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Physiological axial compressive preloads increase motion
segment stiffness, linearity and hysteresis in all six degrees of
freedom for small displacements about the neutral posture
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Abstract

The stiffness of motion segments, together with muscle actions, stabilizes the spinal column. The objective of this study was to
compare the experimentally measured load-displacement behavior of porcine lumbar motion segments in vitro with physiological
axial compressive preloads of 0, 200 and 400 N equilibrated in a physiological fluid environment, for small displacements about the
neutral posture. These preloads are hypothesized to increase stiffness, hysteresis and linearity of the load—displacement behavior.

At each preload, displacements in each of six degrees of freedom (+£0.3 mm AP and lateral translations, +£0.2 mm axial
translation, £1° lateral bending and +0.8° flexion/extension and torsional rotations) were imposed. The resulting forces and mo-
ments were recorded. Tests were repeated after removal of posterior elements. Using least squares, the forces at the vertebral body
center were related to the displacements by a symmetric 6 x 6 stiffness matrix. Six diagonal and two off-diagonal load—displacement
relationships were examined for differences in stiffness, linearity and hysteresis in each testing condition.

Mean values of the diagonal terms of the stiffness matrix for intact porcine motion segments increased significantly by an average
factor of 2.2 and 2.9 with 200 and 400 N axial compression respectively (p < 0.001). Increases for isolated disc specimens averaged
4.6 and 6.9 times with 200 and 400 N preload (p < 0.001). Changes in hysteresis correlated with the changes in stiffness. The load—
displacement relationships were progressively more linear with increasing preload (R?> = 0.82, 0.97 and 0.98 at 0, 200 and 400 N axial
compression respectively). Motion segment and disc load—displacement behaviors were stiffer, more linear and had greater hysteresis

with axial compressive preloads.

© 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

The spinal column is stabilized by motion segment
stiffness together with muscle forces and stiffness [1]. In
dynamic situations, the absorption of energy associated
with hysteresis also contributes to stability. Accurate
analyses of spinal stability and force equilibrium there-
fore require accurate load-displacement properties of
the motion segments. There are several limitations of the
existing experimental load—displacement data. Most re-
ported data do not include all six degrees of freedom,
stiffness values were obtained by inverting flexibility

*Corresponding author. Tel.: +1-802-656-2250; fax: +1-802-656-
4247.

E-mail address: mack.gardner-morse@uvm.edu (M.G. Gardner-
Morse).

data, and were obtained without physiological levels of
axial compressive force. Physiological axial compression
has been observed to increase motion segment stiffness
by a factor of two or more [5,10]. This stiffening effect
was predicted analytically in a model of the disc that
includes the geometrical effects of disc compression and
bulging [2]. Other than the axial direction, the effect of
preload on hysteresis and linearity of the motion seg-
ment load-displacement behavior have not been re-
ported. Additionally, the fluid and ionic environment
may influence the mechanical behavior, since discs tes-
ted in a physiological saline bath have greater hydration
than discs that are just exposed to saline spray and wrap
[17].

This study was designed to investigate how the load—
displacement behavior of motion segments for small
displacements about the neutral posture varies with
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axial compressive preloads under conditions that aimed
to simulate the in vivo loading and fluid environment.
Specifically we tested the hypotheses that motion seg-
ment stiffness increases, load—displacement behavior is
more linear and hysteresis increases with axial com-
pressive preloads. Also, we tested whether these effects
are present in isolated intervertebral discs as well as in
intact motion segments.

Methods

Each of six porcine lumbar segments (all animals over 16 weeks
old) was embedded in dental PMMA (Zahn Acraweld, Henry Schein,
Inc., Melville, NY) and attached to end-fittings. Biplanar radiographs
were used to align the specimen’s local axis system (based on the
vertebral body centers) with the centers of the end-fittings. AP and
lateral dimensions (i.e. minimum and maximum diameters) of each
disc were measured from the X-rays.

