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Abstract—Knowledge of the functional role of the nucleus pul-
posus is critical for the development and evaluation of disc treat-
ment strategies to restore mechanical function. While previous
motion segment studies have shown that nucleotomy alters disc
mechanics, disruption of the annulus fibrosus may have influenced
these experiments. The objective of this study was to determine
the mechanical role of the nucleus pulposus in support of ax-
ial loads via a trans-endplate nucleotomy procedure. Sheep mo-
tion segments were randomly assigned to three groups: control,
limited nucleotomy, and radical nucleotomy. Mechanical testing
consisted of 20 cycles of compression–tension, a 1-h creep, and
a slow constant-rate compressive ramp test. Nucleotomy led to
increased axial deformations, in particular an elongated neutral
zone, a greater range of motion, and altered creep behavior. In
general, the elastic properties exhibited a graded response with
respect to the amount of nucleus material removed. This graded
effect can be attributed to swelling of the nucleus pulposus in the
limited nucleotomy group, whereas little swelling was observed
in the radical group. The findings of the present study indicate
that functional evaluation of nucleus pulposus replacements and
disc implants should include range of motion measures (including
neutral zone) and viscoelastic creep experiments in addition to
considering compressive stiffness.

Keywords—Intervertebral disc, Spine, Mechanics, Degeneration,
Cyclic loading, Nucleus pulposus, Creep, Viscoelastic, Compres-
sion.

INTRODUCTION

Mechanical function of the intervertebral disc is main-
tained through the interaction between the gel-like nucleus
pulposus and the surrounding annulus fibrosus. The nu-
cleus pulposus has a large swelling pressure due to its high
proteoglycan content and the associated glycosaminogly-
can fixed charge density. Spine axial compressive loads
are partially supported by the nucleus pulposus,31,38 where
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deformation decreases the disc height, increases nucleus
pulposus pressure, and transfers loads radially to the annu-
lus fibrosus. Compressive loads are also supported directly
by the annulus fibrosus:17,18,50 axial compression induces
circumferential hoop tension, for which the fiber orientation
of the annulus is uniquely designed. Loss of proteoglycan in
the nucleus pulposus, a hallmark of disc degeneration, leads
to altered mechanical behaviors such as decreased swelling
pressure,22,45,52 decreased compressive modulus,22 and in-
creased shear modulus.20 These altered nucleus pulposus
mechanics may affect load sharing interactions between
the annulus and the nucleus and ultimately contribute to
progression of disc degeneration.51 In addition, disc treat-
ment strategies that aim to restore mechanical function
through nucleus pulposus prosthetics or tissue engineered
constructs2,4 need to be developed and evaluated with par-
ticular attention given to nucleus and annulus mechanical
interactions.

Cadaveric motion segment studies have shown that both
limited and radical nucleotomy procedures alter disc me-
chanics. These changes include decreased pressure, de-
creased disc height, increased deformation and flexibility,
and increased annulus bulging.6,15,21,29,42,46,49 However,
the mechanical differences between limited and radical nu-
cleotomy are not well established. Limited nucleotomy of a
healthy disc is followed by swelling and redistribution of re-
maining tissue, which may restore mechanical behavior.6,23

In contrast, radical nucleotomy precludes tissue redistribu-
tion, thus leaving a void in the center of the disc. It was
recently demonstrated that a limited nucleotomy acutely
altered stress relaxation behavior but not axial compres-
sive stiffness.23,24 However, subsequent cyclic loading and
unloaded recovery restored mechanical behavior to intact
values due to swelling and redistribution of the remaining
nucleus tissue. Previous studies suggest that increases in
disc deformations under load are related to the amount
of nucleus material removed,6,15 while others have shown
that depressurization, without large amounts of nucleus
pulposus removed, has minimal effect on radial bulge.49
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Interpreting the differences between limited and radical
nucleotomy is further complicated because most studies
are performed through an annulus fibrosus incision, which
has been shown to alter disc mechanics in the absence
of nucleus pulposus removal.3,7,39,49 Thus, despite years
of investigation, the role of the nucleus pulposus, and its
interaction with the annulus fibrosus, remains somewhat
elusive.

