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Introduction
Acute injury to the annulus fibrosus (AF) has been implicated in the initiation of
intervertebral disc (IVD) degeneration. Both biological [1-3] and mechanical [4-8]
consequences result from these injuries. Despite the extensive use of animal models in the
study of mechanical changes following acute AF injury, as recently reviewed [9], a complete
picture of how injury affects a large animal IVD under multiple modes of loading is lacking.
An additional aspect missing from the literature is the measurement of force coupling
behavior. For example, axial compression or torsion of a symmetric disc should result in no
bending moments, yet an injury to one side of the disc is expected to affect stiffness
asymmetrically inducing a bending moment under compression, which may in turn
compromise the stability of the spinal column. The extent to which this effect occurs as a
result of acute AF injury is currently unknown.

In addition to studying the consequences of acute injury, large animal models are useful for
investigating disc repair techniques both in vitro and in vivo [10-13]. A key challenge in
developing strategies to replace the nucleus pulposus (NP) of a degenerated or herniated disc
with either an artificial or tissue engineered construct is maintaining the integrity of the AF.

In addition to compromising fiber integrity it has been proposed that annular injury also
results in an altered fluid flow behavior under load. This effect has thus far been inferred
from experimental loading data either through comparison with permeability models [14,
15] or through comparison of loading modes expected to induce differing amounts of
pressurization[16]. Direct pressurization experiments through a discomanometer showed
decreased injection rupture pressure with increasing needle size, but did not address large
annular tears [17]. In small animal models, the mechanical and biological effects of a
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puncture injury were highly dependent on whether or not the injury fully penetrated the AF
[18]. It is currently unknown whether annular tears, in addition to compromising fiber
integrity, directly result in altered fluid flow in the absence of loading.

This is a comprehensive study that aims to quantify the mechanical consequences of
multiple injury types on multiple mechanical parameters using multiple degree of freedom
testing in a single large animal model. We hypothesize that mechanical changes will be
sensitive to size, location, and orientation of the injury. Furthermore, large annular injuries
are expected to result in altered coupling between compressive, torsional, and bending
mechanics, which are indicative of compromised spinal column stability. We further
hypothesize that large annular injuries result in altered fluid flow behaviors under step
pressurization by way of both altered radial bulging and increased effective permeability.
These hypotheses were tested by subjecting bovine caudal IVDs to a sequential injury
protocol and measuring mechanical parameters in four degrees of freedom: axial
compression, axial torsion, flexion-extension, and lateral bending, as well as NP fluid
pressurization before and after injury.

Methods
Specimen Preparation

Specimens were obtained from levels c2-3 through c5-6 of tails from skeletally mature
steers obtained from a local abattoir. Following the removal of all surrounding muscle and
ligaments, each vertebrae was sawn through its mid plane yielding motion segments
consisting of two hemi-vertebrae and a disc. Wood screws were placed into the hemi-
vertebrae, and they were then potted in PMMA (Schein Dental). The specimens were then
wrapped in saline soaked tissue paper, placed in plastic bags, and frozen at -20°C until
testing.

