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Abstract
Purpose  This study aims to explore how cyclic loading influences creep response in the lumbar spine under combined 
flexion-compression loading.
Methods  Ten porcine functional spinal units (FSUs) were mechanically tested in cyclic or static combined flexion-com-
pression loading. Creep response between loading regimes was compared using strain-time histories and linear regression. 
High-resolution computed tomography (µCT) visualized damage to FSUs. Statistical methods, ANCOVA and ANOVA, 
assessed differences in behavior between loading regimes.
Results  Cyclic and static loading regimes exhibited distinct creep response patterns and biphasic response. ANCOVA and 
ANOVA analyses revealed significant differences in slopes of creep behavior in both linear phases. Cyclic tests consistently 
showed endplate fractures in µCT imaging.
Conclusion  The study reveals statistically significant differences in creep response between cyclic and static loading regimes 
in porcine lumbar spinal units under combined flexion-compression loading. The observed biphasic behavior suggests 
distinct phases of tissue response, indicating potential shifts in load transfer mechanisms. Endplate fractures in cyclic tests 
suggest increased injury risk compared to static loading. These findings underscore the importance of considering loading 
conditions in computational models and designing preventive measures for occupations involving repetitive spinal loading.
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Introduction

Low back pain (LBP) affects 50–80% of adults during 
their lifetime [1]. Occupational ergonomics such as heavy 
lifting, repetitive loading, and whole-body vibrations are 
well-established risk factors for LBP [2–5]. Additionally, 

previous injury heightens the risk of LBP, creating a recur-
ring injury cycle [6]. Even with known risk factors, there is 
a weak correlation between LBP symptoms and identifiable 
pathology in diagnostic imaging [7], leaving about 80% of 
LBP cases diagnosed as non-specific [8]. The non-specific 
diagnoses, combined with the diverse causes of LBP, make 
prevention and treatment challenging [2, 8, 9]. Although the 
etiology of LBP is largely unknown and likely multifacto-
rial, injury and disc degeneration are expected to play a role 
[10, 11]. Thus, understanding the mechanisms underlying 
spinal injury and failure is important for developing effective 
mitigation strategies for LBP.

Mechanical fatigue potentially plays a pivotal role in 
LBP scenarios due to the repetitive loading nature in occu-
pations such as long-distance drivers and aircraft operators 
[12, 13]. Fatigue testing shows increased lumbar injury 
with combined flexion and compression loading, com-
pared to axial compression alone [14, 15]. The inclusion 
of flexion is important as loading in daily and occupational 
settings is rarely purely axial; loading of the spine often 
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occurs with some level of bent posture [16–18]. Static 
flexion decreases the time to failure of spinal segments, 
reduces the compressive tolerance of the intervertebral 
disc (IVD) by 23–47% [19, 20], and results in greater fluid 
loss from the IVD than neutral postures [17, 21]. Moreo-
ver, the addition of repetitive loading accelerates tissue 
failure, increasing the risk of injury compared to static 
loading under axial compression [13, 22–24].

The lumbar spine exhibits viscoelastic deformation 
under compressive loads, which is primarily attributed 
to the vertebral endplates and IVD components [25, 26]. 
However, this behavior is dependent on both fluid flow 
and intrinsic tissue material response [17, 27], making 
mechanical characterization under various loading condi-
tions challenging. Tissue changes in this region, such as 
annulus tears, nucleus pulposus herniation, disc dehydra-
tion, and endplate fractures, among others, are associated 
with disc degeneration and back pain [10, 28].

IVD degeneration is associated with an increased creep 
rate in spinal tissues [29–31]. However, understanding 
how creep response varies across loading profiles is lim-
ited, especially for cyclic combined flexion-compression 
and spinal posture, since both may exacerbate spine fail-
ure mechanisms [21]. This raises questions about whether 
postures such as sitting quasistatically in a flexed forward 
position, such as at a desk or shock isolated seat, produce 
fundamentally different responses (or risk of back pain) 
than those flexed forward with applied oscillatory load, 
such as in an offroad or military vehicle, where there is 
whole-body vibration. Additionally, it prompts consid-
eration of whether findings from injury studies conducted 
under quasistatic conditions can be extrapolated to those 
exposed to cyclic loading.

Previous studies suggest that cyclic combined loading 
may be a potential risk factor for increasing LBP [20, 32, 
33], yet comparisons are challenging due to the various load-
ing scenarios used in lumbar mechanical testing. Specifi-
cally, gaining insights into the variations in creep response 
under flexion-compression loading in cyclic and static sce-
narios will enhance the accuracy of computational modeling 
tools in predicting injuries. These injury prediction models 
can provide valuable information for developing strategies to 
mitigate LBP and injury in populations exposed to particu-
lar loading patterns. Hence, a comparative analysis of creep 
response is a crucial step toward understanding the mecha-
nism and progression of injury and pain in the lumbar spine.

