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Models of the dynamic response of the lumbar spine have been used to examine vertebral fractures (VFx) during falls and whole body vibration transmission in the occupational
setting. Although understanding the viscoelastic stiffness or damping characteristics of
the lumbar spine are necessary for modeling the dynamics of the spine, little is known
about the effect of intervertebral disk degeneration on these characteristics at high loading
rates. We hypothesize that disk degeneration significantly affects the viscoelastic response
of spinal segments to high loading rate. We additionally hypothesize the lumbar spine
stiffness and damping characteristics are a function of the degree of preload. A custom,
pendulum impact tester was used to impact 19 L1–L3 human spine segments with an
end mass of 20.9 kg under increasing preloads with the resulting force response measured. A Kelvin–Voigt model, fitted to the frequency and decay response of the post-impact
oscillations was used to compute stiffness and damping constants. The spine segments
exhibited a second-order, under-damped response with stiffness and damping values of
17.9–754.5 kN/m and 133.6–905.3 Ns/m respectively. Regression models demonstrated
that stiffness, but not damping, significantly correlated with preload (p < 0.001). Degenerative disk disease, reflected as reduction in magnetic resonance T2 relaxation time, was
weakly correlated with change in stiffness at low preloads. This study highlights the need
to incorporate the observed non-linear increase in stiffness of the spine under high loading rates in dynamic models of spine investigating the effects of a fall on VFx and those
investigating the response of the spine to vibration.
Keywords: intervertebral disk, experimental study, dynamic characteristics, magnetic resonance imaging,
non-linear stiffness, vertebral fracture, falls