Testing - Mechanical
Mechanical testing of the bovine motion segments was carried out using a custom built
hexapod testing robot [19]. The protocol began with a 30 minute preload with 80N of
compressive force, which corresponded to 0.2±0.05MPa stress, previously reported to be in
the range of resting compressive stress for animal tails [20]. The following displacement/
rotation controlled test was then performed four times; axial compression at ±0.3mm, axial
torsion at ±2°, flexion-extension at ±2°, and lateral bending at ±2°. All tests were sinusoidal
with ten cycles at 0.1Hz, the tenth cycle of which was used for analysis. The specimens were
returned to 80N of axial compression between each step. Each motion segment was
randomly assigned to one of three groups. Group A (n=4) served as a control, with no
interventions during testing. Groups B and C (n=5) were subjected to injury, starting with a
21G needle puncture to a depth of 10mm on the anterior side of the disc at mid height
between the first and second repetitions of the test protocol. Group B was subjected to a
vertical incision to the lateral side of the disc between the second and third tests and a
horizontal incision to the anterior side at the distal vertebral rim between the third and fourth
tests. Group C was subjected to a horizontal incision between the second and third tests
followed by a vertical incision between the third and fourth tests. All incisions were
performed using a #22 scalpel blade inserted to a depth of 10mm. The positions of these
injuries relative to the applied forces, displacements, and rotations are detailed in Figure 1.
Throughout the protocol, the discs remained loosely wrapped with saline soaked tissue paper
in order to maintain hydration.
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Testing - Fluid
Fluid pressurization behavior was measured using a custom built, trans-endplate saline
pressurization instrument, similar to one previously used to measure high pressure disc
failure mechanisms [21]. The instrument (Figure 2) consisted of a canulated stainless steel
lag screw, which was inserted into a predrilled hole through the PMMA potting material and
proximal vertebrae. The screw was attached via a compression fitting to pipes branching off
to a pressure transducer (Omega PX302-1KGV) and syringe. Once the system was filled
with saline, the syringe was compressed by hand until the pressure reached approximately
0.5MPa, as indicated by a calibrated panel meter. A check valve prevented saline from
flowing back into the syringe. The fluid pressure in the disc was then allowed to equilibrate
for thirty minutes. This procedure was repeated four times. The first trial served as a pre-
conditioning and hydration step, and the second step was considered a baseline test. For
injured specimens (n=5), the third and fourth steps followed puncture with a 21G needle and
an axial incision with a #22 scalpel blade. Control specimens (n=5) were compressed four
times in series with no intervention. As with the mechanical tests, hydration was maintained
by keeping the discs wrapped in saline soaked tissue paper throughout the duration of the
test. In order to keep fluid flow effects separated from solid matrix creep effects, the motion
segments were constrained axially during testing.

Data Analysis
Force and displacement data from the mechanical tests were analyzed using a custom
written Matlab code. In order to reduce noise, compressive force was fit by F(t) = F0 sin(ωt
+ δ)β. Torques resulting from torsional and bending rotations were represented by T(t) = T0
sin(ωt + δ). Representative force-displacement and torque-rotation traces for an injured
specimen are shown in Figure 3. Force and torque amplitudes were divided by displacement
and rotation amplitudes to yield reduced stiffness matrices with axial compressive, axial
torsion, flexion-extension, and lateral bending terms on the diagonals, as well as off-
diagonal coupling terms. An estimate of motion segment viscosity was produced by
calculating the difference in phase angle, δ, between each applied displacement or rotation
and the resultant forces and torques. In order to account for interspecimen variability, all
stiffness and phase angle values were normalized to those obtained during the baseline
mechanical test for each specimen.

In addition to stiffness and phase angle calculations, change in disc height was recorded
continuously throughout the test. An additional Matlab code was used to manually digitize
disc height before and after scalpel injury (Figure 4).

Pressurization data were analyzed using an additional Matlab code, which fit the following
four parameter model to the recorded time dependent fluid pressure, P(t).

In this function, P0 is peak ramp pressure, S1 and S2 are short and long time scale pressure
drops, and T1 and T2 are short and long time constants. Curve fit parameters from the post-
puncture and post-incision ramps were normalized those from the baseline ramp in order to
account for interspecimen variability.
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Statistics
Normalized mechanical test parameters (stiffness and phase angle) were analyzed using a
two way anova to measure the effects of test type (control, vertical incision first, or rim
incision first) and test step. Un-paired t-tests, with Welch’s correction for unequal variance,
were used as a post-hoc test to compare stiffness, phase angle, and height loss between
injured and control groups. Two way anova was also used to analyze the effects of test type
(control or injured) and test step on normalized curve fit parameters from the pressurization
test. Un-paired t-tests, with Welch’s correction for unequal variance, were used as a post-
hoc test to compare control and injured groups at each step.

