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Abstract

The first objective of this study was to determine the effects of physiological cyclic loading
followed by unloaded recovery on the mechanical response of human intervertebral discs. The
second objective was to examine how nucleotomy alters the disc’s mechanical response to cyclic
loading. To complete these objectives, 15 human L5-S1 discs were tested while intact and
subsequent to nucleotomy. The testing consisted of 10,000 cycles of physiological compressive
loads followed by unloaded hydrated recovery. Cyclic loading increased compression modulus
(3%) and strain (33%), decreased neutral zone modulus (52%), and increased neutral zone strain
(31%). Degeneration was not correlated with the effect of cyclic loading in intact discs, but was
correlated with cyclic loading effects after nucleotomy, with more degenerate samples
experiencing greater increases in both compressive and neutral zone strain following cyclic
loading. Partial removal of the nucleus pulposus decreased the compression and neutral zone
modulus while increasing strain. These changes correspond to hypermobility, which will alter
overall spinal mechanics and may impact low back pain via altered motion throughout the spinal
column. Nucleotomy also reduced the effects of cyclic loading on mechanical properties, likely
due to altered fluid flow, which may impact cellular mechanotransduction and transport of disc
nutrients and waste. Degeneration was not correlated with the acute changes of nucleotomy.
Results of this study provide an ideal protocol and control data for evaluating the effectiveness of
a mechanically-based disc degeneration treatment, such as a nucleus replacement.

© 2014 Elsevier Ltd. All rights reserved.

"Corresponding author: Dawn M. Elliott, Biomedical Engineering, University of Delaware, 125 East Delaware Ave, Newark, DE
19716, USA, delliott@udel.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest statement
None of the authors have conflicts of interest to disclose.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Showalter et al. Page 2

Keywords
Intervertebral Disc; Spine; Cyclic Loading; Nucleus Pulposus; Nucleotomy

Introduction

The intervertebral disc performs the mechanical roles of supporting loads, permitting
motion, and dissipating energy. Disc degeneration is a strongly implicated cause of low back
pain and within the U.S. results in annual costs over $100 billion (Katz, 2006). Degeneration
is a multifaceted process that manifests early in the nucleus pulposus (NP) and subsequently
extends to other disc components (Vernon Roberts et al., 2007). Despite disc degeneration
prevalence, many current treatments are palliative only and ultimately fail (Andersson,
1999; Luo et al., 2004; Rajaee et al., 2012). Minimally invasive treatments of early disc
degeneration, such as injectable NP replacements, are under development (Lewis, 2012;
Malhotra et al., 2012; Reitmaier et al., 2012). For such mechanically based treatments to be
successful they must replicate natural NP mechanical function. In healthy discs,
proteoglycans create an osmotic pressure which draws fluid into the NP (Urban and
McMullin, 1988). This fluid both directly supports compressive loads and places the
collagen fibers of the annulus fibrosus in tension, permitting the disc to support loads while
undergoing a wide range of motion.

Physiological cyclic compressive loading and unloaded recovery is an ideal testing modality
for examining the loading contribution of the nucleus pulposus because it simulates the
disc’s time-dependent mechanical response. The interplay between osmotic pressure and
external loads causes 20-25% of the disc’s water content to be expressed and re imbibed
daily (Sivan et al., 2006). Reduced hydration decreases disc height, increases stiffness, and
increases range of motion, with properties returning to baseline after rehydration (Adams et
al., 1990; Wilke et al., 1999). These diurnal changes have been replicated in several large
animal models by compressive cyclic loading and unloaded recovery (Johannessen et al.,
2004; Korecki et al., 2008; Thoreson et al., 2010). While animal and human discs are
similar, these findings may not be representative of cyclic loading in human discs due to
lower water and proteoglycan content in humans, varied applied loads and loading durations
between studies, and differences in cartilage endplate (Beckstein et al., 2008; Demers et al.,
2004; Showalter et al., 2012; Wilke et al., 1997; Zhang et al., 2014). Further, the majority of
previous cyclic loading studies were designed to test damage mechanisms by employing
high loads and number of cycles and by not including unloaded recovery (Adams and
Hutton, 1985; Hasegawa et al., 1995). Disc hydration effects have also been studied using
creep tests (Adams et al., 1987; Koeller et al., 1984). However, creep induces lower fluid
flow rates than cyclic loading and thus doesn’t simulate the dynamic nature of disc loading
(White and Malone, 1990). This study examines the contribution of the NP to disc loading
by testing human discs undergoing a physiologically relevant testing modality, which is
compressive cyclic loading with hydrated unloaded recovery.

