen, 2006). Given
that a maximum force variation of a single magnitude was evaluated
in the present study (i.e., 30%), the findings should not be interpreted
as evidence for eliminating mechanical variation during repetitive
movement, but rather, imply that an optimal amount of variation
might exist, especially during repetitive moderate-to-high compres-
sion exposures. Though it was not explicitly examined in this study,
further research may be warranted to understand and establish opti-
mal variation bandwidths that could preserve and prolong low-back
tissue health. This point also raises concern over loading exposure
calculation approaches that rely on a single task cycle to quantify
exposure and risk of injury.

Given that the tested FSUs were positioned in a neutral posture
and lateral bend motion was restricted, the occurrence of endplate
failure in all observed injury incidences was expected (Brinckmann
et al., 1988; Gallagher et al., 2006; MacLean et al., 2007; McGill,
2002). For a given normalized average peak compression magni-
tude, the number cycles to failure recorded in this study were
greater than previous findings (Hansson et al., 1987; Holmes and
Hukins, 1994; Parkinson and Callaghan, 2007a), but within the
reported variance ranges (Parkinson and Callaghan, 2007a). Feasi-
ble explanations for this include a longer testing duration (Hansson
et al., 1987; Holmes and Hukins, 1994) and a possible 11% error in
the equation used to predict UCT (Parkinson et al., 2005), which
could over-/under-estimate applied compression loads. Further,
in consideration of the overall height loss reported in this study,
lumbar facet joints may have experienced greater stresses due to
the possible intervertebral disc space narrowing (Dunlop et al.,
1984). While facet failure was not observed in this study, Dunlop
and colleagues (1984) opined that the associated elevation in facet
joint stress could be a potential source of pain development. Nor-
malized mean peak compression loads of >50% UCT resulted in
the occurrence of stellate, step, and crush fracture morphologies.
In addition to being associated with higher axial compression,
these morphologies are related to high-grade disc quality and the
absence of shear exposure (Gallagher et al., 2006), both of which
were controlled for in the present study.

The authors acknowledge that this study is subject to two main
limitations. The first limitation is the use of porcine cervical spine
FSUs as a surrogate for human lumbar spine FSUs. Although differ-
ences exist, human and porcine spine FSUs have structural and
functional similarities (Busscher et al., 2010; McLain et al., 2002;
Oxland et al., 1991; Yingling et al., 1999), and the porcine model
is commonly used for in vitro testing in attempt to control for
the potential confounding effects of diet, age, size, and disease,
thus enhancing sample homogeneity. Further, the mechanical fati-
gue response of the tested porcine FSUs is expected to be similar to
that of a healthy human vertebrae given the documented architec-
tural similarities in vertebral body trabecular bone supporting the
endplate (Haddock et al., 2004; Lin et al., 1997). Though factors
related to bone quantity (i.e., bone mineral content) and quality
(i.e., osteoporotic tissue) can influence UCT (Brzoska et al., 2004;
Burkein et al., 2001), these factors are not believed to have had
an appreciable effect on the study outcomes. This is due to the fact
that bone quality was indirectly accounted for in the employed
method for predicting specimen-specific UCT and because porcine
specimens were acquired at a mature adolescent age (i.e., 5-
18 months) (Reiland, 1978).

The second limitation is that the continuous testing duration of
12 h did not account for the possible effects of physiological tissue

repair that may occur during rest periods from repeated compres-
sion exposures. Moderate rest has been identified as an important
component for mitigating cumulative low-back injury risk (Marras
et al., 2014), while extended periods of rest did not alter the toler-
ated cumulative load (Parkinson and Callaghan, 2007a). For the
70% UCT group, the possible effects of rest are believed to be neg-
ligible given that all specimens failed in <1000 cycles. A loading
duration of 1000 cycles has been used previously to represent a
single, one hour bout of repeated high-intensity exertion
(Hansson et al., 1987). For the of 30% and 50% UCT groups, the
absence of recovery periods should be considered when interpret-
ing the results. However, there is no known reason to believe that
physiological repair processes would differ between consistent and
variable loading exposures of the same magnitude. It is also impor-
tant to note that potential postural changes related to muscular
fatigue during repetitive task performance (Sparto et al., 1997)
were not included in this study since a neutral FSU posture was
maintained for the entire loading protocol. In vivo, fatigue has been
shown to elicit greater lumbar flexion (Sparto et al., 1997) and iso-
lated spinal units with higher amounts of flexion had a lower ulti-
mate compressive strength (Gunning et al, 2001). Therefore,
greater flexion associated with fatigue may have further reduced
the number of tolerated cycles and type of failure observed in this
study.