INTRODUCTION
Vertebral fractures are the second most common fracture site for
individuals with osteoporosis (Melton et al., 1989; Cooper et al.,
1992; Anonymous, 1998; Johnell and Kanis, 2005; Taylor et al.,
2011) with a high proportion (30–50%) of patients reporting a fall
event preceding the occurrence of spinal fracture (Cooper et al.,
1992; Myers and Wilson, 1997). In older men, vertebral fractures
(VFx) in the lumbosacral spine represented 56% of all reported
fracture cases (Freitas et al., 2008). In 2001, hospital emergency
departments treated an estimated 1.64 million elderly adults for
accidental falls in hospital emergency departments in the USA
(Stevens and Sogolow, 2005), with number of patients increasing
by 10.5% between 2001 and 2008 when adjusted for relative growth
of this age population during this period. Spinal cord injuries were
associated with 8 and 26% of falls from standing height or lower
(O’Connor, 2002; Freitas et al., 2008). Associated pain and the considerable physical and the degree of psychological/discomfort lead
to functional impairments in up to 30% of these patients (Cooper
et al., 1992; Lyles et al., 1993; Gold, 1996). Dynamic modeling
of a backwards fall demonstrates that the resultant impact can
propagate up the lumbar spine producing in forces that exceed
the failure load of elderly cadaveric vertebrae (Wilson and Myers,
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1998; Wilson, 1999). These models, however, are highly dependent on accurate modeling of the spine stiffness and damping
characteristics.
Similarly, whole body vibration has been identified as one of five
major risk factors for low back pain and modeling of whole body
vibration has been used to better understand the propagations of
vibration from seat to spine and to assess the possible mechanisms
for spine injury due to vibration (Bernard, 1997; Boileaua É and
Rakhejab, 1998). These models also require accurate models of
high-rate, spine, viscoelastic characteristics.
While several studies have examined stiffness and damping
characteristics of spine segments, many of these have examined
stiffness characteristics at slower rates of loading and have not
examined the effects of disk degeneration of high-rate stiffness
characteristics. Within the structure of the functional spinal unit
(FSU), the intervertebral disk joint confers mobility and provides
static and dynamic load attenuation to the spinal column (Brown
et al., 1957; Bodine et al., 1982; Adams and Hutton, 1983; Brinckmann et al., 1983; Burns et al., 1984; Adams et al., 1994; Botsford
et al., 1994; Adams et al., 1996) with a viscoelastic response exhibiting time constants on the order of hours (Keller and Spengler,
1987). Kasra et al. (1992) reported peak transmission for human
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thoraco-lumbar specimens to occur at frequencies of between 23.5
and 33 Hz for a mass of 40 kg with the FSU showing damping ratios
of 0.05 and 0.13. This corresponds to a single FSU stiffness of 872–
1720 kN/m and damping constant of 590–2156 Ns/m. Employing
six lumbar FSU specimens, Rostedt et al. (1998) found stiffness
values to range between 1400 and 2800 kN/m with the stiffness
increasing with preload. These values are much higher than the
instantaneous stiffness found in creep studies (Keller and Spengler, 1987), suggesting the rate of loading to be an important
contributor to FSU stiffness. Degenerative changes in the disk’s
annulus and nucleus, which strongly affect their static and viscoelastic material properties (Acaroglu et al., 1995; Ebara et al.,
1996; Iatridis et al., 1998) and the associated loss of hydration in
the disk’s tissues (Galante, 1967; Panagiotacopulos et al., 1987; Best
et al., 1994), result in the degradation of the FSU’s long-term creep
behavior and energy dissipation (Lai et al., 1991; Laible et al., 1993;
Best et al., 1994). Although the degenerative state of the disk and
its hydration state are important determinants of the spine’s stiffness and damping characteristics, little is known about their role
in affecting high-rate dynamics of spine segments. Consequently,
little is also known about the role of disk degeneration in the vertebra failure of the elderly spine when exposed to high-rate loading
associated with a fall event.
In view of the obvious limitations on in vivo investigation of
VFx with falls, experimental (Moro et al., 1995; Myers and Wilson,
1997; Rostedt et al., 1998; Ochia and Ching, 2002) and computational studies (Wilson and Myers, 1998; Wilson, 1999; Van Toen
et al., 2012) were conducted to define a VFx risk, defined as a
ratio of the force resulting in the failure of the vertebra under a
set activity vs. the peak force applied (Myers and Wilson, 1997).
Though several previous studies have investigated the response of
the spine to dynamic loading (Kong and Goel, 2003; Guo and Teo,
2005; Guo et al., 2009), high-rate loading (Belytschko and Privitzer, 1978; Belytschko et al., 1978; Luo and Goldsmith, 1991), and
force on the buttocks in subinjurious fall (Sran and Robinovitch,
2008; Van Toen et al., 2012), these models pertain mostly to the
young to middle age, male population that might be subject to
workplace injuries. Wilson and Myers (1998), employing an optimization based geometric model of osteopenic thoraco-lumbar
spine, predicted the stiffness and damping characteristics of the
spinal segments to influence the peak forces sustained by the vertebrae due to a backwards fall from standing height. For example, a
10% increase in the stiffness of the segment was predicted to yield
an increase of 2–5% in the peak forces acting on the vertebrae
(Wilson and Myers, 1998). This increase may predispose osteoporotic individuals to an increased risk of VFx, suggesting the
assessment of the disk’s dynamic properties to be an important
factor in quantifying VFx due to a backwards fall in the elderly.
Magnetic resonance imaging (MRI), the diagnostic tool of
choice for clinical evaluation of spinal pathology (Boos et al.,
1993; Boos and Boesch, 1995; Cassar-Pullicino, 1998; Haughton,
2004), relies mainly on assessing the loss of anatomical features
and associated hydration, measured as a loss in signal intensity on
T2-weighted images, within the disk (Tertti et al., 1991; Boos et al.,
1993; Boss et al., 1993). T1 and T2 relaxation rates show an inverse
relationship with the disk’s water content (Crooks et al., 1987;
Fullerton and Camron, 1988) and its glycosaminoglycan content
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(Boos and Boesch, 1995). In view of the intimate relationship
between the disk’s hydration and its mechanical competence, we
hypothesize that MR classification of degenerative changes will be
associated with the loss of dynamic stiffness and damping properties of the spinal segments. Furthermore, as Rostedt et al. (1998)
observed stiffness is a function of preload, we also hypothesize that
measured dynamic stiffness and damping properties will increase
with preload applied to the spine.