The mechanical role of the nucleus pulposus can be evaluated by comparing the effect of
cyclic loading on intact and partially nucleotomized samples. Nucleotomy, also known as
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discectomy, is a clinical treatment for disc herniation (Friedman, 1983; Kambin and Brager,
1987). The procedure alters disc mechanics by decreasing disc height, NP pressure, and
stiffness while increasing range of motion and creep (Brinckmann and Grootenboer, 1991;
Cannella et al., 2008; Frei et al., 2001; Goel et al., 1986; Ishihara et al., 1993; Meakin and
Hukins, 2000; O’Connell et al., 2011). While the acute effects of nucleotomy have been
determined, its impact on the disc’s fluid-flow related mechanical response has not.

The first study objective was to determine the effects of physiological cyclic loading
followed by unloaded recovery on the mechanical response of human intervertebral discs.
The second objective was to examine how nucleotomy alters the disc’s mechanical response
to cyclic loading.

Sample Preparation

Fifteen human lumbar spine segments with a mean donor age of 50.1 years (22-75 years)
were obtained from institutionally approved sources. These spines underwent MR imaging
to determine degeneration grade and T relaxation times (Kerttula et al., 2001; Marinelli et
al., 2010; Pfirrmann et al., 2001). The L5-S1 disc was selected for testing because
herniations and discectomies are most common at this level (Weinstein et al., 2006).
Samples had degeneration grades ranging from 1 to 5 and T relaxation times ranging from
66 to 204, with higher relaxation times indicating healthier discs. T, relaxation time was not
acquired for one sample. For the remaining 14 samples, T, relaxation times correlated with
Pfirrmann grades (r = —0.76) and provide a quantitative, continuous measurement of
degeneration (Figure 1). Disc cross sectional area was measured from MR images. After
imaging, L5-S1 bone disc bone segments were prepared by first removing the posterior
elements and extraneous soft tissue. Although in vivo loads are shared between the disc and
facets, posterior elements were removed in order to isolate the contributions of the disc in
compression (Beckstein et al., 2008; Meakin and Hukins, 2000). Following dissection, 1.25
mm Kirschner wires were placed in the L5 vertebrae and sacrum. The L5-S1 discs were
wedge-shaped, with a 13+4° angle between the L5 and S1 endplates, which likely results in
some applied shear loads even during simple compression experiments. For consistency in
mechanical testing, loads were applied perpendicular to the L5 vertebrae. This was ensured
by potting the motion segments in PMMA with the L5 endplate parallel to the potting
fixtures using fluoroscopic guidance. Samples were stored in a freezer at —20°C when not in
use.

Mechanical testing

The mechanical test consisted of six steps (Figure 2). 1. Overnight hydration, also called
initial hydration. 2. Measure mechanical parameters (Initial). 3. 10,000 cycles of
compressive loading. 4. Measure mechanical parameters (Cyclic). 5. Overnight hydration,
also called unloaded recovery. 6. Measure mechanical parameters (Recovery). During the
first step, overnight hydration, samples were submerged in a 0.15 M PBS bath containing
protease inhibitors (Phenylmethylsulfonyl Fluroide, N-Ethylmalemide Bioxtra, and
Benzamidine Hydrochloride from Sigma Aldrich, St. Louis, MO) at 4°C for 16-24 hours.
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Second, mechanical parameters were measured by applying 60 cycles at 0.2 Hz between
0.48 MPa (734 + 122N) in compression and 375 N in tension cycles, which is similar to
previous studies (Beckstein et al., 2008). The stress of 0.48 MPa corresponds to one body
weight or to low intensity activities such as sitting upright without support or relaxed
standing (Elliott and Sarver, 2004; Nachemson, 1981; Wilke et al., 1999). The tensile load
of 375 N was applied to all samples instead of a uniform stress to prevent sample pull-out
from the PMMA for discs with large cross sectional areas while ensuring sufficient load to
describe the mechanical parameters of interest. The third step was to apply 10,000 cycles of
compressive loads at 2 Hz between 0.12 and 0.96 MPa (1467+244N) which are loads similar
to moderate physical activities such as jogging or lifting a 10 kg weight (Nachemson, 1981;
Wilke et al., 1999). The number of cycles and cycle frequency were selected for comparison
with earlier studies and because at these loads are representative of moderate physical labor
(Brinckmann et al., 1987; Johannessen et al., 2004). Fourth, mechanics were measured
immediately after cyclic loading in the same manner as the second step. For the fifth and six
steps, discs were rehydrated overnight followed by measurement of mechanical parameters.