The objective of this study was to explore the mechanical
role of the nucleus pulposus in support of axial loads. This
was achieved by measuring the compression–tension and
creep behavior of cadaveric sheep motion segments after
limited or radical nucleotomy was performed through the
endplate, keeping the annulus fibrosus intact. Following
testing, magnetic resonance and optical images of the mo-
tion segment were obtained to examine disc structure. We
hypothesized that removal of the nucleus pulposus would
not alter the compressive or tensile stiffness. However, we
hypothesized that nucleotomy would result in increased
range of motion, neutral zone displacement, and creep de-
formation. We further hypothesized that the magnitude of
changes in the limited nucleotomy group would be interme-
diate between those of the control and radical nucleotomy
groups.

MATERIALS AND METHODS

Specimen Preparation

Lumbar spines were harvested from 12 skeletally mature
sheep spines. All musculature and soft tissue were dissected
and the facets and transverse processes were removed. Two
bone-disc-bone motion segments per spine (levels L1L2
and L4L5, n = 24) were made by making parallel cuts, nor-

mal to the axis of the spine, through the lumbar vertebrae.
Motion segments were potted in polymethyl methacrylate
bone cement while tissue hydration was maintained by cov-
ering specimens with saline-soaked gauze. Kirschner wires
were placed through the bone cement and the vertebral
bodies to increase the pull-out strength.

Samples were randomly divided into three groups: con-
trol (n = 8), limited nucleotomy (n = 8), and radical nu-
cleotomy (n = 8). The limited and radical nucleotomy were
achieved by making perforations (4.0 and 9.5 mm diameter,
respectively) parallel to the longitudinal axis of the spine,
through the superior vertebrae, endplate, and nucleus pul-
posus. A surgical curette was used to ensure that nucleus
pulposus tissue was adequately removed from the large per-
foration in the radical group; surgical tools were not used in
the limited nucleotomy group. The amount of nucleus pul-
posus removed by the limited and radical treatments was
determined by calculating the ratio of the cross-sectional
area of the perforation to the total area of the nucleus
pulposus—approximately 10% in the limited nucleotomy
group and 50% in the radical nucleotomy group. Calcula-
tions were performed using an average disc cross-sectional
area of 393 ± 94 mm2 and average nucleus pulposus area
of 138.5 ± 32.7 mm2. As shown in Fig. 1, the center of the
nucleus pulposus is located posterior to the disc center. In all
groups the annulus fibrosus remained structurally intact and
this was confirmed following testing by imaging specimens
either with MRI or photographs of sagittal bisections.

Mechanical Testing

Following sample preparation and nucleotomy, all sam-
ples were hydrated in a refrigerated 4◦C phosphate buffered
saline solution for 18 h prior to testing, effectively

FIGURE 1. Axial cross-sections from representative (A) control, (B) limited nucleotomy, and (C) radical nucleotomy discs. “X”
indicates the centroid of the whole disc and “O” indicates the centroid of the nucleus pulposus. The nucleus pulposus is located
posterior to the center of the disc.
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FIGURE 2. Mechanical testing protocol used to measure
motion segment mechanics. Twenty cycles of compression–
tension were followed by a 1-h creep and a 1 N/s ramp. Note.
Time axis not to scale.

allowing any remaining nucleus pulposus to swell. The
samples were placed in fixtures designed for axial compres-
sion and tension loading. Mechanical testing was conducted
in a room temperature phosphate buffered saline bath using
an Instron 8874 servohydraulic test frame. The testing pro-
tocol (Fig. 2) consisted of 20 sinusoidal cycles from −400
N compression to 300 N tension at 1 Hz. Cyclic loading was
followed by a creep test consisting of a second step load
from 0 N to −200 N compression and a 1 h hold, followed
by a slow 1 N/s constant-rate compressive ramp test from
0 N to −200 N. The maximum cyclic compressive load
of −400 N was chosen to represent approximately twice
human body weight, scaled for differences in the cross-
sectional area of the human and ovine intervertebral discs.
According to data compiled by Elliott and Sarver,10 aver-
age cross-sectional area of the human intervertebral disc is

approximately 1560 mm2 and the average cross-sectional
area of the ovine discs used in this study was 393 mm2.
Thus 400 N applied to the sheep disc corresponds to 1560
N in the human, or approximately twice body weight.