In summary, our findings suggest that the expected normal
variation in spine loading during lifting may significantly reduce
cumulative compression tolerance in the spine. The loading varia-
tion imposed in the current study also reduced the number of
cycles to failure at each normalized compression magnitude, but
a significant difference was not observed for height loss at failure.
The most notable difference in cumulative load tolerance between
consistent and variable loading conditions occurred within the 30%
UCT group, and this difference may be explained by the possible
effects of non-linear weighting factors for the evaluation of cumu-
lative injury risk.

Acknowledgments

The authors acknowledge funding for this project from the
Natural Sciences and Engineering Research Council of Canada. JPC
is also supported as the Canada Research Chair in Spine
Biomechanics and Injury Prevention.

Conflict of interest

The authors have no conflicts of interest to declare including
research and financial affiliation influencing any matter included
in this manuscript.

References

Alessa, F., Ning, X., 2018. Changes of lumbar posture and tissue loading during static
trunk bending. Hum. Mov. Sci. 57, 59-68.

Beach, T.A.C.,, 2012. Occupational exposure variability. Proceedings of the 17th
Biennial Conference for the Canadian Society for Biomechanics. Burnaby, BC,
Canada.

Beach, T.A.C.,, Frost, D.M., McGill, S.M., Callaghan, J.P., 2012. Lumbar compression
and shear loading during simulated fireground operations. Proceedings of the
17th Biennial Conference for the Canadian Society for Biomechanics Burnaby,
BC, Canada.

Brinckmann, P., Biggemann, M., Hilweg, D., 1988. Fatigue failure of human lumbar
vertebrae. Clin. Biomech. 3, S1-S23.

Brinckmann, P., Biggemann, M., Hilweg, D., 1989. Prediction of compressive
strength of human lumbar vertebrae. Clin. Biomech. 4 (Suppl 2), 1-27.

Brzoska, M.M., Majewska, K., Moniuszko-Jakoniuk, J., 2004. Mineral status and
mechanical properties of lumbar spine of female rats chronically exposed to
various levels of cadmium. Bone 34, 517-526.

Burkein, D., Lochmuller, E., Kuhn, V., Grimm, J., Barkmann, R., Miiller, R., Eckstein, F.,
2001. Correlation of thoracic and lumbar vertebral failure loads with in situ vs.
ex situ dual energy X-ray absorptiometry. ]. Biomech. 34, 579-587.


http://refhub.elsevier.com/S0021-9290(19)30189-7/h0005
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0005
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0010
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0010
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0010
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0015
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0015
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0015
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0015
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0020
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0020
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0025
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0025
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0030
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0030
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0030
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0035
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0035
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0035

54 J.D. Zehr et al./Journal of Biomechanics 88 (2019) 48-54

Busscher, 1., van der Beek, A.J., van Dieén, ].H., Kingma, 1., Verkerke, GJ., Veldhuizen,
A.G., 2010. In vitro biomechanical characteristics of the spine: a comparison
between human and porcine spinal segments. Spine 35, 35-42.

Callaghan, J.P., McGill, S.M. 1995. Frozen storage increases the ultimate
compressive load of porcine vertebrae. J. Orthop. Res. 13, 809-812.

Callaghan, J.P., McGill, S.M., 2001a. Intervertebral disc herniation: studies on a
porcine model exposed to highly repetitive flexion/extension motion with
compressive force. Clin. Biomech. 16, 28-37.

Callaghan, J.P., McGill, S.M., 2001b. Low back joint loading and kinematics during
standing and unsupported sitting. Ergonomics 44, 280-294.

Callaghan, J.P., Patla, A.E., McGill, S.M., 1999. Low back three-dimensional joint
forces, kinematics, and kinetics during walking. Clin. Biomech. 14, 203-216.