This study evaluates the effects of the cyclic mechanism 
on lumbar spine mechanical behavior under combined flex-
ion-compression loading scenarios. Testing porcine lumbar 
spinal units under both cyclic and static combined loading 
regimes ex vivo provides a comparison of the mechanical 
response over the test duration to vertebral endplate failure. 
Understanding the tissue mechanical response under these 

two loading regimes will offer insight into the mechanistic 
progression of lumbar injury and LBP.

Materials and Methods

Specimen Preparation

Porcine spines were used as an animal model in this study 
as they are similar in size and structural response to human 
spines [33, 34]. Ten porcine functional spinal units (FSUs) 
from four male Yorkshire pigs (procured from post-mor-
tem specimens of the Duke Division of Laboratory Animal 
Resources) were used in this study. The porcine cadaver 
spines used in this study were harvested from animals euth-
anized as part of a separate IACUC approved protocol at 
Duke University. The spines were unaffected by the IACUC 
research protocol, and thus viable for the current study and 
exempt from direct IACUC approval. FSUs include two ver-
tebral bodies, an intervertebral disc, and osteoligamentous 
components. At the time of harvest, pigs weighed 70–80 kg. 
Lumbar spines were separated into osteoligamentous FSUs 
with the surrounding muscles and tendons removed. Pigs 
have a variable number of lumbar vertebrae, typically five 
or six [35]. Thus, depending on the number of lumbar ver-
tebrae in each spine, FSUs included vertebral bodies from 
the lowermost thoracic vertebra down to L6 (Table 1). FSUs 
containing S1 were not included due to the known increased 
material stiffness at this level [36]. Following harvest, FSUs 
were frozen (− 20 °C) until test preparation.

Prior to testing, FSUs were imaged using high-resolution 
computed tomography (µCT) (Nikon XTH 225 ST). µCT 
images were used to calculate initial endplate-to-endplate 
distance (EP distance), endplate area, and examine the FSUs 
for any pre-existing injury. EP distance and endplate area 
were found using ImageJ (U.S. National Institutes of Health, 

Table 1   Pig test specimen information

Pig Mass (kg) Test # Loading regime Spinal level Endplate 
area 
(mm2)

1 73.5 1a Cyclic L3–L4 603
1b Static L1–L2 595
1c Static L5–L6 564

2 70 2a Cyclic L5–L6 611
2b Static L3–L4 645
Control – L1–L2 640

3 80 3a Cyclic L2–L3 556
3b Static L4–L5 561

4 77 4a Cyclic TX–L1 592
4b Static L4–L5 635
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Bethesda, Maryland, USA). The porcine lumbar vertebrae 
have well-defined boundaries between the endplates and 
vertebral bodies. Thus, the EP distance was defined as the 
average distance between the inferior endplate of the supe-
rior vertebral body and the superior endplate of the inferior 
vertebral body. The average EP distance was calculated from 
nine measurements: three lateral measurements (left, mid-
dle, right) in each of three coronal slices (anterior, middle, 
posterior). EP distance was used to calculate the engineering 
creep strain. The cross-sectional area was measured on an 
axial view of the endplate to find the endplate area. If end-
plate damage or degradation of IVD tissues was observed 
in pre-test µCT the specimen was excluded from the study.

Mechanical Testing

Specimens were loaded into a biaxial test system for com-
bined flexion-compression loading. The system consisted of 
two servo-hydraulic materials testing systems (MTS, Eden 
Prairie, MN, USA). Two actuators applied the combined 
loading pattern: an axial actuator located inferior to the 
specimen applied compression in load control and a rota-
tional actuator, affixed to the side of the specimen, applied 
independent flexion in angular displacement control. Com-
bined flexion-compression loading results in peak loads 
that combine the applied compressive load with the loading 
due to angular displacement with the application of flexion. 
Sampling frequency of data was 2 kHz. A 6-axis load cell, 
an AMTI MC5-6-500, was affixed superior to the specimen 

and measured bending moments during the tests. An addi-
tional 6-axis load cell, a Denton 1716A, was mounted below 
the specimen in line with the axial actuator and measured 
the axial forces during the tests. Additionally, a linear vari-
able differential transformer (LVDT) located inferior to the 
specimen (internal axial LVDT of the MTS system) tracked 
axial displacements from the bottom of the specimen over 
the duration of the test and an internal rotary variable dif-
ferential transformer (RVDT) mounted to the side of the 
specimen collected angular displacement of the superior end 
of the specimen during the test. An environmental chamber 
surrounded the testing system, providing test conditions to 
simulate in vivo temperature and humidity (37 °C and 100% 
humidity). A preload was not applied to the specimens prior 
to testing since specimens were not exposed to procedures 
known to change hydration (i.e. saline bath). The speci-
mens were acclimated to the simulated in vivo conditions 
prior to loading. Fig. 1 depicts the test setup with placement 
of the specimen along with the load cells, actuators, and 
transformers.