The load-displacement behavior was measured directly in six de-
grees of freedom (6-DOF) by the method described in detail by Stokes
et al. [19]. In this method a ‘Steward platform’ or ‘hexapod’ robot with
six linear actuators displaces the upper end of the motion segment to
any specified 6-DOF position relative to the immobilized lower ver-
tebra. A 6-DOF loadcell measures the forces transmitted to the upper
end of the specimen. Here, all rotational displacements occurred about
the center of the upper vertebral body, as measured from the radio-
graphs. Forces recorded by the loadcell were transformed to this same
point. During these tests the specimens were immersed in an isotonic
saline bath cooled to approximately 4 °C to slow the biological de-
gradation of the specimens over the 76 h duration of testing of each
specimen.

In each test, a sequence of axial compressive preloads of 0, 200
and 400 N was applied. There are six permutations of possible pre-
load loading sequences and each was used once for each of the six
specimens. The specimen was allowed to equilibrate with these pre-
loads for at least 3 h before any stiffness measurements were gath-
ered. The compressive preload was generated by applying vertical
displacements with subsequent horizontal displacements to zero the
shear forces. The axial preload values of 200 and 400 N were selected
because they are typical of active in vivo loading in similar sized
sheep [8]. At 400 N, the compressive stress was approximately 0.5
MPa. Six pure displacement tests (four sawtooth cycles each of three
translations and three rotations) were then sequentially imposed
(each cycle took 87 s), and the applied forces and moments were
recorded every second. The displacements were +£0.3 mm in the AP
and lateral translations, +0.2 mm in axial translation, and £1° in
lateral bending and £0.8° in flexion/extension and torsional rota-
tions. After testing the intact motion segment, the posterior elements
(facets and ligaments) were removed and the tests were repeated on
the isolated disc.

The recorded data were analyzed to obtain measures of the stiff-
ness, linearity and hysteresis of the load—-displacement behavior in each
of the 6-DOF. The tests provided initially 36 recordings (three forces
and three torques for each of the three rotations and three transla-
tions). For the stiffness properties, forces were assumed to be linearly
related to the displacements by a 6 x 6 stiffness matrix. In general there
are 36 independent coefficients in this matrix, but this can be reduced
to 21 coefficients by imposing matrix symmetry based on conservation
of energy and assuming linear load—displacement properties [18,20].
These 21 independent coefficients were estimated using a least squares
fit to experimental data [19]. Considerations of the sagittal plane
symmetry and beam-like behavior of the motion segment permitted
further reduction of the number of coefficients to six diagonal terms
and two “primary’’ off-diagonal terms as defined by Goel [7]. The six
diagonal terms are those stiffness terms that relate forces or moments
to the collinear displacements or rotations (e.g. flexion moment asso-
ciated with flexion rotation). The two primary off-diagonal terms relate
the AP shear forces to the applied flexion/extension rotations (or the
complementary flexion/extension moments to AP shear displacements)
and lateral shear forces with lateral bending rotations (or the com-
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Fig. 1. Typical data for a porcine intact motion segment with lateral
shear forces over all four cycles of lateral shear displacements with a
400 N axial compressive preload. The fitted straight line shows the
regression analysis for decreasing displacements. Both increasing and
decreasing displacements were used to evaluate linearity (see text). The
shaded area shows the hysteresis area enclosed by the second cycle of
displacement.

plementary lateral bending moments to lateral shear displacements).
The complementary pairing of off-diagonal terms is a result of stiffness
matrix symmetry.

The linearity of the load—displacement relationship was evaluated
from data from the four repeat cycles of displacement by calculating
the proportion of variability explained by linear regression, lack of fit
(nonlinearity) and pure experimental error, using the coefficient of
determination R2. To remove the variation associated with hysteresis,
the analyses were done separately for the increasing and decreasing
displacements of the four cycles of each recording. Spline curvefits
were used to obtain load data at the same displacements in each of the
four cycles (see Fig. 1). The coefficient of determination values for the
two displacement directions were then pooled. The linearity estimates
of each of the two primary off-diagonal load-displacement recordings
were also pooled.