MATERIALS AND METHODS
SPECIMENS AND PREPARATION

Five male and 14 female, L1–L3 cadaveric spine segments were
obtained fresh-frozen from donors aged 62–85 years of age (mean
age 75.5 ± 6.9 years) through the Harvard Anatomic Gifts program. Each segment was radiographed (Faxitron, HP, McMinnville, OR, USA) to exclude existing pathology or fractures and
then was submerged in a saline bath to simulate soft tissues. Bone
Mineral Density (BMD) measured for each vertebra using a DXA
scanner (QDR 2000+, Hologic, Inc., Waltham, MA, USA) was
performed. The donor segments were dissected clean of all musculature, with care taken to leave the posterior structures and
ligaments intact, wrapped in saline soaked gauze in plastic bags
and then stored in a −20° freezer.
MAGNETIC RESONANCE IMAGING

The spines were removed from the freezer, allowed to thaw
wrapped in saline gauze at 4°C for approximately 8 h and then
vacuum degassed for a period of 8 h in polyethylene tubes filled
with saline at 20°C. A GE 1.5 Tesla MR scanner (General Electric
Medical Systems, Waukesha, WI, USA) was used to obtain sagittal
T2-weighted (TR/TE:2000/80) ms images and three sets of axial
images (TR/TE: 2000/80, 2000/60, 2000/20) ms with a field of
view: 150 mm and matrix size:128 × 128. The first and last axial
image represented T2-weighted and proton density (PD) weighted
images. A series of six phantoms with known volume fractions of
heavy water (D2 O) and saline, placed under the tubes during imaging, provided quantification of the hydration state of the disks. At
the end of the imaging session, the segments were removed and
returned to the freezer until the day of testing. This was necessary
because of the time constraints of both the imaging and testing.
The axial T2 images were analyzed in a custom program (V5.0,
Advanced Visualization Systems, Waltham, MA, USA) and the
cross-sectional areas of the whole disk, the annulus and the nucleus
were segmented. For each region, area and average intensity were
computed and the mid-disk sagittal images used to measure the
anterior, central, and posterior heights of the intervertebral disks,
computed as the smallest distance between adjacent bony endplates. From the PD weighted images, relative intensity of disk
areas to phantom intensity was computed and hydration level
(percent H2 O) quantified using a linear regression.
CHARACTERIZATION OF DYNAMIC PROPERTIES

A custom impact tester (Figure 1) was used to characterize the
effect of preload on the dynamic response of the FSU. This tester
has been used previously by Robinovitch et al. (1997). The device
consisted of a steel beam-based pendulum to which a load tray was
secured allowing fine adjustment of the pendulum mass. An RVDT
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transducer attached at the base of the pendulum (R30A, Measurement Specialties, Shrewsbury, MA, USA), provided measurement
of the pendulum arch of motion. An electrically controlled actuator, attached through a bearing to the pendulum, allowed for
adjustment of the pendulum height. A 6-degree of freedom load
cell (MC5-5000, resonance frequency of 1250 Hz, AMTI, Watertown, MA, USA), secured to the stationary base of the pendulum,
was used to measure the transmitted force resulting from the
impact (Figure 1).
Prior to testing, each FSU was thawed at 4°C for 6 h followed
by a 2 h immersion in saline at room temperature under a constant compressive load of 178 N to re-hydrate the disks. This load
represents the upper body mass of the lightest specimen and was
chosen to avoid the potential of fracturing the more osteoporotic
spines. An alignment jig was used to embed the L1 and L3 vertebrae
in polymethylmethacrylate cement (Fastray, Bosworth, Skokie, IL,
USA) with the specimens wrapped in plastic to prevent dehydration. The embedded spine was secured to the impact apparatus
(Figure 1) and the pendulum arm, having an end mass of 20.9 kg,
positioned to deliver a kinetic energy load of 2.50 J. Based on our
preliminary studies, this value allowed for quantification of the
dynamic response of the segment under repeated tests without
causing fracture of the vertebral structures (Wilson, 1999). For all
preceding tests, the force channel was sampled at a rate of 3000 Hz
(V.8.0 FDS, Labview, National Instruments, TX, USA) with data
acquisition triggered once the RVDT indicated that the pendulum
had traveled through 5° of rotation.
The spine was first tested with no-axial preload (P 0 ), examined for evidence of structural damage and, if none occurred, the
test was repeated for the following compressive preloads; (P 1 ):
30 ± 8 N, (P 2 ): 79 ± 11 N, and (P 3 ): 112 ± 14 N, respectively. To
prevent the occurrence of an inadvertent rebound of the pendulum, the pendulum was restrained immediately post-impact.
These preloads were applied using an increasing number of 700
rubber bands, with the order of preload applications randomized
between specimens. This method allowed for free deformation
of the spine under impact while keeping the test imposed kinematic constraints to a minimum. Using an FSU analog (made
of variable rate compression springs, k = 362.9 ± 10.30 kN/m,
B = 175.5 ± 14.7 Ns/m), preliminary tests found the computed
error in the stiffness measurement to be <3% for the stiffness
and 9% for the damping (ANOVA, p > 0.05). Measurements of the
change in stiffness due solely to the use of the rubber bands showed
no significant effect on either stiffness or damping measurements
at the different preload levels.
DATA ANALYSIS