FSUs were fastened to the test apparatus at the supe-
rior and inferior vertebral bodies. Screws and k-wires were 
secured into the superior and inferior ends of the FSU. Then, 
the screws and k-wires were embedded in polymethylmeth-
acrylate (PMMA) to provide rigid attachment points and 
increase surface area for casting materials. The PMMA was 
cast using a fast-curing resin (Golden West Mfg., Inc., Grass 
Valley, CA 95945) in aluminum mounting cups that were 
affixed to the test apparatus. The superior mounting cup 

Fig. 1   Overview of experimental test setup. Schematic on left 
(adapted from: Schmidt-unpublished) shows placement of load cells, 
actuators and transformers on MTS system with location of applied 
flexion and compression. Middle image is picture of test setup with 
specimen mounted in test apparatus and enclosed by environmental 
chamber (chamber door open). Magnified image shows specimen 

fixed in mounting cups with the upper end rigidly mounted to the test 
apparatus and the inferior mounting cup affixed to a plate with ball 
bearings to allow for free translation in horizontal plane. The IVD is 
aligned with the shaft of the rotational actuator defining the center of 
rotation
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was rigidly mounted to the test apparatus while the infe-
rior mounting cup, while restricted in the z-axis, was free to 
move in the lateral and anterior/posterior directions during 
testing. For proper alignment, FSUs were positioned at the 
center of the mounting cups, ensuring that the axial plane of 
the IVD was perpendicular to the direction of compressive 
force and centered with the axis of flexion rotation. This 
ensured consistent posture between specimens.

FSUs underwent one of two different combined flexion-
compression loading regimes: cyclic or static. Four FSUs 
were loaded under the cyclic regime, five underwent static 
loading and one served as a control. The control specimen 
was prepared in the same manner as test specimens and 
placed in the environmental chamber for the same duration 
as a typical test. The control was used to ensure the experi-
mental setup was not responsible for differences observed 
in tested specimens. FSUs were paired such that, from a 
single porcine spine, one FSU underwent cyclic loading and 
at least one underwent static loading. Each FSU was only 
tested once under one loading condition. The cyclic load-
ing profile consisted of a 1 Hz sinusoidal compression wave 
combined with a 1 Hz offset flexion ramp ranging from 0 
to 6° [37] (Fig. 2). This loading pattern was modeled from 
high-speed boat operators undergoing vertical underbody 
loads resulting in compression and delayed flexion [16] but 
can be generalized to other occupational exposures. Peak 
loads used in this study are typical of high-speed watercraft, 
helicopter, and fast jet occupants, which typically experi-
ence ~ 1–6 g and up to 15 g of vertical accelerated loading. 
The use of 0–6° of flexion is considered a more extreme 
form of flexion-compression loading equal to about 45° of 
total torso flexion [20]. This flexion range is within the nor-
mal range of motion for both humans and pigs. The angular 
displacement is applied when the compressive load reaches 
80% of the peak load to simulate this delayed flexion load-
ing. Directly after testing, FSUs were removed from the test 
fixture and frozen (− 20°C). FSUs underwent µCT imaging 
after freezing. Post-test µCT scans were used to visualize 

injury outcomes and determine the location and type of 
injury.

The axial actuator loaded FSUs under force control. The 
flexion angle was varied between 0 and 6° by the rotational 
actuator under displacement control. Peak compressive loads 
varied between FSUs and were scaled by endplate area to 
provide equivalent applied stress to the IVD. Endplate areas 
for each test specimen can be found in Table 1. The applied 
stress was the combined stress due to axial compression 
and flexion moments through the application of a flexion 
angle. This was measured by the inferior load cell as force. 
A peak applied stress level of 4.15 MPa was chosen based 
on an injury risk profile developed in a previous study for 
the same loading regime [38]. This peak stress level is the 
maximum stress applied to the FSU due to the combined 
axial compression and flexion. The applied stress is high 
for physiological loading but would be expected to result in 
failure in hours rather than days as would be the case with 
lower stress levels. Resulting peak loads varied from 2300 
to 2530 N. A baseline load of 76 N was applied to account 
for the minimum compressive load experienced by the 
lumbar spine without additional external load. FSUs were 
loaded past failure, with failure defined by an inflection in 
the displacement-time history. Failure is characterized by 
endplate fracture in this test series. This inflection indicates 
changes in the mechanical properties of the specimen from 
damage [33]. The inflection was visually identified from the 
displacement-time history during testing then failure was 
verified with µCT. Total test durations ranged from 1.2 to 
8.1 hrs., with an average of 4.0 hrs (SD = 2.5).