Results
Mechanical Test

Absolute stiffness and phase values pooled from the baseline tests of all specimens (n=14)
are shown in Table 1. The two way anova showed no significant effects of test type, test
step, or interaction on any stiffness or phase angle parameter (p>0.1). Differences between
injured and control groups were insignificant (p>0.1) for all parameters except stiffness and
phase under axial torsion, with stiffness being reduced incrementally by each incision and
phase angle being reduced following both incisions (Figure 5). In the intact state, there was a
marginally significant (p=0.052) difference in bending stiffnesses, being an average of 1.6
times higher in lateral bending than flexion-extension.

All injuries resulted in an instantaneous increase in height upon instrument (needle or
scalpel) insertion followed by an instantaneous loss upon removal (Figure 6a). The
instantaneous height loss was significantly higher for both vertical and rim incisions than for
needle puncture, with vertical incisions resulting in slightly more height loss than rim
incisions. Total height loss over the course of the experiment for specimens in both injury
groups was significantly greater than control beginning with the first scalpel incision (Figure
6b).

Pressurization Test
The fluid de-pressurization test showed large interspecimen variability, with S1, T1, S2, and
T2, having mean baseline values ±SD of 0.31±0.23MPa, 40±75s, 0.11±0.073MPa, and
2900±3400s, respectively. The baseline values were thus used to normalize subsequent
measurements for comparison. Average normalized parameter values from Equation 1 are
shown in Table 2. While the anova indicated a significant effect of test type (control or
injured) on long time constant (T2), the t-tests did not show significance at any step. There
was no apparent difference in pressure drop terms, S1 and S2, between injured and control
specimens. Needle puncture had no effect on either time constant, while scalpel incision
increased the short time constant, T1, and decreased the long time constant, T2, relative to
control. Normalized curve fits, showing the effects of these changes in time constants are
given in Figure 7.

Discussion
This study quantified the effects of acute annular injury in multiple degrees of freedom of
bovine caudal IVDs in order to provide a comprehensive evaluation of the effects of injury
on IVDs. This study also provided the most comprehensive picture to date of biomechanical
behaviors of intact bovine caudal motion segment, which are an animal model of increasing
relevance due to their availability, large size, fibrous NP, and utility in many organ culture
models. The key findings of this study were that disc height and torsional stiffness were the
most sensitive properties to annular injury. Instantaneous height loss is likely related to the
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release of residual circumferential strain in the AF [22]. Annular incision also resulted in
slower short time scale and faster long time scale draining following NP fluid pressurization.
Mechanical testing showed that vertically oriented incisions at the disc mid plane decreased
torsional stiffness by a larger amount than horizontally oriented incisions at the vertebral
rim, which can be explained by the annular fiber helical angle being less than 90° from
circumferential causing a vertical incision to sever a larger percentage of the total number of
annular fibers than a rim incision of the same size. This is consistent with previous findings
at the tissue level showing a decrease in tensile stiffness proportional to the extent of fiber
breakage [23].

These measurements provide important context for the development of IVD injury models
and evaluation of repair techniques. A major barrier to the implementation of engineered
tissue repair strategies, such as NP replacement, is the required incision of the AF and its
subsequent repair. As expected from the strong relationship between torsional stiffness and
intact AF fibers, our findings show that torsional loading under resting compression is most
sensitive to AF integrity. Restoration of baseline motion segment torsional stiffness is thus
likely to be the most sensitive benchmark for in vitro tests of AF repair methods. The results
of this study also show that disc height loss occurs acutely, as well as progressively,
following AF incision, suggesting that proper closure of incision sites may maintain disc
height in both the short and long term.