In MATLAB (V.12, MathWorks, Natick, MA, USA), fast Fourier
transform (FFT) was applied to the force signal from the time
where the pendulum left the end mass to obtain the peak frequency (Figure 3). A finite impulse response (FIR) low pass filter,
with Hamming windowing and a cutoff frequency of twice the
peak frequency, was applied to filter the signal. A damping ratio
was computed by fitting a linear model to the logarithms of several
successive peaks of the response. A parallel stiffness and damping
model with an end mass of 20.9 kg was used to compute both
dynamic stiffness (K) and damping (B) parameters. An analysis of
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FIGURE 1 | The pendulum apparatus consisted of the pendulum arm
(A) which strikes the end-mass of 20.9 kg (B) attached to the posterior
caudal end of the spine segment (C). The cranial, potted, end of the spine
was attached to a six degrees of freedom force transducer [AMTI,
MC5-10000, (D)] which is secured to the wall. (E) Rubber bands for
application of increasing calibrated compressive force. An electrical actuator
(G) was used to displace the pendulum to obtain the required height for the
application of the test. The arc of travel was measured by a rotary variable
differential transformer [RVDT, (F)].

variance (JMP 9, SAS, NC, USA) was used to test for the effect of
preload (P 0 –P 3 ) on the stiffness and damping constants. For each
preload group, linear regression was used to test for the correlation
between the dynamic stiffness and damping values and the T1 and
T2 values and between these parameters and the ultimate failure
strength. Statistical significance was set at 0.05.

RESULTS
Vertebral BMD was found to have a [mean (SD)] of 0.72
(0.19) g/cm2 for the L1–L3 vertebrae (Table 1), representing a
range consistent with that of osteopenic vertebrae (Kanis and
McCloskey, 1992). For the complete disk, both T2 intensity and
relaxation values were negatively correlated with the increase in
disk height (r 2 = 0.35, p < 0.01 and r 2 = 0.28, p < 0.05) with T2
relaxation correlated with normalized PD measures, i.e., PD/D2 O
phantom (r 2 = 0.48, p < 0.001). In the nucleus, PD was negatively
correlated with the increase in age (p < 0.05) while being positively correlated with T2 relaxation values (r 2 = 0.52, p < 0.001).
No such correlations were found for the annulus. No statistically
significant association were found between BMD values and either
the MR parameters or disk geometry (height, cross-sectional area),
p > 0.05.
DYNAMIC CHARACTERIZATION

Under applied impact, the FSU’s showed second-order, underdamped, oscillation (Figure 2). Average r 2 value for a second-order
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Table 1 | Correlation coefficients (r ) relating stiffness constants with
MRI based measurements and with age, height, and gender.
Measured property

M (SD)

Correlations (r )
P0

Preload (N)

–

Age

75.5 (6.9)

P1

P2

0.00 −0.11 −0.32

P3
0.19

−0.40 −0.54* −0.31 −0.11

Gender (0 – women)

–

0.32

0.41

0.38

0.24

Height (cm)

163 (33.0)

0.20

0.06 −0.01

0.12

0.01

0.04

Disk area (cm2 )

16.8 (3.2)

Mean disk height (cm)

0.9 (0.2)

T2 intensity (disk)

−0.05 −0.09
0.52*

0.46*

0.05

0.07

5.6 (0.2)

−0.47* −0.39 −0.12

0.04

T2 intensity (nucleus)

5.8 (0.3)

−0.42 −0.34 −0.31 −0.13

T2 relaxation time (disk) (ms)