For the static loading regime, the axial compressive 
force and flexion angle were held constant over the entire 
test duration. The applied compressive force scaled by end-
plate area also provided 4.15 MPa of stress. The load was 
ramped over 20 s, first rotating at the superior end to the 
desired flexion angle then axially compressing from the 
inferior end. Applied force ranged from 2340 to 2680 N. 
Duration of static tests was based on the failure of paired 
cyclic tests, with static tests running until at least the time of 
failure in the paired cyclic test. For static tests, total loading 
duration ranged from 1.2 to 6.7 h, with an average of 5.3 h. 
(SD = 2.1).

The flexion angle for static loading was chosen based on 
preliminary testing that aimed to optimize static loading’s 
primary creep response to match that seen in cyclic loading 
[39]. In the preliminary study, seven FSUs were tested under 
static and cyclic combined loading and primary creep response 
was compared. The same methodology, as described above, 
was used in the preliminary study for loading specimens in 
both conditions. Flexion angle in static loading scenarios of 
the preliminary study was varied to match the cyclic primary 
creep, or short duration, response. Flexion angles of 3°, 5°, 
and 5.5° were all tested and compared to paired cyclic tests. 

Fig. 2   Oscillatory loading profile with 1  Hz sinusoidal compression 
and offset 1 Hz flexion angle from 0 to 6°. Initial ramp to prescribed 
load not shown
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Testing at 2.05 MPa applied stress with 5° flexion provided 
static testing parameters that resulted in similar creep behavior 
to cyclic tests at the same peak stress with cyclic compression 
and cyclic flexion from 0 to 6°. Based on these earlier find-
ings, a constant flexion angle of 5° was selected as the flexion 
angle to be investigated for the static loading condition in the 
current study.

Data Analysis

Data was compiled as strain-time histories beginning after 
each specimen was ramp loaded to the desired stress level. 
The displacement data from cyclic tests were filtered using 
an 8th order phaseless low-pass Butterworth filter with a 
0.1 Hz cutoff frequency to establish comparisons across the 
cyclic and static loading regimes. Datasets were downsam-
pled to 2 Hz consistently across tests for ease of data analy-
sis. Data from both loading regimes were truncated at the 
time of inflection in the paired cyclic test. Truncation lim-
ited analysis to creep before behavior changes due to tissue 
injury occurred. The engineering strain in each IVD was cal-
culated by dividing the axial displacement by the initial EP 
distances determined in pre-test µCT imaging. EP distance 
was used for strain calculation rather than IVD height alone 
since deformation of the endplate into the vertebral body 
contributes to strain [25]. Strain was used to account for size 
differences between FSUs and normalized to mitigate inter-
specimen variability. Strain normalization was carried out 
by subtracting the initial strain. The initial strain was defined 
as the strain directly after specimen was ramp loaded to the 
desired stress level. Time was log-transformed to visualize 
differences at longer time durations, and strain-time histories 
were used to compare creep response.

Statistical Analysis

Owing to multiple phases of response, different loading 
regimes, and time-dependent effects, data were analyzed 
using two statistical methods to ensure that interpreta-
tions were reliable. The first method used an analysis of 
covariance (ANCOVA). Since we are interested in strain 
response due to applied stress over the course of time, we 
compared the results between loading regimes using a global 
ANCOVA. Since ANCOVA is dependent on least squares 
regression, the data were linearized using the Hill equation 
and Hill plot (see Data Linearization in Appendix), which is 
applicable to biological processes that exhibit a fixed maxi-
mum response (rectangular hyperbola):

For this study, Y corresponds to the normalized strain and 
X is time. In the ANCOVA analysis, the response variable 

(1)log
(

Y

1 − Y

)
= mlog(X) − b

was the linearized strain with factors of regression phase 
(phases discerned in linearization of the data; see Phase 
Determination in Appendix) and loading regime: either 
cyclic or static. Time in the log domain was the covari-
ate. If interactions of regression phase with loading regime 
were identified, the data were subdivided and lower-order 
ANCOVA was performed. The lower-order ANCOVA 
permitted regression analysis to determine slope changes 
between loading regimes in each linear phase.