The hysteresis (a measure of damping) was evaluated as the en-
closed area in the load-displacement recording for the second and
third displacement cycles (see Fig. 1). Correlation analyses were done
to determine whether there was any relationship between hysteresis
area and stiffness, and also whether physical dimensions of the isolated
disc and its stiffness were related.

Differences in stiffness coefficients, linearity and hysteresis area with
preload were analyzed using repeated-measures ANOVA both for in-
tact motion segments and for isolated discs. Linear and quadratic
contrasts were used to determine whether there were significant linear
or quadratic relationships between preload and the load—displacement
stiffness, linearity, or hysteresis area. The significance level for all
statistical analyses was set at p = 0.05.

To estimate the contribution of the posterior elements to motion
segment behavior with increasing preloads, the stiffness and hyster-
esis area of the isolated discs were subtracted from those of the
intact motion segment to estimate the stiffness and hysteresis area of
the posterior elements. Then the effect of the preload was parti-
tioned between the disc and the posterior elements by regression
analysis.

Results

Increased preload produced progressively increased
stiffness in all eight of the principal stiffness terms. Mean
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Fig. 2. Mean and standard error of diagonal terms of the stiffness
matrix for intact motion segments at three levels of axial compressive
preload. All six stiffnesses and the two primary off-diagonal stiffness
terms increased linearly with preload (p < 0.001). The increases in
stiffness with preload decreased slightly with increasing preload for the
axial stiffness (p = 0.012).
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values of the six diagonal terms of the stiffness matrix for
intact motion segments increased by an average factor of
2.2 and 2.9 from the no-preload condition with 200 and
400 N compression respectively (all six Fpi9 = 32.45,
p < 0.001) (Fig. 2). After removal of the posterior ele-
ments (i.e. for isolated discs), the diagonal terms of the
stiffness matrix increased by a mean 4.6 and 6.9 times
compared to the no-preload condition with 200 and
400 N preload (all six F3 9 > 54.88, p < 0.001) (Fig. 3).
The linear increase in stiffness with preload was highly
significant for both intact motion segments and isolated
discs for all eight stiffness terms (£} 1o = 15.39, p <0.003).

Without preload the stiffness was very low in some
cases (Figs. 2 and 3), and for the case of AP shear in an
isolated disc with no preload the mean stiffness was
37 N/mm, which was not significantly different from zero.
The two primary off-diagonal stiffness terms behaved
similarly to the diagonal stiffness terms. These terms in-
creased significantly (p < 0.001) by an average factor of
1.4 and 1.6 with 200 and 400 N preload respectively for
intact motion segments and by a mean 3.5 and 5.4 times
with 200 and 400 N preload for isolated discs.

There appeared to be a tendency for the stiffness in-
crease with preload to be less when preload was in-
creased from 200 to 400 N, compared to the increase
from 0 to 200 N. However, a significant second-order
effect of preload was only found for the case of axial
stiffness, and this was found in both intact motion seg-
ments and in isolated discs (£ 19 = 9.40, p < 0.012).

For intact motion segments, axial compressive pre-
load had the greatest effect on axial stiffness (4.7 and 6.4
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Fig. 3. Mean and standard error of diagonal terms of the stiffness
matrix for isolated discs at three levels of axial compressive preload.
All six stiffnesses and the two primary off-diagonal stiffness terms in-
creased linearly with preload (p < 0.003). The increases in stiffness with
preload decreased slightly with increasing preload for the axial stiffness
(»p = 0.007).

times increases with 200 and 400 N preload). Axial
compressive preload also had a large effect on lateral
bending stiffness (2.4 and 3.5 times increases) and flex-
ion/extension stiffnesses (2.0 and 2.7 times increases)
with 200 and 400 N preloads. It was observed that
the stiffness of isolated disc specimens with 400 N pre-
load correlated with their disc cross-sectional area,
but no correlations were evident in the no-preload
condition.