65.6 (16.0) −0.39 −0.38 −0.06

0.21

T2 relax. time (nucleus) (ms)

75.6 (24.8) −0.38 −0.37 −0.22

0.07

T2 nucleus/annulus intensity

1.3 (0.4)

−0.20 −0.21 −0.42 −0.09

Proton-dens intensity (disk)

6.8 (0.1)

−0.17 −0.05

0.09

0.04

Gender was assigned as 0 for women and 1 for men. Intensities are relative
to the heavy water phantoms to compute % of disk hydration. Values marked
with a * are significant at the 5% level. Preloads groups: P0 = 0 N; P1 = 30(8) N;
P2 = 79(11) N; and P3 = 112(14) N.

fit was 0.84. Unloaded (P 0 ), the spine exhibited a mean for
dynamic stiffness of 135.3 (SD 127.6) kN/m and damping of
372.2 (SD 121.4) Ns/m. Increased preload yielded increased FSU
dynamic stiffness; [P 1 : 210.6 (SD 164.1); P 2 : 293.4 (SD 157.6);
and P 3 : 420.4 (SD 203.8)] kN/m, Figure 3. By contrast, increased
preloading had little effect on the damping coefficients [(P 1 : 361.4
(SD 111.3); P 2 : 383.1 (SD 168.6); and P 3 : 376.7 (SD 159.9) Ns/m].
Repeated measure ANOVA demonstrated significant differences
in dynamic stiffness (p < 0.001) between the four preload groups
(P 0 –P 4 ), but not for the damping coefficients.
MR PARAMETERS VS. MECHANICAL RESPONSE

For each preload group, Tables 1 and 2 presents the correlations
of stiffness and damping with the MR parameters as well as age,
height and gender (0 = females, 1 = males). Higher PD values were
correlated with the viscous damping coefficient at 0 preload condition (P 0 : r 2 = 0.20, p = 0.05, Figure 4A), but were negatively
correlated with the viscous damping at the highest level of preload
(P 3 : r 2 = 0.36, p < 0.01, Figure 4B), Table 2. T2 relaxation and
T2 image intensity were negatively associated with the dynamic
stiffness (Table 1). However, this correlation was significant at low
preloads (Figure 5A) and was not significant at higher preloads
(Figures 5A,B).

DISCUSSION
Developing accurate dynamic spine injury based models is critical for establishing criteria for prediction of risk of VFx in the
elderly and for modeling vibration transmission due to whole
body exposure. The stiffness and damping characteristics of the
spine are important components in models of impact and vibrational forces on the spine. This study is the first to experimentally
investigate the role of preloading on the dynamic response of the
elderly intervertebral disk in combination with high-rate loading
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simulating a fall. With MR being the standard for diagnostic imaging of the degenerative state of the intervertebral disk, the study
did support that clinical MR parameters could be used to predict
some changes in the dynamic properties of the disk (particularly
those at low loads).
The stiffness and damping characteristics of the intervertebral
disk form a critical component in determining the spine’s dynamic
response (Keller and Spengler, 1987; Shirazi-Adl, 1992; Kong and
Goel, 2003; Verver et al., 2003; Van Toen et al., 2012). Our study
demonstrated stiffness of the disk increases with increasing preload (Figure 5), a finding in agreement with other assessments of
preload and stiffness (Rostedt et al., 1998). This suggests that the
effective stiffness of a spine segment is non-linear and therefore
changes with the amount of force applied. Damping, however, was
found not to change with preload. Dynamic stiffness, computed
in this study for the lumbar FSU from the viscoelastic model, can
be compared to experiments with a single FSU by doubling the
stiffness and damping values measured in this study, e.g., a single
FSU would have twice the stiffness of two identical FSUs in series.
Our results are in agreement with that reported for lumbar FSU
under cyclic loading ranging from 17.9 to 755 kN/m (Kasra et al.,
1992) and with the observed effect of preload on the stiffness (Rostedt et al., 1998). However, these stiffness values are higher than
the “instantaneous” stiffness values reported for creep response of
spine (Keller and Spengler, 1987) while being generally lower than
those reported for axial stiffness of spine segments (Rostedt et al.,
1998). Apart from the normal variation expected due to differences inherent to biological cadaveric samples, these differences
may reflect both the difference in a number of factors including:
(a) test conditions, (b) impact vs. cyclic or creep test, and (c) age of
our sample population. The sample population in this study was
chosen to allow a more accurate representation of the population
that might be susceptible to osteoporotic VFx.
For models of VFx, the increase in the ratio of instantaneous
(E1) to long term (E2) stiffness of the disk (Keller and Spengler, 1987) was predicted to amplify the compressive loads on the
vertebrae yielding an increased risk of VFx in the event of a backwards fall from standing height (Wilson, 1999). The model further
predicted that a one standard deviation (163 kN/m) increase in
stiffness will result in changes in the predicted forces on the spine
during a backwards fall by as much as 18%. Such an increase, for
example, would cause the predicted axial force of the one impact
model to increase from 2505 to 2948 N. With elderly cadaveric
vertebrae reported to have an average axial failure force of approximately 2000 N (Moro et al., 1995), this predicted increase may
become highly significant in affecting the onset of VFx.
By contrast, higher viscoelastic damping coefficient of the disks
demonstrated a stress dependent association with the increase in
the estimated hydration of the disk (Figure 5). These findings, in
agreement with the reported effects of strain (Lee and Teo, 2004)
and loading frequency (Iatridis et al., 1997; Kuo and Wang, 2010)
on the permeability of the disk tissues, suggest disk hydration
plays a significant role in the immediate response of the spine to
sudden impact. Under impact loading, our computational model
predicted the immediate (up to 200 ms) response of the FSU resulting in a constant pore pressure within the nucleus, rather than the
solid matrix of the disk, supports the compressive load for the
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FIGURE 2 | This figure shows the force measured as a function of time
for a typical sample at the four different preloads (thin line) and the
fitted model (thick line). An initial impact is followed by a resonance of the
spine segment and mass system. The dynamic behavior of a Kelvin–Voigt