Samples were tested on an ElectroPuls E3000 test system (Instron, Norwood, MA). All tests
were run using trimodal control, in which the system reaches the target peak load while
running sine waves in position control. If cycle peak loads do not match the target loads, the
peak positions of the sine wave are adjusted on the next cycle. During testing, target loads
were reached between the 30t and 40t cycles. While this is more preconditioning than
applied in many studies, previous work showed 20 cycles were needed to sufficiently
precondition the disc for measuring mechanical parameters and preliminary studies for this
work showed no difference in mechanical properties measured between the 20t and 50
cycles (Boxberger et al., 2006).

To evaluate the effect of nucleotomy, samples were tested using the 6-step method described
above while intact and again following nucleotomy. Nucleotomy was performed by first
hydrating the discs in PBS for eight hours. Next, a cruciate incision was created in the
posterolateral annulus using a #11 scalpel blade. Afterwards, either 2 or 4 mm pituitary
rongeurs were used to remove 1.71+0.38 g of nuclear material, which is approximately 50%
of NP volume (Castro et al., 1992; Dullerud et al., 1993). Amount of NP removed was not
correlated with sample degeneration (r = 0.19, p = 0.5). Following nucleotomy, samples
were frozen until further testing.

Data Analysis

Disc area was measured from MR images by outlining the disc in a midaxial slice using the
DICOM viewer OsiriX (Pixmeo, Switzerland). Disc height was calculated from a lateral
fluoroscopic image of the disc by dividing disc area by the anteroposterior width using
Matlab (MathWorks, Natick, MA) (O'Connell et al., 2007).

The maximum position of a single loading cycle decreases over the 10,000 cycles of
compressive loading (Figure 3). Creep was defined as the decrease in maximum cycle
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position from cycle 50 to 10,000 of the cyclic loading and creep strain was calculated by
dividing creep by initial disc height.

Mechanical parameters were measured on the 501" cycle of the mechanical measurement
steps of the testing procedure (steps 2, 4, and 6) to ensure sufficient preconditioning and
eliminate super hydration (Adams et al., 2000; Johannessen et al., 2006). Parameters were
measured using a previously described custom Matlab program that performs a trilinear fit
to the data (Figure 4A) (Beckstein et al., 2008). This program first determines the minimum
slope location of a 51 order polynomial fit to the data (Figure 4B). Neutral zone stiffness
was defined as the slope of the loading data at this location (Figure 4C). Next, the data was
separated into tension and compression loading curves and compressive range of motion
was defined as the displacement between 0 MPa and 0.48 MPa of applied stress (Figure 4D).
Compressive stiffness was defined as the slope of the line fit through the data points above
80% of the maximum compressive load (Figure 4E). Neutral zone length was defined as the
displacement between the intersection of the neutral zone line fit with the compression and
tension curves (Figure 4F). Compression and neutral zone apparent modulus were calculated
from stiffness by multiplying by disc height and then dividing by disc area. Similarly,
compression and neutral zone strain were calculated by dividing the compression range of
motion or neutral zone length by disc height. Intact disc height and area were used for this
normalization.