The linearity of the load—displacement relationships
(measured by the R? in linear regression analyses) also
increased significantly with axial compressive preload
(Table 1). By pooling results for all eight terms in the
stiffness matrices, the mean R? values for intact motion
segments were 0.93, 0.95 and 0.96 at 0, 200 and 400 N
preloads and R?> = 0.70, 0.95 and 0.96 at 0, 200 and
400 N preloads for isolated discs. Despite the high no-
preload values of R’ preloads produced significant
further increases in linearity for three of the eight terms
for intact motion segments and for all eight stiffness
terms of isolated discs.

There was a very strong correlation between hyster-
esis area and stiffness under all testing conditions (see
Fig. 4). The correlation for all six diagonal load—dis-
placement relationships for intact motion segments
ranged from »=0.90 to 0.96 and for isolated discs
ranged from r =0.88 to 0.97. Thus, the increases in
hysteresis area with preload were of very similar mag-
nitude to those for stiffness. Hysteresis areas (averaged
over the eight terms) increased by an average factor of
1.8 and 2.4 times the no-preload condition with 200 and
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Linearity of the load—displacement relationships of intact motion segments measured by the R? of the linear regression (pooled mean of six porcine

specimens) at each of three levels of preload (0, 200 and 400 N)

Intact motion segments

Isolated discs

0N 200 N 400 N 0N 200 N 400 N
AP shear 0.92 0.95 0.96* 0.78 0.97 0.97°
Lateral shear 0.98 0.99 0.99 0.82 0.96 0.98°
Axial 0.85 0.90 0.942 0.82 0.91 0.952
Lateral bend 0.96 0.97 0.98* 0.65 0.95 0.97°
Flex/extension 0.88 0.91 0.94 0.55 0.97 0.97°
Axial rotation 0.98 0.99 0.99 0.71 0.98 0.98°
AP shear-flex/extension® 0.90 0.92 0.93 0.58 0.90 0.91*
Lateral shear-rotation® 0.98 0.99 0.99 0.69 0.97 0.98*

There is an increase in R> with preload for all eight load—displacement relationships. Since the R? values are already high for the intact motion
segments, only three relationships showed a significant increase in linearity with preload.

2 Significant linear increase in R? with preload (p < 0.012).

®Significant linear increases and second-order changes in R with preload (p < 0.042).
¢ Linearity of complementary pairs of primary off-diagonal values were pooled based on their having equal stiffness in a symmetric stiffness matrix.
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Fig. 4. A graph of the relationship between experimentally measured
hysteresis and stiffness. This example is for the diagonal AP shear
load—displacement relationships in isolated discs. Each point repre-
sents the measurement of one specimen. A strong correlation was
observed between hysteresis area and stiffness for all six diagonal load—
displacement relationships for both intact motion segments (r =
0.90-0.96) and isolated discs (» = 0.88-0.97).

400 N compression preload respectively for the intact
specimens (p < 0.001). For isolated discs, hysteresis area
increased by a mean 4.2 and 8.4 times with 200 and
400 N axial compression preload (p < 0.001).

Table 2

The posterior elements were found to contribute
substantially to the stiffness, as well as being sensitive to
the effects of preload. Intact porcine specimens were on
average 12.2 times stiffer than isolated discs when tested
without preload. The addition of preload reduced this
mean difference between intact specimens and isolated
discs to 4.6 times and 3.6 times stiffer at 200 and 400 N
preload. As expected, the contribution of posterior ecle-
ments to the stiffness was greatest for axial rotation (10.7
times increase at 400 N preload) and least for axial
stiffness (1.01 times increase at 400 N preload). The re-
gression analyses of the disc and posterior elements
stiffnesses with preload demonstrated that for most
stiffness terms the discs were more sensitive than the
posterior elements to the addition of axial preload (Table
2). In the case of hysteresis, the increase with preload was
almost entirely attributable to the disc for the shear and
axial displacements and for lateral bending.