Data Analysis

The first 19 cycles of compression–tension loading were
used as preconditioning to eliminate super-hydration.1 The
20th cycle of loading was chosen for data analysis based on
previous work in the literature indicating that, in rodent mo-
tion segments, a minimum of 10–15 preconditioning cycles
is necessary to produce a repeatable force displacement hys-
teresis response.10 Experimental findings from the present
study indicate that 20 cycles of preconditioning were neces-
sary to approach a steady state peak displacement (Fig. 3).
Cyclic compression–tension data were analyzed as follows
(Fig. 4): cyclic compressive stiffness (Scomp) and cyclic ten-
sile stiffness (Stens) were calculated by a linear regression of
the load-displacement data between −300 and −400 N for
compression and between 200 and 300 N for tension. Neu-
tral zone length was determined as follows:44 a third-order
polynomial equation was fit to the compression–tension
load-displacement data and the derivative of the equation
taken. The displacement at which the minimum derivative
occurred was defined as the inflection between compression
and tension. A line, having a slope equal to the derivative of
the polynomial model, was extended through the inflection
point and extrapolated to intercept with the compressive
and tensile stiffness lines. The axial displacement between
the compressive and the tensile intercepts with this line
was taken as the neutral zone (NZ) displacement. Range of
motion (ROM) was directly measured as the total peak-to-
peak displacement. The constant-rate slow ramp compres-
sive stiffness (Sslow) was calculated by a linear regression
of the slow ramp load-displacement response.

FIGURE 3. Representative cyclic load-displacement data indicating that steady state is achieved in 20 cycles.



690 JOHANNESSEN et al.

FIGURE 4. Representative force-displacement data (points)
with corresponding curve fits. Scom and Sten represent the
stiffness in the compression and tension zone, respectively,
from a linear regression. The neutral zone is calculated from a
polynomial fit of all data, determining the inflection point from
the minimum derivative, and intersecting a line of this slope
with the compression and tension curves.

Creep data were analyzed as follows: step displacement
was defined as the change in displacement during the 1-s
applied step load. Creep displacement (d) was defined as the
change in displacement following the step load during the 1-
h hold. The creep displacement divided by the applied load
(L0 = 200 N) was curve fit (Graphpad Prism 4.0) as, d(t)

L0
=

1
S1

(1 − e−t S1/η1 ) + 1
S2

(1 − e−t S2/η2 ), where S1 and S2 are the
elastic damping coefficients (N/mm) and η1 and η2 are the
viscous damping coefficients (Ns/mm) for a four-parameter
rheological model.29 Note that the time constant, τ , can
easily be calculated as τ i = ηi/Si. The creep displacement
rate (d′) was calculated from the derivative of the creep
displacement as d′(t)

L0
= 1

η1
e−t S1/η1 + 1

η2
e−t S2/η2 .

Statistical comparisons were performed using a one-way
ANOVA (significance set at p < 0.05) with Dunnett’s post
hoc test for multiple comparisons.

Imaging

To qualitatively evaluate potential structural differences
between the limited and the radical nucleotomy group, mag-

netic resonance images (MRI) of intact discs and optical
images of sagittally sectioned discs were acquired. Three
randomly selected discs from each treatment group were
imaged in a standard clinical MR scanner (Signa 1.5 T,
Nilwaukee, WI) using a custom surface coil. Axial and
sagittal plane images were acquired using a gradient echo
pulse sequence (TR/TE = 100/3.7 ms, 2 mm slice thick-
ness). The images were evaluated for distribution of nu-
cleus pulposus. The samples were then partially frozen and
bisected sagittally through the denucleated location using
a diamond-bladed band saw. Before thawing, the bisected
motion segments were held in a custom fixture, with a plexi-
glass face to maintain the disc structure and limit swelling.35

Anterior–posterior images were captured (Canon Power-
shot Pro90 IS) and qualitatively evaluated for the distribu-
tion of nucleus pulposus. Finally, two samples from each
treatment group were sectioned in the mid-axial plane using
a microtome blade. The motion segments were kept semi-
frozen to prevent swelling. Images in the axial plane were
acquired with a calibrated scale such that whole disc cross-
sectional area and nucleus pulposus cross-sectional area
could be calculated.40