The effects of loading history (Initial, Cyclic, and Recovery) and treatment (Intact and
Nucleotomy) on the mechanical parameters were analyzed using a 2-Way Repeated
Measures ANOVA. Significant loading history and treatment were examined with a Tukey’s
or Sidak’s Multiple Comparison Test, respectively. Degeneration effects on cyclic loading
were examined using linear correlations between T, relaxation time and the percent change
of parameters between loading history states. Similarly, degeneration effects on the changes
caused by nucleotomy were analyzed by performing linear correlations between T,
relaxation time and the percent change between intact and nucleotomy parameter values at
respective loading history state. To include the sample with no measured T, relaxation time
in the degeneration analysis, its T, relaxation time was estimated based on its Pfirrmann
grade and the regression line calculated from the other 14 samples. The effects of
nucleotomy on disc height and creep strain were analyzed using paired Student’s t-test.
Significance was set at p < 0.05.

No visible tissue degradation was observed throughout the test. Intact disc area was
1528+254 mm? and disc height was 8.6+2.3 mm. Qualitatively, both nucleotomy and cyclic
loading affected the load displacement response of the disc (Figure 5). All mechanical data,
with the exception of disc height, is normalized by disc geometry.
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Effects of Cyclic Loading Followed by Hydrated Recovery

For intact samples, 10,000 cycles of compressive loading increased compressive modulus by
3% and increased compressive strain by 33% (Figure 6 A&B). Neutral zone properties were
also affected by compressive cyclic loading, which decreased neutral zone modulus by 52%
and increased neutral zone strain by 31% (Figure 6 C&D). Unloaded hydrated recovery
caused neutral zone modulus and neutral zone strain returned to initial values (Figure 6
C&D). However, unexpectedly, compressive modulus decreased 9% from initial and
compressive strain remained elevated by 16% after unloaded recovery compared to initial
values (Figure 6 A&B).

Degeneration did not significantly affect cyclic loading in intact samples (p > 0.05).
However, following nucleotomy, degeneration influenced cyclic loading effects in
compressive strain, neutral zone modulus, and neutral zone stiffness (Figure 7). Specifically,
samples with lower T, relaxation times (more degenerate samples) had greater increases in
compressive strain between the initial and cyclic time points (r = —0.53, p = 0.04) and
similarly had larger decreases in compressive strain between the cyclic and recovery time
points (r = 0.54, p = 0.04) (Figure 7B). More degenerate samples also experienced greater
changes in neutral zone mechanics. Low T relaxation times corresponded to greater
decreases in percent change of neutral zone modulus (r = 0.72, p = 0.002) and increases in
percent change of neutral zone strain (r = -0.70, p = 0.004) between the initial and cyclic
time points (Figure 7 C&D). These greater changes between the initial and cyclic time
points were matched by similar greater magnitudes of restoration towards initial values
between the cyclic and recovery time points.

Effects of Nucleotomy

Nucleotomy reduced disc height by 9% and caused a 29% increase in creep strain (Figure
8). Compression apparent modulus decreased 19, 15, and 9% at the Initial, Cyclic, and
Recovery time points, respectively (Figure 9A) and was accompanied by corresponding
increases in compressive strain of 38, 19, and 19% (Figure 9B). Nucleotomy decreased
neutral zone modulus by 16 and 13% (Figure 9C) at the initial and recovery time points, but
increased it by 31% at the cyclic loading condition. The procedure also caused increases in
neutral zone strain of 18, 11, and 15% at the three loading conditions (Figure 9D). These
findings indicate that nucleotomy induces hypermobility regardless of the disc’s hydration
state. Sample degeneration did not affect the changes caused by nucleotomy (p > 0.28).

Following nucleotomy, cyclic loading affected the compressive and neutral zone mechanical
properties in the same direction as the intact samples (e.g. compressive modulus increased
for both intact and nucleotomy samples), but change in magnitudes were different.
Specifically, after nucleotomy, cyclic loading increased compressive modulus by 7% and
compressive strain by 15%. Neutral zone modulus decreased by 25% and neutral zone strain
increased by 23%. For nucleotomy samples, all mechanical parameters returned to initial
values following a period of unloaded hydrated recovery (Figure 6 A-D).
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Interaction of Nucleotomy and Cyclic Loading