Disc degeneration affects impact dynamics

model was fit to the post-impact oscillations (after the force first passes
across preload levels). It can be observed that the frequency of this oscillation
increases with preload. In the Kelvin–Voigt model, this is represented by an
increase in the stiffness of the system.

FIGURE 3 | Stiffness increased with increasing preload. The bar graphs represent the means and standard deviations of the four preload groups.
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duration of the impact (Lee et al., 2000). Furthermore, with the
annulus restricting the motion of fluid normal to the axial plane
of the disk, the model predicted that high fluid flow through the
endplates to result in the development of high pressure within
the vertebral cancelous bone, contributing to and/or resulting in
endplate and vertebral cortex fractures. The findings of this study
provide, for the first time, a possible experimental validation of
computational model predictions on the role nucleus hydration
status plays in the ability of the spine segment to support high-rate

Table 2 | Correlation of damping constants with MRI based
measurements and with age, height, and gender.
Measured property

Correlations (r )
P0

Preload (N)
Age
Gender (0 – women)
Height
Disk area
Mean disk height

P1

P2

P3

0.00

−0.20

−0.06

0.46

−0.09

−0.04

0.40

0.37

0.13

0.02

−0.29

0.10

−0.32

0.14

−0.29

−0.09

0.00

0.01

0.12

0.44

−0.01

−0.11

−0.40

0.17

T2 intensity (disk)

0.17

−0.16

0.12

−0.19

T2 intensity (nucleus)

0.04

−0.29

−0.02

−0.25

T2 relaxation time (disk)

−0.05

−0.04

0.17

0.10

T2 relax. time (nucleus)

−0.10

−0.19

0.12

0.01

T2 nucleus/annulus intensity

−0.15

−0.31

−0.06

−0.11

−0.09

−0.20

−0.61**

Proton-dens intensity (disk)

0.45*

Gender was assigned as 0 for women and 1 for men. Intensities are relative to
the heavy water phantoms to compute% of disk hydration. Values marked with
a * and **are significant at the 5 and 1% level respectively. Preloads groups:
P0 = 0 N; P1 = 30(8) N; P2 = 79(11) N; and P3 = 112(14) N.