RESULTS

Treated samples exhibited an elongated load-
displacement response (Fig. 5) where the control motion
segments had a much smaller neutral zone displacement
that became increasingly larger in the limited and radical
nucleotomy groups. The effect of nucleotomy on the biome-
chanical behavior of the disc was, in general, a graded
response with respect to the amount of nucleus pulposus
tissue removed—limited nucleotomy produced effects that
were intermediate between the control and the radical nu-
cleotomy groups (Fig. 6). The total range of motion (ROM)
was 0.67 ± 0.23 mm for control, 1.06 ± 0.38 mm for
limited nucleotomy (not significant), and 1.14 ± 0.34 mm
(70% greater than control, p < 0.05) for radical nucleotomy
[Fig. (6A)]. Neutral zone length was 0.22 ± 0.20 mm
for control, 0.40 ± 0.28 mm for limited nucleotomy (not

FIGURE 5. Representative force-displacement curves from 20th cycle of compression–tension loading for each treatment group.
The control motion segments had a much smaller neutral zone displacement that became increasingly larger in the limited and
radical nucleotomy groups.
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FIGURE 6. Mean and standard deviations for range of motion
and neutral zone (A), compression and tensile stiffness (B),
and viscous damping coefficients, η1 and η2 (C). ∗denotes a
significant difference compared to the control.

significant), and 0.55 ± 0.18 mm for radical nucleotomy
(150% greater than control, p < 0.05) [Fig. (6A)].

In contrast to the deformation results described above,
nucleotomy did not significantly affect the cyclic com-
pressive or tensile stiffness at 1.0 Hz [Fig. (6B)]. Cyclic
compressive stiffness, Scomp, for control samples was 2418
N/mm and was not different at 2272 and 2127 N/mm for
limited and radical nucleotomy, respectively. Cyclic tensile
stiffness, Stens, for control samples was 724 N/mm and was
not different at 823 and 697 N/mm for limited and radical

FIGURE 7. Slow ramp load-displacement response.

nucleotomy, respectively. In contrast, the slow constant-rate
compressive ramp stiffness, Sslow (Fig. 7), was significantly
decreased with nucleotomy treatment. The Sslow for control
samples was 1960 ± 285 N/mm, 1846 ± 388 N/mm in
the limited nucleotomy group, and only 1470 ± 403 N/mm
(25% less than control, p < 0.05) in the radical nucleotomy
group.

The viscoelastic creep behavior was well described
by the four-parameter exponential model (Fig. 8, average
R2 > 0.99 for all fits). Plots of creep displacement and
creep rate, generated from average curve fit parameters
from each treatment group, are shown in Fig. 9. The ini-
tial step displacement is subtracted from the figures so
that the viscoelastic creep response could be better ob-
served. The step displacement followed a graded response
with a significantly larger step displacement for the radical

FIGURE 8. Representative 1-h creep experimental data (points)
and corresponding four-parameter viscoelastic curve fit (solid
line).
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FIGURE 9. Creep (top) and creep rate (bottom) plotted from
mean curve-fit parameters.

nucleotomy group (Table 1). Similarly, the radical nu-
cleotomy group exhibited a larger total creep deformation
(Fig. 9 top, Table 1) and exhibited a more rapid creep rate
early in the test (Fig. 9 bottom). The parameters, S1 and
η1, reflecting the early creep response were significantly
different in both the limited and the radical groups: η1

in the limited nucleotomy group was 38% of control and
32% of control in the radical nucleotomy group (p < 0.05)
[Fig. (6C)]; S1 decreased significantly in both limited and
radical nucleotomy groups (p < 0.05, Table 1). Parameters
reflecting the late creep response, S2 and η2, showed fewer
differences. η2 was significantly different from control in
the radical group; S2 was not significantly different from
control in either treatment group (Table 1).

Magnetic resonance images show that the remaining tis-
sue in the limited nucleotomy discs swelled to fill the void

created by treatment (Fig. 10), whereas the remaining nu-
cleus pulposus tissue in the radical nucleotomy group did
not. MR results were confirmed by optical images taken
from sagittally bisected discs (Fig. 10) and by manual
palpation of the remaining nucleus pulposus in the lim-
ited nucleotomy group. Swelling of the remaining nucleus
pulposus tissue was not evident in the radical nucleotomy
group.

DISCUSSION

In this study, we found that trans-endplate nucleotomy
did not alter cyclic compressive or tensile stiffness at 1.0 Hz,
a finding that is consistent with previous studies.24,32,49,53

However, axial deformation and creep behavior were sig-
nificantly affected by both limited and radical nucleotomy
treatments. In particular, nucleotomy led to an increase in
the low load neutral zone region, as demonstrated by neutral
zone length and total range of motion. We showed that, in
general, the effect of limited nucleotomy was intermedi-
ate between intact and radical nucleotomy. This “graded”
effect (Figs. 6 and 9) can be attributed to swelling and
redistribution of the remaining nucleus pulposus tissue to
fill the void created by nucleotomy, as observed on MR and
optical images. Although the nucleus pulposus may have
been depressurized by the nucleotomy, it is likely that the
remaining tissue continued to maintain an osmotic pressure
that was balanced by the constraints of the collagen fiber
network.