There was a significant interaction between nucleotomy and loading history for compression
modulus, compression strain, and neutral zone modulus. Nucleotomy increased the
magnitude of the percent increase in compression modulus caused by cyclic loading (Figure
2, step 3) from 3% for intact samples to 7% following nucleotomy (Figure 6A). However,
the procedure also reduced the percent change caused by cyclic loading in compression
strain from 33% for intact samples to 15% (Figure 6B) and percent change in neutral zone
modulus decreased from 52% for intact samples to 25% following nucleotomy (Figure 6C).
Nucleotomy also affected the trends caused by unloaded recovery (Figure 2, step 5).
Compressive modulus decreased by 12% following unloaded recovery for intact samples,
but was only 5% lower for nucleotomy samples. For intact samples, compressive strain
decreased by 12% following unloaded recovery, which increased to 13% for nucleotomy
samples. Unloaded recovery increased neutral zone modulus by 94% for intact samples, but
only 29% for nucleotomy samples.

Discussion

The first study objective was to determine the effects of physiological cyclic loading
followed by unloaded recovery on the mechanical response of human intervertebral discs.
We determined that human discs were less affected by cyclic loading than animal models in
previous studies and that cyclic loading affected neutral zone properties more than
compressive properties. The second objective was to examine how nucleotomy alters the
disc’s mechanical response to cyclic loading. We found that partial removal of the nucleus
pulposus decreases intervertebral disc modulus while increasing strain (range of motion),
which corresponds to hypermobility. Nucleotomy also mitigated cyclic loading effects on
mechanical properties, indicating altered fluid flow. This altered fluid flow may in turn
affect cellular mechanotransduction and transport of disc nutrients and waste.

In human discs, cyclic loading and hydrated recovery affected both compressive and neutral
zone properties. For example, cyclic loading increased compressive modulus by 3% while
recovery decreased it by 12% (Figure 6A). This is lower than the 15-33% changes seen in
bovine and ovine tests (Johannessen et al., 2004; Korecki et al., 2008). However, the lower
magnitudes were expected because the mechanical changes are due to redistribution of fluid
within the disc and human discs have a lower fluid content than the animal discs (Adams et
al., 1990; Johannessen et al., 2004).

Cyclic loading caused greater changes in neutral zone properties than compressive
properties (Figure 6). Cyclic loading effects on neutral zone properties have not previously
been reported; however, the role of the nucleus is more pronounced in the neutral zone than
at higher loads (Cannella et al., 2008). Given that cyclic loading causes fluid to be either
redistributed within or extruded from the disc and that the NP has higher water content than
the annulus (Antoniou et al., 1996; Johannessen et al., 2004), higher fluid flow from the
nucleus may explain why neutral zone properties were more affected by cyclic loading than
compressive properties.
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An intriguing result of the study is the limited role degeneration plays in affecting the disc’s
mechanical response to cyclic loading and hydrated recovery. Degeneration was correlated
with cyclic loading effects after nucleotomy (Figure 7), with more degenerate samples
experiencing greater increases in both compressive and neutral zone strain following cyclic
loading. However, degeneration was not correlated with the acute changes of nucleotomy or
effect of cyclic loading in intact discs. The more disorganized annular structure of the
degenerate samples likely permits greater redistribution of fluid than is possible for intact
samples, which was magnified by the nucleotomy incision (Haefeli et al., 2006; Michalek
and latridis, 2011). This finding has clinical relevance, indicating that nucleotomy causes
more hypermobility in extended physiological loading for degenerate discs than non-
degenerate discs.

The acute effects of nucleotomy were a loss of disc height, decrease in both compressive
and neutral zone modulus, and increase in compressive and neutral zone range of motion
(Figures 8&9). Decreased disc height and increased range of motion caused by nucleotomy
indicate that in order to compensate for the disc’s altered mechanical loading following
nucleus depressurization (via age-related proteoglycan loss, herniation, or discectomy) the
remaining annulus and surrounding spinal elements must resist more motion. This could
induce back pain by placing additional stresses on these innervated structures and advancing
the degenerative cascade. In addition, spinal motion of the treated and adjacent levels may
be altered if facet joints induce flexion moments within the disc. Also, the mechanical
changes of nucleotomy are similar to the mechanical changes of natural degeneration. Thus,
nucleotomy is a potential platform for evaluating mechanically based spinal treatments, such
nucleus pulposus replacement (Omlor et al., 2012; Ruan et al., 2010; Woiciechowsky et al.,
2012).