Claeys, K., Brumagne, S., Dankaerts, W., Kiers, H., Janssens, L., 2011. Decreased
variability in postural control strategies in young people with non-specific low
back pain is associated with altered proprioceptive reweighting. Eur. J. Appl.
Physiol. 111, 115-123.

Coenen, P., Kingma, I, Boot, C.R.L, Bongers, P.M., van Dieén, J.H., 2012. The
contribution of load magnitude and number of load cycles to cumulative low-
back load estimations: a study based on in-vitro compression data. Clin.
Biomech. 27, 1083-1086.

Coenen, P., Kingma, 1., Boot, C.R.L., Twisk, ] W.R., Bongers, P.M., van Dieén, ].H., 2013.
Cumulative low back load at work as a risk factor of low back pain: a
prospective cohort study. J. Occupat. Rebailit. 23, 11-18.

Davids, K., Glazier, P., Araujo, D., Bartlett, R., 2003. Movement systems as dynamical
systems: the functional role of variability and its implication for sports
medicine. Sports Med. 33, 245-260.

Drake, ].D.M., Aultman, C.D., McGill, S.M., Callaghan, J.P., 2005. The influence of
static axial torque in combined loading on intervertebral joint failure mechanics
using a porcine model. Clin. Biomech. 20, 1038-1045.

Dunlop, R.B., Adams, M.A., Hutton, W.C., 1984. Disc space narrowing and the lumbar
facet joints. ]. Bone Joint Surgery 66, 706-710.

Galante, J.0., 1967. Tensile properties of the human annulus fibrosus. Acta
Orthopeadica Scandinavia Supplement 100, 1-91.

Gallagher, S., Marras, W.S,, Litsky, A.S., Burr, D., 2006. An exploratory study of
loading and morphometric factors associated with specific failure modes in
fatigue testing of lumbar motion segments. Clin. Biomech. 21, 228-234.

Gooyers, C.E., Beach, T.A.C., Frost, D.M., Howarth, S, Callaghan, ].P., 2018.
Identifying interactive effect of task demands in lifting on estimates of in vivo
low back joint loads. Appl. Ergon. 67, 203-210.

Gooyers, C.E., Callaghan, J.P., 2015. Exploring interactions between force, repetition
and posture on intervertebral disc height loss and bulging in isolated porcine
cervical functional spinal units from sub-acute-failure magnitudes of cyclic
compressive loading. ]. Biomech. 48, 3701-3708.

Gooyers, C.E., McMillan, R.D., Howarth, SJ., Callaghan, ].P., 2012. The impact of
posture and prolonged cyclic compressive loading on vertebral joint mechanics.
Spine 37, 1023-1029.

Granata, K.P., Marras, W.S., Davis, K.G., 1999. Variation in spinal load and trunk
dynamics during repeated lifting exertions. Clin. Biomech. 14, 367-375.

Gunning, J.L., Callaghan, J.P., McGill, S.M., 2001. Spinal posture and prior loading
history modulate compressive strength and type of failure in the spine: a
biomechanical study using a cervical porcine model. Clin. Biomech. 16, 471-480.

Haddock, S.M., Yeh, 0.C., Mummaneni, P.V., Rosenberg, W.S., Keaveny, T.M., 2004.
Similarity in fatigue behavior of trabecular bone accross sites and species. J.
Biomech. 37, 181-187.

Hamill, J., Palmer, C., van Emmerik, R.E., 2012. Coordinative variability and overuse
injury. Sports Med Arthrosc Rehabil Ther Technol 4, 45-54.

Hansson, T.H., Keller, T.S., Spengler, D.M., 1987. Mechanical behavior of the human
lumbar spine II. fatigue strength during dynamic compressive loading. J. Orthop.
Res. 5, 479-487.

Holmes, A.D., Hukins, D.W., 1994. Fatigue-failure at the disc-vertebra interface
during cyclic axial compression of cadaveric specimens. Clin. Biomech. 9, 133-
134.

Kumar, S., 1990. Cumulative load as a risk factor for back pain. Spine 15, 1311-1316.