Findings from this study provide insight into the mech-
anisms for load support and load sharing between the nu-
cleus pulposus and annulus fibrosus. Based on our obser-
vations that cyclic tensile and compressive stiffness do not
change with nucleotomy, it seems that at high loads (after
the neutral zone) and relatively high frequencies (1.0 Hz
and above) compressive loads are primarily supported by
the annulus fibrosus. It has been shown that direct axial
compression places the annulus into circumferential hoop
tension,17,18,31,50 a loading condition for which the collagen
fiber reinforcement of the annulus is uniquely suited.9,11

Axial support may be further provided by fluid pressure
within the annulus itself, though at fast loading rates this
pressure may not be dissipated by fluid flow out of the an-
nulus, providing a possible explanation for the difference

TABLE 1. Mean (standard deviation) results from creep experiments and curve-fitting.

Step
displacement (mm)

Creep
displacement (mm) S1 (N/mm)

η1 × 105

(Ns/mm) S2 (N/mm)
η2 × 105

(Ns/mm)

Control 0.14 (0.05) 0.27 (0.14) 5711 (1854) 5.92 (2.32) 890 (361) 19.7 (8.1)
Limited 0.23 (0.109) 0.28 (0.08) 3173 (2081)∗ 2.30 (2.19)∗ 845 (284) 13.8 (3.7)
Radical 0.32 (0.16)∗ 0.39 (0.05)∗ 1663 (795)∗ 1.87 (1.43)∗ 613 (106) 10.0 (3.0)∗

Note. τ (sec) = η/S.
∗Significantly different from control groups (p < 0.05).
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FIGURE 10. Sagittal MR images and corresponding photographs of bisected motion segments shown for control (top), limited
nucleotomy (middle), and radical nucleotomy (bottom).

observed between cyclic stiffness (not significant) and slow
ramp compressive stiffness (decreased with nucleotomy).

At low loads (within the neutral zone) and low frequen-
cies (1 N/s slow ramp and creep) the nucleus pulposus plays
a more significant role in disc function, as demonstrated by
our findings of increased neutral zone length, decreased
slow ramp stiffness, and altered viscoelastic creep param-
eters. In the low load regime, it is thought that the nucleus
pulposus acts to dissipate energy and prevent excessive
axial deformations as the nucleus pulposus transfers loads
to the annulus fibrosus. These loads are resisted by ten-
sion in the collagen fibers with relatively small radial and
axial deformations.31,50 However, when nucleus pulposus
function is compromised (i.e. due to loss of proteogly-
can or by nucleotomy), larger radial and axial deformation
may occur before the annulus fibers become engaged and
loaded.6,33,50 Because hypermobility and excessive neu-
tral zone deformation are key mechanical features of de-
generation,36,41,43 the internal load and deformation inter-
actions between the nucleus and the annulus fibrosus are
important and further study is needed to investigate these
interactions.34,47

The viscoelastic creep response was faster and larger
following nucleotomy, consistent with previous in vivo and
in vitro animal studies.5,13,21,27–29 As reflected in Fig. 9,
nucleotomy primarily altered the early creep response: nu-
cleotomy resulted in significant decreases in the early elas-
tic and viscous damping coefficients, S1 and η1, but fewer
changes in S2 and η2. Thus, the nucleus may play a greater
role in the early creep response, whereas the late creep
response may be determined more by the annulus fibrosus.
It is possible that the creep changes were due to the end-
plate perforation itself, rather than due to the changes in the
material properties and permeability of the nucleus tissue.
However, if this were the case—we would expect to see
similar differences in both the limited and radical groups
rather than the graded response that we found in the present
study.