The second statistical approach for data analysis involved 
both linear regression and subsequent analysis of variance 
(ANOVA). Linear regression modeled the relationships 
within the data. Then ANOVA was employed to assess 
potential statistical differences between slope variables 
among the groups. A least squares linear regression was 
performed for each phase of each test. The resulting slope 
values were compared in a global ANOVA using loading 
regime and regression phase as the factors. This approach 
substantially decreased the degrees of freedom in the analy-
sis compared to ANCOVA which accounted for every data 
point in the curves. Similar to the ANCOVA approach, if 
the interaction term between loading regime and regression 
phase was significant (p < 0.05), the data were subdivided, 
and lower-order ANOVA was performed. The lower-order 
ANOVA assessed if slopes were different between loading 
regimes in each linear phase (p < 0.05).

Results

Qualitative differences were seen in the plot of the normal-
ized strain response between the cyclic and static loading 
regimes (Fig. 3). At longer time durations, the cyclic and 
static loading regimes showed different trends: cyclically 
loaded tests showed a continued increase in strain response 
similar to exponential response (Fig. 3a), whereas the stati-
cally loaded tests begin to taper off and appear to hit an 
asymptote below normalized strain values of 0.6 (Fig. 3b).

Strain linearization with the Hill transformation revealed 
a biphasic response for both loading regimes (Fig.  4). 
The linearized data show an initial period with nonlinear 
(curved) values followed by an initial region of linearity that 
leads to a second nonlinear region and then resolution to 
a second linear phase (Fig. 4a and b). This biphasic trend 
in linearization is likely due to biological changes in tissue 
response over the duration of the test. Hence, we considered 
both of the linear regions in our analysis. The initial linear 
region is referred to as linear phase 1 (L1), and the second is 
termed linear phase 2 (L2); the initial and intermediate non-
linear zones were considered to be transitional and thus were 
not included in the statistical analysis. The start and end 
points for each phase were determined using the curvature 
peaks in the nonlinear regions (Fig. 4a and b). The curvature 
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peaks were used as a basis for defining L1, the two transi-
tion phases, and L2 (see Phase Determination in appendix). 
With this approach, L1 and L2 had values of R2 ≥ 0.99 and 
R2 ≥ 0.98, respectively.

Global ANCOVA found a statistically significant 
(F1,93840 = 2447.91, p < 0.001) interaction between the 
regression phase and loading regime and a significant inter-
action between time (covariate regressor), regression phase, 
and loading regime. The interaction effect of the loading 
regime and regression phase is important as it signifies a dif-
ference in slope, or curvature, between the loading regimes 
with respect to each phase. A lower-order ANCOVA was 
carried out for each regression phase in light of the sig-
nificant interaction between the regression phase and load-
ing regime. In phase L1, at shorter durations, there was an 

interaction of time on loading regime (F1,18849 = 1680.49, 
p < 0.001) (Fig. 5a). Also, in phase L2, which involves 
longer durations, time has an interaction effect on loading 
regime (F1,74991 = 1006.49, p < 0.001) (Fig. 5b). The sig-
nificant interaction effect of time and loading regime signi-
fies that the slopes of the strain-time histories are different 
between loading regimes. For visual clarity, the plots in 
Fig. 5 do not include the time effect due to an artifact aris-
ing from the difference in the start time of the linear phases 
for each test.

Results from linear regression followed by ANOVA were 
compatible with those from ANCOVA. The cyclic and static 
tests resulted in average regression phase L1 slopes of 0.51 
(SE = 0.032) and 0.44 (SE = 0.011), respectively. In regres-
sion phase L2, the average slope for cyclic tests increased 

Fig. 3   Strain-time histories 
from porcine FSUs tested 
under cyclic and static loading 
regimes with combined flexion-
compression. a Strain-time 
history of four specimens tested 
under cyclic combined loading, 
showing continued increase 
in strain over duration of test. 
b Strain-time history of five 
specimens tested under static 
combined loading, where strain 
shows decreased growth at later 
time points. Label numbers 
(1–4) correspond to specimen 
number and letters (a–c) cor-
respond to tested FSU
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to 1.08 (SE = 0.242), while the average slope for the static 
tests decreased to 0.24 (SE = 0.064). The global ANOVA 
comparing the slopes from linear regression found an inter-
action effect of the loading regime and regression phase 
(F1,14 = 11.32, p < 0.005). Based on this significant inter-
action, a subsequent lower-order ANOVA on each regres-
sion phase showed significance between loading regimes in 
phase L1 (F1,7 = 6.45, p < 0.04) and phase L2 (F1,7 = 14.00, 
p < 0.007) (Fig. 6). Still, after the transition point in phase 
L2, there is a difference in the slope of the strain-time histo-
ries between the two loading regimes.