Our measured acute effects of nucleotomy are comparable to literature values. Specifically,
our measured disc height loss of 0.8 mm for 1.71 g of NP removed is comparable to a
reported height loss of 0.5 mm for 1.75 g removed (Wilke et al., 2001). Our observation that
nucleotomy initially causes a 0.35 mm increase in compressive range of motion is lower
than literature values of 0.6—-0.8 mm (Frei et al., 2001; O’Connell et al., 2011). However,
these studies also applied higher compressive loads, which may account for some of this
difference. In addition, the unique geometry of the L5-S1 disc relative to the other lumbar
levels used in the existing literature may further explain these differences. Our observed
20% decrease in compressive stiffness fits within the literature range of 3-50% decrease for
trans-annular nucleotomy studies. (Cannella et al., 2008; Markolf and Morris, 1974).
However, trans-endplate nucleotomy did not affect compressive stiffness (Johannessen et
al., 2006), which suggests decreased compressive stiffness caused by nucleotomy may be
more the result of the annular injury than the removal of the nucleus. This is corroborated by
existing literature that shows the annulus plays a significant role in supporting compressive
loads (latridis et al., 1998; Vresilovic et al., 2006).

It’s interesting that the NZ modulus at the cyclic time point is higher for the nucleotomy
sample than for the intact samples (Figure 9C). The higher modulus after nucleotomy may
be attributed to fluid flow through the annular nucleotomy incision. In intact samples, the
annulus serves as a barrier for fluid flow to and from the nucleus. The incision may increase
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permeability or create a fluid flow channel in the injury region (Michalek and latridis,

2011). As a result, following nucleotomy, PBS from the bath may more freely enter and exit
the disc. Thus, the neutral zone modulus of nucleotomy samples at the cyclic time point may
be higher than intact samples because there is more PBS within the nuclear region.

In addition to the acute effects of nucleotomy, we also found that nucleotomy reduced cyclic
loading effects. This is clearly seen in the reduction of percent change between cyclic and
recovery values for compressive modulus (12 to 5%) and neutral zone modulus (94 to 29%)
(Figure 6 A&C). Reduced effects of cyclic loading indicate altered fluid flow, which has
two significant ramifications. First, it alters the stresses and strains experienced by the disc’s
cells, potentially altering cellular mechanotransduction and subsequent protein synthesis
(Setton and Chen, 2004). This in turn, may alter the discs biochemical composition and
mechanical function (Baer et al., 2003). The second potential effect of altered fluid flow is
modified nutrient delivery and waste removal. The intervertebral disc is a largely avascular
tissue and, as a result, its cells are dependent on nutrient diffusion (Moore, 2000; Urban and
Roberts, 2003). Thus, any alterations to the delivery mechanism have the potential to create
wide-reaching effects.

The failure of compressive modulus and compressive strain to return to initial values for the
intact samples (Figure 6A&B) indicates a study limitation in that cyclic loading may have
caused some non recoverable damage to the annulus fibrosus. However, following annular
nucleotomy, the compressive properties at the initial and recovery hydration states are
identical. This suggests the damage caused to the intact samples is due to resisting fluid flow
through the annulus, because following nucleotomy fluid had a less obstructed pathway.
This potential annular damage was unexpected because it was not seen in previous ovine
studies with similar loads or in the preliminary studies for this work (Johannessen et al.,
2004; Malhotra et al., 2012). However, most of the human tissue used was moderately
degenerated, in contrast with the non-degenerated samples used in animal studies. This
initial degeneration may have caused the samples to be more susceptible to injury. In
contrast to compressive properties, cyclic loading effects in neutral zone properties were
completely recoverable following hydration.