The mechanical and structural changes that occur with
nucleotomy (e.g. increased neutral zone deformation, in-
creased deformation under load, decreased disc height)
are similar to changes that occur in early degenera-
tion.6,15,21,29,42,46,49 It is widely accepted that a loss of
nucleus pulposus pressure may accelerate disc degeneration
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as a result of greater stresses and strains on the annulus fi-
brosus and cartilaginous endplates.16,21,46,51 Whether these
changes occur by interventions or by normal aging, it is
thought that degeneration progresses through two poten-
tial (and overlapping) pathways: direct mechanical damage
(by cyclic fatigue, increased shear stresses, delamination,
and others)14,19,37 and cellular remodeling.48,51 Cadaveric
studies of cyclic fatigue loading provide a model system to
separate these two pathways.25,30

Nucleus pulposus implants and tissue engineered con-
structs are currently in development to restore mechanical
function following clinical nucleotomy, herniation, or in
degenerative disc disease.2,4,8,26 Such treatments require
evaluation of mechanical function within the nucleus func-
tional loading regime (neutral zone, ROM, creep). For ex-
ample, human cadaver studies have shown that insertion of
a prosthetic nucleus pulposus device restores the range of
motion, neutral zone length, and disc height to near normal
levels.12,26,54 These studies performed the elastic mechan-
ical tests necessary to evaluate the function of a nucleus
treatment. The findings of the present study indicate that
while evaluations should continue to focus on the neutral
zone and range of motion, they should also include the
viscoelastic creep response. A compressive ramp test is not
sufficient to accurately characterize the mechanical behav-
ior of the motion segment. Even after radical nucleotomy,
discs exhibited no change in cyclic compressive stiffness.
Furthermore, the expediency of this experimental protocol
may offer appropriate methods of in vitro testing of pro-
totypic nucleus pulposus implants and tissue engineered
constructs.

While the effects of nucleotomy on disc behavior were
shown, the authors acknowledge limitations in this study.
The nucleotomy was performed blindly through the supe-
rior vertebral body. Without visual guidance, it was difficult
to gauge the location of the perforation. The optical and MR
images, however, indicate that the annulus fibrosus was un-
harmed by the procedure and that the perforations were
confined to the nucleus pulposus. The procedure necessar-
ily disrupted the vertebral body and endplate but kept the
annulus fibrosus structurally intact. Previous nucleotomy
studies have used an incision through the annulus fibrosus,
which itself alters disc mechanics.3,7,39,49 For the trans-
endplate nucleotomy procedure used here, we contend that
the axial motion segment mechanics were unaffected by the
partial vertebral body removal because the stiffness of the
ovine vertebra is orders of magnitude greater than the disc.
Though a sham treatment group could potentially provide
additional information about the effects of endplate perfora-
tion alone, in light of the results from the present study it is
unlikely that there would be a statistically discernible sham
treatment effect. Because the sham treatment would be even
less disruptive than the limited nucleotomy, we would not
expect the sham treatment to produce significantly different
results from control. This is confirmed by our findings for no

change in compression or tensile stiffness with nucleotomy,
the graded response with nucleus removal, and the overall
lack of statistically significant changes in the limited nu-
cleotomy group. Still, the endplate perforation may have
affected the creep behaviors and a separate control group
with only a perforation (with no nucleus removal) would
be required to address this. We acknowledge that the trans-
endplate model does not presently represent a clinically
viable surgical approach; however, the model provides a
platform to study the mechanical effects of nucleotomy
without an annulus fibrosus incision. A second limitation is
the use of pure axial compression–tension loading. While
simple axial tension is not physiologic, portions of the disc
experience tensile loads during bending and torsion. Such
loading was necessary to obtain the critical neutral zone be-
haviors which cannot be measured using pure compression,
and the findings of the present study will likely translate to
other loading regimes.

In summary, this study demonstrated that nucleotomy
does not significantly affect cyclic axial stiffness of the
disc at 1.0 Hz, however, we did observe increased range
of motion, and in particular increased neutral zone length.
Moreover, nucleotomy significantly altered the viscoelas-
tic creep behavior and slow ramp compressive stiffness.
These results are important toward understanding the load-
ing mechanisms within the disc and the potential role of al-
tered nucleus pulpous function in the degenerative cascade.
Loss of nucleus pulposus function could lead to greater
neutral zone deformation, subjecting the annulus fibrosus
to increased stresses and strains. This may be key to under-
standing the progression of intervertebral disc degeneration.
Further, our results suggest that functional evaluation of nu-
cleus pulposus replacements and engineered disc constructs
must focus on neutral zone and viscoelastic creep behaviors
in addition to stiffness.
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