Only cyclic tests had inflections in displacement-time his-
tories, with no apparent inflections in static tests. Injury was 
verified in post-test µCT imaging, which confirmed endplate 
fracture in all cyclic tests (Fig. 7). The µCT images from 
static tests did not show visible fractures in the endplate. The 

control specimen, which underwent the same experimental 
setup but was not loaded, did not show the discernable dif-
ferences between pre-and post-test µCT images. Presence of 
endplate fractures was confirmed with dissection of spinal 
units after µCT imaging.

Discussion

Overall, cyclic and static loading showed different pat-
terns in creep response. Statistical analyses reinforced 
qualitative findings of curvature differences in strain-time 
curves between the cyclic and static loading regimes, spe-
cifically at longer durations. Both ANCOVA and linear 
regression paired with ANOVA showed significance. The 

Fig. 4   Representative plots of data linearized using the Hill plot. Blue 
shaded regions (T1 and T2) are transition zones and orange shaded 
regions (L1 and L2) are first and second linear regions. X symbols 
denote curvature peaks that define the first linear region. a Hill plot 
of cyclic data from test 1a, all cyclic tests showed similar behavior. 
b Hill plot of static data from test 1b, all static tests showed similar 
behavior

Fig. 5   Slope comparison between loading regimes in each regression 
phase. Plots of regression fit from ANCOVA. a Regression phase L1 
shows significant slope difference between cyclic and static loading 
with p < 0.001. b Regression phase L2 shows a significant slope dif-
ference with p < 0.001
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results from ANCOVA, which had high degrees of free-
dom, were strengthened by obtaining similar results from 
ANOVA which had lower degrees of freedom. At shorter 

time durations (L1), the slope of the creep response, 
defined by the strain-time history, was significantly dif-
ferent between the cyclic and static loading regimes. The 

Fig. 6   The slope of creep response during each regression phase 
in cyclic and static loading scenarios (mean ± 1 SE). a Slopes in 
regression phase L1 are significantly different between cyclic and 

static loading (F1,7 = 6.45, p < 0.04). b Slopes in regression phase 
L2 show a significant difference between cyclic and static loading 
(F1,7 = 14.00, p < 0.007)

Fig. 7   Endplate fracture in cyclic test (from test 1a). a, b Axial and coronal view of endplate prior to testing, respectively. c Axial view of frac-
ture in inferior endplate. d Coronal view of fracture in inferior endplate towards the posterior
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slope of the cyclic response was slightly larger than that 
in the static response. This contrasts with previous work 
that optimized the flexion angle of the static loading con-
dition to replicate the creep response in a cyclic loading 
regime at an applied stress of 2.05 MPa [39]. The current 
study applied high physiological stress at 4.15 MPa, thus 
showing that the similarity in creep response, observed 
with an applied stress of 2.05 MPa, in phase L1 was not 
observed at this higher stress level. Also, at long durations 
(L2) the slopes of the creep response were significantly 
different between the cyclic and static loading regimes 
with a larger difference in slopes between regimes. These 
differences suggest a change in tissue mechanics between 
loading regimes during the transition phase and phase L2.

Biphasic models have previously been used to model 
IVD mechanical response accounting for the interaction 
between fluid and solid components [40]. Utilization of 
such models stems from the theory that response depends 
on poroelastic fluid flow through the IVD and endplates 
as well as the viscoelastic nature of the tissues [41–44]. 
Observed biphasic trends in linearized data may arise from 
the load transfer between fluid and solid components or 
a shift in the interaction between different structural ele-
ments. Deformation of the endplate strongly influences ini-
tial creep behavior along with early rapid fluid flow [25]. 
Then late creep arises from the creep of annulus fibers 
and slow continued fluid loss [25]. Thus, the current find-
ings may indicate annulus fibers and fluid loss are better 
adapted to static load, whereas the cyclic load produces 
harmful changes in the annulus fibrosus or increases the 
dehydration of the disc. This study is unable to discern 
which structural and mechanical components are respon-
sible for the biphasic trend seen in the linearized creep 
response. However, the difference in behavior between 
loading regimes indicates important changes occur in the 
IVD, leading to overall changes in creep behavior and 
injury progression. Also, of interest is the role of the tran-
sition phase and how it affects the slope change in each 
loading regime. Studies coupling combined loading with 
dynamic imaging techniques may aid in elucidating IVD 
components that give rise to behavior and injury progres-
sion differences.