Discussion

It was found that motion segment behavior measured
without physiological levels of axial compressive pre-

Percent of increase in stiffness and hysteresis area with axial compressive preload attributable to the isolated disc and posterior elements

Stiffness

Hysteresis area

Isolated discs

Posterior elements

Isolated discs Posterior elements

AP shear 60.0 (31.1) 40.0 (54.1)
Lateral shear 79.6 (21.7) 20.4 (23.2)
Axial 96.6 (18.1) 3.4 (4.1)

Lateral bend 93.2 (23.8) 6.8 (17.0)
Flex/extension 49.9 (12.4) 50.1 (19.3)
Axial rotation 24.2 (13.1) 75.8 (65.9)
AP shear-flex/extension 21.9 (15.5) 78.1 (78.9)
Lateral shear-rotation 112.1 (66.0) —12.1 (49.9)

97.6 (15.6) 2.4 (13.7)
114.3 (13.9) ~14.3 (8.3)
87.1 (15.6) 12.9 (5.4)
94.2 (12.1) 5.8 (5.8)
51.6 (7.3) 48.4 (9.0)
62.2 (19.3) 37.8 (31.5)
69.0 (19.5) 31.0 (19.9)
147.1 (43.9) -47.1 (21.4)

The standard errors are in parentheses.
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load underestimates the in vivo values of stiffness and
hysteresis in all six degrees of freedom. Load-displace-
ment behavior also was more linear with application of
axial compressive preload. These effects were present in
intact motion segments and isolated intervertebral discs.
These findings indicate that the elastic energy storage
and energy absorption (damping) that occurs with dis-
placements of motion segments in vivo increases with
the magnitude of the prevailing muscle force and other
applied loading. This has implications for spinal sta-
bility.

This study only addressed small displacements from
the specimen’s neutral posture to avoid large displace-
ment effects such as finite changes in height resulting from
large rotations. In relation to humans, the displacements
in this study do represent at least 20% of the average
range of motion, as observed during functional activities
in vivo [12]. All the tests reported here are for a single,
relatively slow, rate of displacement. This rate was con-
sidered appropriate for quasi-static analyses of the spine.

The load—displacement measurements were estimated
over the tested range of positive and negative displace-
ments without distinguishing between data for opposite
displacement directions. Differences in stiffness for pos-
itive and negative directions for AP shear, axial tension/
compression and flexion/extension displacements were
observed, despite the high values of the linearity mea-
sured by R%.

Using the vertebral body centers to define the local
axis system for displacements and forces resulted in
negligible values for 12 of the 13 secondary off-diagonal
terms of the stiffness matrix. The exception was the re-
lation between axial tension/compression and flexion/
extension. The magnitude of this relationship was re-
lated to the alignment of the specimen in the sagittal
direction, so it was excluded from these analyses of
preload effect.

Our analyses that partitioned the preload effect be-
tween the disc and the posterior elements (Table 2) in-
dicate that both components are affected by preload, but
overall the disc’s contribution is larger, especially for
hysteresis. The facets are considered to engage as the
motion segment is compressed, thereby explaining their
altered contribution to stiffness. However, it is not clear
how their contribution to the hysteresis would increase
by this mechanism.

There are several possible explanations for how pre-
load causes an increase in stiffness and linearity of the
load—displacement behavior of the disc. Using an ana-
Iytical model of the disc, Broberg [2] predicted a dou-
bling in stiffness for rotational degrees of freedom with
axial preload increased from 700 to 3000 N. In Broberg’s
model of a constant volume disc with annular fibers
containing a pressurized nucleus, the increased stiffness
was caused by the geometrical effects of disc bulging and
by nonlinear elastic properties of annular fibers.

For hysteresis, we believe that a combination of fluid
flow effects and viscoelastic tissue properties [9] were
responsible for the increase in hysteresis with preload.
At a higher frequency (12 Hz) of compressive displace-
ment, Ohshima et al. [13] reported that the hysteresis in
porcine tail discs decreased when compressive preload
was applied. This appears to be compatible with visco-
elastic effects predominating at higher frequencies and
poroelastic effects (time-dependent behavior associated
with fluid flow relative to a porous solid) predominating
at the lower frequency that was employed in this study.