This study has demonstrated that cyclic loading increases compressive modulus,
compressive strain, and neutral zone strain while decreasing neutral zone modulus. These
changes are the result of altered hydration levels caused by the cyclic loading protocol and
are similar to naturally occurring diurnal changes. Nucleotomy reduced disc height and
modulus while increasing range of motion. In addition to these acute changes, nucleotomy
also reduced the difference between mechanical properties before and after cyclic loading.
The observed changes in mechanical behavior induced by nucleotomy are similar to
naturally occurring degenerative changes. Results of this study provide an ideal protocol and
control data for evaluating the effectiveness of a mechanically-based disc degeneration
treatment, such as a nucleus replacement.
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Figure 1. Pfirrmann vs T2
T, relaxation times are strongly correlated to Pfirrmann scores (r = —0.76, p = 0.001) for the

human L5-S1 discs used in this study.
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Figure 2. Test Sequence
The mechanical testing procedure altered disc hydration. Discs are fully hydrated in a PBS

bath containing protease inhibitors (Steps 1 and 5), and have reduced hydration after cyclic
loading (Step 3). Mechanical parameters are measured after each change in hydration level
(Steps 2, 4, and 6).
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Figure 3. Creep Definition
The maximum position of single cycle decreases throughout the 10,000 cycles of

compressive loading. Creep is defined as the drop in maximum cycle displacement over
10,000 cycles, after which creep strain is calculated by dividing creep by initial disc height.
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Figure 4. Trilinear Fit
Mechanical parameters are found using a trilinear fit of force-displacement curve from 501"

cycle of the mechanical measurement steps (steps 2, 4, and 6 of the testing procedure). A.
Original data B. The minimum slope of a 5t order polynomial fit is located. C. Neutral zone
is fit through data at the point of minimum slope. Neutral zone stiffness is the slope of this
line. D. Tension (red circles) and compression (blue diamonds) loading curves are separated
from the data. Compression range of motion is the displacement between 0 and 0.48 MPa on
the compression loading curve. E. Tension and compression line fits through the maximum
80% of the respective loading curves. Compression stiffness is the slope of the compression
line. F. Lines are fit in the neutral zone regions of the tension and compression loading
curves. Neutral zone length is the displacement between the intersection of these lines with
either the tension and compression lines. All mechanical parameters are then normalized by
initial disc area and height.
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Figure 5. Force Displacement Curves
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Force displacement curves for a single sample over the course of the experiment. Cyclic
loading increased range of motion and decreased neutral zone modulus, which recovered
following hydration. Nucleotomy increased range of motion while decreasing stiffness and
the amount of change in mechanical parameters caused by cyclic loading.
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Figure 6. Effect of Cyclic Loading
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Disc mechanical properties are altered by cyclic loading (cyclic) and generally recover after
unloaded hydration (recovery). These changes mimic naturally occurring diurnal changes.
Nucleotomy reduced the hydration effects on mechanical properties. In particular,
nucleotomy reduced the percent change between the Initial and Cyclic hydration states for
compressive strain (B), neutral zone modulus (C), and neutral zone strain (D). *p < 0.05 vs.

initial, *p<0.05 vs. cyclic, # p<0.05 vs. intact.
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Figure 7. Effect of Degeneration on Cyclic Loading
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Impact of degeneration on the percent change of mechanical parameters caused by cyclic
loading in nucleotomy samples. More degenerate samples (Lower T, Relaxation Time)
experienced non-significant increases in compression modulus (A) and significant increases
in both compression and neutral zone strain (B&D) as a result of 10,000 cycles of
compressive loading, and proportional decreases following unloaded recovery. More
degenerate samples also experienced greater decreases in neutral zone modulus (C)
following cyclic compressive loading and corresponding greater recoveries following

unloaded recovery.
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Figure 8. Creep and Disc Height

Nucleotomy decreased disc height and increased creep strain.
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Figure 9. Effect of Nucleotomy
Nucleotomy decreased compression modulus (A), increased compressive strain (B),

decreased neutral zone modulus at the initial and recovery hydration states and increased
neutral zone modulus at the cyclic hydration state (C), and increased neutral zone strain (D).
These findings indicate that nucleotomy induces hypermobility regardless of the disc’s
hydration state. Solid = Intact, Checkered = Nucleotomy. *p < 0.05, #p < 0.1

J Biomech. Author manuscript; available in PMC 2015 August 22.