Mechanical overloading has been identified as a com-
ponent of the onset and progression of IVD degeneration, 
possibly leading to LBP [27, 45, 46]. Additionally, static 
and dynamic loading both lead to pathological changes 
in the IVD, but the mechanism and progression of such 
changes differ [46]. Greater FSU height loss in flexed pos-
ture with cyclic axial compression compared to neutral 
cyclic axial compression or flexed static compression has 
been previously reported [14, 46]. This is qualitatively 
similar to the findings in the present study. However, by 
going a step further and comparing the curvature of the 

creep responses up to endplate failure, this study provides 
new information on how mechanical response differs 
between loading regimes over the creep duration.

All cyclic tests showed indications of injury with inflec-
tions in displacement-time curves during testing with veri-
fication of injury in post-test µCT scans and dissection. 
Endplate fractures were visible in all cyclic post-test µCT. 
Conversely, the static tests did not present with endplate 
injury. Instead, the IVDs in the static tests all showed dark 
regions in the disc structure. Findings suggest increased 
injury risk in cyclic combined loading, particularly with 
respect to endplate fracture. Parkinson and Callaghan 
showed that load magnitude under combined loading con-
ditions may determine the type of resulting injury, with 
low peak loads leading to IVD injury and vertebral frac-
tures more likely to occur under higher peak loads [47]. 
When compared to previous studies applying static flexion, 
the combined repetitive loading profile led to injury sooner 
than under static flexion [47, 48]. Increased tissue strain 
increases the risk of injury [49], and posture is an impor-
tant factor for injury risk in both static and cyclic loading 
[14, 46]. Further investigation is needed to classify soft tis-
sue injury due to different loading mechanisms but results 
from this study indicate different injury mechanisms. The 
apparent asymptotic behavior in L2 in the static loading 
condition suggests slower progression toward injury. Thus, 
the lumbar spine may be more tolerant to sustained static 
loading for combined flexion-compression configurations, 
such as prolonged sitting postures, rather than repeated 
loading.

The findings from this study are essential in understand-
ing fundamental IVD and endplate tissue response that is the 
basis of many models used to study more complex physio-
logical responses. Such models include human body in silico 
models that enable testing a wide range of scenarios and 
conditions without the ethical concerns and time restraints 
that come with in vivo and in vitro testing. However, the 
models must accurately respond to different scenarios to 
translate findings from in silico models to real-world situa-
tions. Our study highlights the importance of utilizing tis-
sue characterization from similar loading conditions as the 
final use case, likely including differences in poroelastic flow 
from oscillatory vs quasistatic conditions [42, 50]. While 
short-duration creep response may be similar between the 
loading regimes, a significant difference in creep response 
is seen at later durations and, thus, different injury patterns. 
If creep response from a static loading condition was used 
to decrease low back injury for motor vehicle occupants 
through modeling and designing seats, then the model would 
likely be under protective for vehicle occupants exposed to 
whole-body vibration. Thus, care should be taken when 
applying material properties to equipment design: repeti-
tive motion scenarios should utilize cyclic tissue response.
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The evident separation of creep response into distinct 
phases is important for the study of injury progression. The 
distinct phases open the door for future research to better 
understand how different elements of the FSU contribute 
to creep and biphasic behavior. One possible approach is 
to test FSUs for durations corresponding to each phase and 
then compare tissue changes using imaging techniques. This 
testing could help explain the differences in behavior after 
the transition phase, shed light on what material changes 
initiate the transition phase, and show differences in injury 
patterns between loading regimes. Furthermore, the current 
study elucidates the effect of cyclic mechanisms in com-
bined loading scenarios, but similar direct comparison stud-
ies are also needed to assess the effect of posture in cyclic 
loading scenarios.