While prior studies have found both increases and decreases in bending stiffness following
injury [4, 5, 24, 25] these properties were the least sensitive to injury in the present study.
Compressive stiffness has likewise been shown to be either insensitive to [7, 26, 27] or
diminished by [16, 28, 29] annular injury. This apparent contradiction is most likely the
result of the nonlinearity of the disc tissue’s compressive stiffness and differences in
biomechanical testing protocols. Since the injured discs lost more height than control under
physiological resting compressive stress, the un-injured portions of the disc became stiffer in
compression countering any potential loss of overall compressive stiffness due to loss of
pressurization or structural disruption. This is consistent with previous findings of increased
motion segment stiffness with increased axial compressive strain [30]. The lack of an
observed increase in bending moments under axial compression in injured disc in the current
study further suggests that the fibrous NP of large discs supports a significant compressive
load. This supports previous findings that catastrophic AF failure (prolapse) requires both
fissuring of the AF and fragmentation of the NP [31]. Taken together, it seems clear that
retaining IVD height during stiffness testing will result in loss of IVD axial and/or bending
stiffness behaviors, yet with a controlled axial force during biomechanical testing (or
follower load), a loss of IVD height and torsional stiffness become the more sensitive
biomechanical parameters,

It is interesting to note that the mean stiffness values for lateral bending are more than one
and a half times higher than those for flexion-extension (Table 1). This is contrary to the
common assumption that due to their nearly cylindrical shape, bovine IVDs are
axisymmetric. The discs used in this study had an average anterior-posterior:lateral aspect
ratio of 0.957±0.117, which is comparable to the value of 0.962 reported previously [32].
There does, however, appear to be distinct differences in AF lamellar thickness between the
anterior, posterior, and lateral sides of the disc which are likely to contribute to these
functional differences (Figure 8). While caudal IVDs are substantially more axisymmetric
than IVD from other levels, findings indicate that maintaining orientation is important
during motion segment testing and may also be useful for minimizing variance while
sampling tissue for other measurements.

Michalek and Iatridis Page 5

Spine J. Author manuscript; available in PMC 2013 May 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The NP pressurization test was not sensitive to small injuries, yet it suggested that large
disruptions do alter fluid flow pathways. The increase in short time constant and decrease in
long time constant is consistent with prior findings [33], which suggest that short time scale
behavior is governed mostly by annulus bulging, with fluid flow influencing longer time
scales. This paints a picture of an injured disc which bulges more readily under compression
(due to diminished annular integrity), then drains more quickly (as a result of reduced
effective permeability). The lack of difference in pressure drop parameters between control
and injured discs is consistent with the hypothesis that resting pressure in the NP results only
from proteoglycan density [34]. Hydrostatic pressurization and fluid transport patterns were
influenced by AF injury due to altered boundary conditions in rat caudal IVDs following
needle puncture [15, 16]. The lack of clearly observable alterations in pressurization
following injury in the current study suggests that fluid transport patterns in the more fibrous
bovine IVD are governed more strongly by tissue material behaviors.

The use of bovine rather than human IVDs was chosen in this study for several reasons.
Primarily, the IVDs used in this study came from a population which was relatively
homogenous in both genetic makeup and age. This reduced the chances of the effects of
artificially induced injuries being confounded by existing fissures or other degeneration
patterns as would be found in human IVDs. Additionally, animal models are an important
tool in developing disc repair techniques and thorough characterization of their response to
injury is essential for success, and bovine caudal IVDs are of growing relevance in the spine
field. It should, however, be noted that mature bovine discs are most structurally similar to
human discs with a Thompson grade of 2 [35], and that how structural contributions of the
NP and AF are changed by injury in more degenerated discs remains an important area of
future study.