Porcine spines were tested in this investigation be-
cause they were less likely to have any degeneration and
were expected to have more uniform mechanical prop-
erties. While anatomically similar to human spines,
porcine spines have thinner discs, the vertebrae have
longer processes, and the facet joints appeared to be
slightly more constraining. In comparison to the stiffness
values for human lumbar specimens reported by Janevic
et al. [10], the porcine lumbar motion segments tested in
this study had shear stiffnesses 1.5-6.2 times higher and
similar rotational stiffnesses.

Similar findings for human lumbar motion segments
for the stiffness increase with preload have been reported
by Janevic et al. [10], and for sagittal plane stiffnesses by
Edwards et al. [5]. Wilke et al. [21] used an apparatus
with cables and deadweights to simulate muscle forces of
80-400 N. They also reported increased stiffness with
increased applied ‘muscular’ forces, but these forces
also extended the spine, potentially confounding the
results. Janevic et al. [10] reported that the stiffening
effect was approximately proportional to preload mag-
nitude. With 2200 N preload, rotational flexibility de-
creased on average 2.6 times, and shear flexibility 6.16
times, the effects being even greater at 4400 N preload.
Thus our findings were similar for the increases in ro-
tational stiffness with preload, but were much smaller
for shear.

Conversely, Panjabi et al. [15] reported some loss of
stiffness with axial load, but this was probably an ex-
perimental artifact resulting from the displacement of
the preload point of application accompanying the dis-
placements used to measure the flexibilities in other
degrees of freedom [4,5]. This illustrates the method-
ological difficulties in simulating in vivo preload. Ex-
perimental systems that aim to simulate muscle actions
using cables under tension [16,21] can produce con-
founding effects where the effects of forces in the cables
may not be readily distinguishable from the intrinsic
load-displacement behavior of the isolated motion seg-
ment. Tensioned cables generate transverse forces if
their attachment points displace, and the energy changes
associated with these displacements produce apparent
(geometric) stiffness [4,11,18]. The methodology used in
the present study uses computer servo-controlled dis-
placements to eliminate these effects.
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The load—displacement behavior was very repeatable
over the four cycles of loading in each of the degrees of
freedom as is evident in the sample data in Fig. 1. The
pooled standard deviations of the force measurements
over the four displacement—load cycles for the six di-
agonal degrees of freedom expressed as a percent of the
mean forces were 11.0%, 9.0%, 10.0%, 9.3%, 12.2%,
12.8% respectively. In the past, several cycles of ‘pre-
conditioning’ have been recommended [14] prior to re-
cording load—-displacement data in order to achieve
representative behavior. It appears that the equilibration
of the specimens to the preload in an isotonic fluid bath
created more repeatable, and probably more physio-
logical testing conditions. Testing without a bath prob-
ably permits successive cycles of load and displacement
to expel more fluid than is reabsorbed. Pflaster et al. [17]
demonstrated that discs equilibrated to a physiological
saline bath achieve a greater hydration than discs that
are just exposed to saline spray and wrap.

The findings of this study indicate that in vivo axial
compressive loading substantially alters both the stiff-
ness and hysteresis (energy absorbing) properties of the
spine. The findings suggest that many of the mechanical
studies and simulations of human spine function in re-
lation to stability and effects of surgical interventions
may have substantially underestimated the contribution
of the motion segments. Biomechanical analyses of the
spine that are intended to simulate in vivo loading
conditions should take these effects into account. Re-
cently a number of stability analyses [1,3,6] have em-
phasized the importance of muscle forces and muscle
stiffness in spinal stability. The present study makes it
evident that an additional consequence of increased
muscle forces is that they increase compressive loading
on the spine, thereby increasing its stiffness and hyster-
esis, and consequently its static and dynamic stability.
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