This study is limited by several factors. While porcine 
specimens are a good model for human FSUs [33, 34], there 
are still differences in structure and mechanical response 
that could lead to differences in findings. Additionally, tests 
were carried out in vitro, accounting mainly for the response 
of the IVD, endplates, vertebral bodies, and ligaments, but 
lack the physiological responses and repair pathways that 
are present in vivo. Paired cyclic and static tests came from 
the same pig specimen thus, spinal levels differed between 
conditions. To help mitigate level bias, the levels were var-
ied between pig specimens so that each loading condition 
included FSUs from various levels, however some bias may 
still be present. Additionally, the age of specimens used in 
this study was unknown, only the weight. All forces were 
scaled to apply the same peak stress across specimens. How-
ever, additional testing would be required to determine if 
the findings hold true across various stress levels. Current 
testing at 4.15 MPa is a relatively high stress compared with 
quasistatic physiological loading [38] and how lower stresses 
would affect creep response and injury pattern is unknown. 
Displacement measurements were taken from the LVDT, 
measuring displacement in the center of the specimen. Thus, 
the strain is a measure of average strain across the IVD, 
whereas some areas may exhibit greater or smaller strain. 
The strain measurements in this study also only assume 
deformation of the IVD and endplates since they are based 
on EP distances. Visualizing IVD and endplates in post-
test µCT give qualitative comparison of structural changes 
between loading conditions but further analysis is needed to 
quantify differences and discern physiological relevance of 
structural changes in IVD under static loading. Future work 
will aim to quantify changes in the IVD to determine what 
is damage to the disc and what is merely recoverable normal 
soft tissue changes.

This study demonstrates how cyclic loading influences 
the creep response under combined loading scenarios in por-
cine lumbar FSUs at long durations. Creep response of IVDs 
is often attributed to fluid flow and biphasic viscoelasticity 

[44]. Thus, these results suggest that cyclic loading may 
alter fluid flow and increase injury risk. Additionally, under 
combined flexion-compression loading scenarios, the lum-
bar spine may be better suited for sustained static loads, 
especially for long-term exposure.

Appendix

Data Linearization

The data were linearized prior to running ANCOVA. Two 
methods were compared to determine the optimal method 
for linearization of the response data: the Lineweaver-
Burk plot and the Hill plot. The Lineaweaver-Burk plot is 
a double reciprocal plot with the reciprocal of strain on the 
y-axis and the reciprocal of time on the x-axis. The fit using 
the Lineweaver-Burk plot results in an R2 value = 0.945 
for the test shown (Fig. 8a). Linearization using the Hill 
equation (Eq. 1) and Hill plot provides a better fit with R2 

Fig. 8   Linearization of data using two methods. Results shown are for 
test 1a. a Linearization using Lineweaver-Burk plot. b Linearization 
using Hill plot
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value = 0.952 (Fig. 8b). The Hill equation and Hill plot were 
chosen for data linearization as this method consistently pro-
vided higher R2 values than the Lineweaver-Burk plot for 
each test.

Phase Determination

Linearization of data resulted in biphasic response for both 
loading regimes. As such, data were divided into distinct 
regions for statistical analysis. As stated in the text, four 
distinct phases are seen in the linearized data. Peaks in the 
curvature of the response was used to objectively define the 
bounds of each phase. Curvature was calculated in MAT-
LAB R2022b (The MathWorks Inc., Natick, Massachusetts). 
First, data were filtered using a moving median filter with a 
window size of 700. The first derivative was computed using 
a central difference scheme using a 5-point stencil. 7-point 
and 9-point stencils were also tested but results converged 
using the 5-point scheme. To remove residual noise in the 
derivative, a Gaussian filter was applied. A Gaussian filter 
was also used on the second derivative, which was computed 
using a finite difference scheme. Using the filtered first and 
second derivatives, the curvature was computed:

Peaks from the curvature were used to define the transi-
tion phases (Fig. 9). Peaks below log time value 0.5 were 
removed and not considered as there are too few data points 

(2)k =
|yε|

(1 + y�2)
3∕2

in this region to be confident in the magnitude of this peak. 
The highest magnitude peak above this threshold and the 
final peak were used to define the start and end points of 
each phase (Fig. 9).

These bounds represent the place of maximum curvature. 
To remove the curvature and only capture the linear region, 
the middle 60% between these two curvature bounds defined 
the first linear region. This was done by determining the 
time that signified 20% of the total time between curvature 
peaks and adding that amount to the lower curvature peak 
and subtracting that amount from the upper curvature peak. 
The middle 60% of the data between the two maxima in the 
curvature was used as it allowed for objective way to parti-
tion the phases while also providing a linear regression fit 
with R2 values ≥ 0.99 for the first linear region. The second 
linear region was defined similarly; 20% of the time between 
the upper curvature peak and the end time was added to 
the upper curvature peak to define the start of the second 
linear region. This provided a linear regression fit with R2 
values ≥ 0.98. The first transition phase was defined as all 
data before the lower bound of the first linear region. This 
region shows additional curvature in some tests however this 
region contains few data points and is treated as a single 
transition phase in this analysis. The end of the first linear 
region and the start of the second linear region defined the 
second transition phase. Fig. 4 in the text shows the relation-
ship between the curvature peaks and each defined phase.
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