Kumar, S., 2001. Theories of musculoskeletal injury causation. Ergonomics 44, 17-
47.

Lin, R.M.,, Tsai, K.H., Chang, G.L., 1997. Regional variations in compressive properties
of lumbar vertebral trabeculae. effects of disc degeneration. Clin. Biomech. 12.

Lorimer, M.G., Hodges, P.W., 2006. Reduced variability of postural strategy prevents
normalization of motor changes induced by back pain: A risk factor for chronic
trouble? Behavioural Neuroscience 120, 474-476.

Lu, Y.M., Hutton, W.C., 1996. Do bending, twisting, and diurnal fluid changes in the
disc affect the propensity to prolapse? a viscoelastic finite element model. Spine
21, 2570-2579.

MacLean, J.J., Owen, J.P., latridis, ]J.C., 2007. Role of endplates in contributing to
compression behaviours of motion segments and intervertebral discs. Spine 40,
55-63.

Marras, W., 2000. Occupational low back disorder causation and control.
Ergonomics 43, 880-902.

Marras, W.S., Ferguson, S.A., Lavender, S.A., Splittstoesser, R.E., Yang, G., 2014.
Cumulative spine loading and clinically meaningful declines in low-back
function. Hum. Factors 56, 29-43.

Marras, W.S., Knapik, J.J., Ferguson, S.A. 2009. Lumbar spine forces during
manoeuvering of ceiling-based and floor-based patient transfer devices.
Ergonomics 52, 384-397.

Mathiassen, S.E., 2006. Diversity and variation in biomechanical exposure: what is
it, and why we would like to know. Appl. Ergon. 37, 419-427.

McGill, S.M., 1997. The biomechanics of low back injury: implications on current
practice in industry and the clinic. J. Biomech. 30, 465-475.

McGill, S.M., 2002. Functional anatomy of the lumbar spine, low back disorders:
evidence-based prevention and rehabilitation. Human Kinetics, Champaign, IL,
pp. 35-71.

McGill, S.M., Marshall, L., Andersen, J., 2013. Low back loads while walking and
carrying: comparing the load carried in one hand or in both hands. Ergonomics
56, 293-302.

McLain, RF., Yerby, S.A., Moseley, T.A., 2002. Comparative morphometry of L4
verebrae: comparison of large animal models for the human lumbar spine.
Spine 27, 200-206.

Moore, RJ., 2000. The vertebral end-plate: what do we know? Eur. Spine J. 9, 92-96.

Norman, RW., Wells, R.P., Naumann, P., Frank, ]J., Shannon, H., Kerr, M., 1998. A
comparison of peak vs. cumulative physical work exposure risk factors for the
reporting of low back pain in the automotive industry. Clin. Biomech. 13, 561-
573.

Oxland, T.R., Panjabi, M.M., Southern, E.P., Duranceau, J.S., 1991. An anatomic basis
for spinal instability: a porcine trauma model. ]. Orthop. Res. 9, 452-462.
Parkinson, RJ., Callaghan, J.P., 2007a. Can periods of static loading be used to
enhance the resistance of the spine to cumulative compression? J. Biomech. 40,

2944-2952.

Parkinson, RJ., Callaghan, ].P., 2007b. The role of load magnitude as a modifier of the
cumulative load tolerance of porcine cervical spinal units: progress towards a
force weighting approach. Theoretical Issues In Ergonomics Sci. 8, 171-184.

Parkinson, RJ., Callaghan, J.P., 2008. Quantification of the relationship between load
magnitude, rest duration and cumulative compressive tolerance of the spine:
development of a weighting system for adjustment to a common injury
exposure level. Theoretical Issues In Ergonomics Sci. 9, 255-268.

Parkinson, RJ., Callaghan, J.P., 2009. The role of dynamic flexion in spine injury is
altered by increasing dynamic load magnitude. Clin. Biomech. 24, 148-154.
Parkinson, RJ., Durkin, J.L., Callaghan, J.P., 2005. Estimating the compressive
strength of the porcine cervical spine: an examination of the utility of DXA.

Spine 30, E492-E498.