Conclusions
Penetrating annular injuries lead to changes in intervertebral disc mechanics and present
specific challenges to repair. While small injuries have been shown to affect tissue integrity
at the small scale both biologically [36] and mechanically [37], whole motion segment tests
were not sensitive enough to detect these acute defects except for small alterations in IVD
height. Larger annular defects, arising from naturally occurring fissures or incisions,
predominantly affect disc height under resting compressive load, torsional stiffness, and
relaxation following NP pressurization. The complex interplay between disc height loss,
tissue compressive nonlinearity, and motion segment stiffness in modes of loading which
induce significant compression (axial compression, bending, and flexion-extension) needs to
be carefully considered in developing test protocols to measure both the effects of annular
injury and the efficacy of repair methods.
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Figure 1.
Schematic of multiple degree of freedom motion segment test showing modes of loading
and injury types. A 21G needle Puncture to a depth of 10mm was always performed first
followed by Vertical Incision and Rim Incision with #22 scalpel blade inserted to 10 mm
(Group B) or vice versa (Group C).
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Figure 2.
Schematic of disc fluid pressurization apparatus consisting of a canulated stainless steel lag
screw, which was inserted into a predrilled hole through the PMMA potting material and
proximal vertebrae. The screw was attached to a pressure transducer and syringe. Once the
system was filled with saline, the syringe was compressed to a pressure of 0.5MPa, and rate
of pressure drop was recorded for 30 minutes before and after injury.
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Figure 3.
Typical force-displacement and torque-rotation model fits for axial compression (a), flexion-
extension (b), lateral bending (c), and axial torsion (d). Force and torque amplitudes were
divided by displacement and rotation amplitudes to yield reduced stiffness matrices with
axial compressive, axial torsion, flexion-extension, and lateral bending terms on the
diagonals, as well as off-diagonal coupling terms. Data is shown for baseline test as well as
following puncture and 2 additional scalpel incisions.
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Figure 4.
Scalpel incision to the rim of the disc induced immediate, repeatable, but small magnitudes
of height loss under static load. The instantaneous and cumulative height losses were
measured throughout the experiment.
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Figure 5.
Transient height loss, as shown in Figure 4, resulted in insignificant instantaneous height
loss (a) for needle puncture, but significant instantaneous loss for vertical and rim incisions
(p=0.364, <0.001, and 0.020 respectively). Cumulative height loss throughout the test
protocol (b) was significant for all interventions except puncture.
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Figure 6.
Torsional stiffness (a) and phase angle (b) relative to baseline values.
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Figure 7.
Average disc de-pressurization curve fits illustrating the effect of time constant changes
measured experimentally. Time and pressure drop are normalized to account for
interspecimen variability. Insert shows typical curve fit to experimental pressure vs. time
data. In this test, trans annular injury altered the transient pattern of pressure drop with an
increase in short time constant (presumably because the IVD bulges more readily due to
diminished annular integrity), and a decrease in long time constant (presumably due to an
increase in fluid transport as a result of reduced effective permeability).
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Figure 8.
Cross section of a bovine caudal IVD, showing distinct difference in lamellar thickness with
anatomical location.
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Table 1

Multiple degree of freedom stiffness values of intact motion segments ± SD.

Fz Tx Ty Tz

dz 704±101 (1) 4924±7214 (2) 2839±4999 (2) 2128±5780 (2)

rx 0.97±1.10 (3) 521±431 (4) 2.00±1.20 (4) 6.68±4.05 (4)

ry 0.93±0.74 (3) 1.96±1.56 (4) 855±523 (4) 10.79±6.16 (4)

rz 0.33±0.21 (3) 2.14±2.03 (2) 4.88±4.59 (4) 2673±2285 (4)

b) Axial and rotational phase angle values of intact motion segments Phase angles ± SD are in radians.

Fz Tx Ty Tz

dz 1.47±0.01 1.2±0.51 0.58±0.62 0.79±0.32

rx 0.96±0.39 0.45±0.44 0.81±0.43 0.80±0.49

ry 0.71±0.39 0.69±0.53 0.61±0.53 0.62±0.35

rz 0.70±0.45 0.86±0.48 0.80±0.44 1.34±0.04

Stiffness was calculated as the force or torque (Fz, Tx, Ty, and Tz) resulting from applied displacements and rotations (dz, rx, ry, and rz).

Coordinates are as shown in Figure 1. Values are in (1) N/mm with nonlinear exponent of 1.8±0.34, (2) Nm/N, (3) kN/° (4) Nm/°.
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