Prairie, J., Plamondon, A., Hegg-Deloye, S., Larouche, D., Corbeil, P., 2016.
Biomechanical risk assessment during field loading of hydraulic stretchers
into ambulances. Int. J. Ind. Ergon. 54, 1-9.

Reiland, S., 1978. Growth and skeletal development of the pig. Acta Radiol Suppl
358, 15-22.

Sparto, P.J., Parnianpour, M., Reinsel, T.E., Simon, S., 1997. The effect of fatigue on
multi-joint kinematics, coordination, and postural stability during a repetitive
lifting test. J. Orthopaedic Sports Phys. Therapy 25, 3-13.

Thompson, R.E., Barker, T.M., Pearcy, M.J., 2003. Defining the neutral zone of sheep
intervertebral joints during dynamic motions: an in vitro study. Clin. Biomech.
18, 89-98.

van Dieén, J.H., Dekkers, ].J., Groen, V., Toussiant, H.M., Meijer, 0.G., 2001. Within-
subject variability in low back load in a repetitively performed, mildly
constrained lifting task. Spine 26, 1799-1804.

van Dieén, J.H., Weinans, H., Toussiant, H.M., 1999. Fractures of the lumbar
vertebral endplate in the etiology of low back pain: a hypothesis on the
causative role of spinal compression in aspecific low back pain. Med.
Hypotheses 53, 246-252.

Yingling, V.R., Callaghan, J.P., McGill, S.M., 1999. The porcine cervical spine as a
model of the human lumbar spine: an anatomical, geometric, and functional
comparison. J. Spinal Disord. 12, 415-423.

Zehr, ].D., Carnegie, D.R., Welsh, T.N., Beach, T.A.C., 2018a. A comparative analysis of
lumbar spine mechanics during barbell- and crate-lifting: Implications for
occupational lifting task assessments. Int. J. Occupat. Safety Ergonom. 19, 1-8.

Zehr, ].D., Howarth, SJ., Beach, T.A.C., 2018b. Using relative phase analyses and
vector coding to quantify pelvis-thorax coordination during lifting—a
methodological investigation. J. Electromyogr. Kinesiol. 39, 104-113.


http://refhub.elsevier.com/S0021-9290(19)30189-7/h0040
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0040
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0040
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0045
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0045
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0050
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0050
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0050
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0055
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0055
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0060
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0060
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0065
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0065
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0065
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0065
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0070
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0070
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0070
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0070
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0075
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0075
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0075
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0080
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0080
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0080
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0085
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0085
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0085
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0090
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0090
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0095
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0095
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0100
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0100
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0100
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0105
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0105
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0105
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0110
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0110
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0110
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0110
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0115
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0115
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0115
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0120
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0120
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0125
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0125
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0125
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0130
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0130
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0130
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0135
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0135
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0140
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0140
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0140
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0145
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0145
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0145
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0150
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0155
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0155
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0160
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0160
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0165
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0165
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0165
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0170
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0170
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0170
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0175
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0175
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0175
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0180
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0180
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0185
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0185
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0185
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0190
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0190
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0190
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0195
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0195
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0200
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0200
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0205
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0205
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0205
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0210
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0210
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0210
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0215
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0215
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0215
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0220
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0225
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0225
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0225
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0225
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0230
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0230
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0235
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0235
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0235
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0240
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0240
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0240
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0245
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0245
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0245
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0245
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0250
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0250
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0255
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0255
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0255
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0260
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0260
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0260
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0265
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0265
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0270
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0270
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0270
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0275
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0275
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0275
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0280
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0280
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0280
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0285
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0285
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0285
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0285
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0290
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0290
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0290
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0295
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0295
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0295
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0300
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0300
http://refhub.elsevier.com/S0021-9290(19)30189-7/h0300

	Incorporating loading variability into in&blank;vitro injury analyses and its effect on cumulative compression tolerance in porcine cervical spine units
	1 Introduction
	2 Methods
	2.1 Specimen preparation
	2.2 Cyclic loading protocol
	2.3 Failure analysis
	2.4 Statistical analyses

	3 Results
	3.1 Randomization
	3.2 Cycles to failure
	3.3 Cumulative compression
	3.4 Post failure analysis

	4 Discussion
	ack14
	Acknowledgments
	Conflict of interest
	References