loading. Though it is clear that both the application of preloading
(Wang et al., 1999; van Engelen et al., 2011) and the relative contribution of spinal osseoligamentous tissues form and important
contribution to the static (Brown et al., 1957; Adams and Hutton, 1983; Adams et al., 1996; Van Toen et al., 2012) and dynamic
response (Kasra et al., 1982; Kemper et al., 2007) of the spine, the
findings of this study strongly suggest that future assessments of
the force propagation in the spine should take into account this
non-linear behavior in predicting the fracture risk of the spines
under impact loading.
Increased disk degeneration, underlined by the biological
(Bibby et al., 2001) and physiological (Acaroglu et al., 1995) modification of the disk’s tissues, results in the significant degradation of
its static, dynamic, and viscoelastic properties (Kasra et al., 1982;
Burns et al., 1984; Keller and Spengler, 1987; Best et al., 1994;
Iatridis et al., 1997, 1998; Bibby et al., 2001; Pollintine et al., 2010;
O’Connell et al., 2011). Magnetic resonance based assessment of
disk degeneration and loss of water content (including decreased
T2 relaxation time and T2-weighted image intensities) were found
to correlate significantly with an increase in stiffness of the disk
only at low preloads (Table 2). The observed lack of correlation
could have been the result of the MRI measurements being done
with no preload applied which is known to effect dynamic response
of the FSU (Wang et al., 1999; van Engelen et al., 2011). However,
this scanning regime simulated a clinical MRI assessment typically done in a prone posture during which the compressive load
on the spine is likely low. In agreement with the study by Chiu
et al. (2001), the results of this study suggest that current clinical
MR based classification of degenerative changes may not reflect
the upright, loaded characteristics of the spine and thus should be
used with caution to directly assess the loss of dynamic stiffness
and damping properties of the spinal segments.
This study suffers from the obvious limitations faced when
attempting to translate an in vitro study to the clinical setting.

FIGURE 4 | The interrelationship of disc hydration, assessed via measurement of MR proton density, and the disc’s viscoelastic damping coefficient as
a function of increased preload [(A) 0 and 30N; (B) 79 and 112N].
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FIGURE 5 | T2 intensity of the whole disk correlates with stiffness
at low preloads but not at high preloads. In (A), the stiffness of the
0 N and 30 ± 8 N groups can be seen to decrease with increased T2
intensity. In (B), the stiffness of the 79 ± 11 N and 112 ± 14 N preload

Although Panjabi et al. (1985) found that biomechanical properties of the spine did not change with freezing, the specimens in
this study were forced to go through several freezing and thawing cycles, including one between imaging and testing which may
have had some effect on the tissue properties. This study was
also performed at room temperature rather than at body temperature. Little is known about the effects of temperature on the
viscoelastic behavior of the intervertebral joint, but it is possible
that temperature could play a significant role. Though we have
attempted to standardize the testing methodology, little knowledge exists with respect to the loading conditions which occur
on the spine due to a fall event, or, the contribution of the muscular system to the stability and load attenuation of the spine.
During a fall, it is likely that both the geometrical and kinematic
configuration of the spinal column will vary considerably from
normal axial alignment resulting in a complex set of loading modes
(Wilson, 1999). Axial compression mode testing was used as it
represents the simplest mode of loading which may occur on the
spine due to a fall event. The Kelvin–Voigt model of the FSU
dynamics is often used in lumped parameter models of vibration
transmission and spine dynamics as it is reasonably straightforward to implement and represents the viscoelastic dynamics well.
However, the changes in stiffness with preload observed in this
experiment demonstrate that the linear Kelvin–Voigt model, or
even a linear Kelvin–Voigt–Maxwell model, may not capture the
full viscoelastic dynamics of the spine due to the linear nature
of the stiffness components. A non-linear spine model may be
necessary for better accuracy.
In conclusion, stiffness during impact loading of L1–L3 spine
segments was found to range from 17.9 to 755 kN/m and was significantly related to the preload applied. Models existing in the
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groups can be seen to have little correlation with T2 intensity. T2
intensity is reported relative to the scale of the heavy water phantoms
where 0 is equivalent to the D2 O phantom and 100 is equivalent to the
H2 O phantom.

literature currently model the stiffness as a single, linear value.
However, a non-linear stiffness component may be necessary to
more accurately describe models of impact due to a backward
fall in order to reflect the changes of the stiffness at different force
levels as seen in this experiment. Degenerative changes in intervertebral disks, measured by decreases in MRI by T2 relaxation time
and T2-weighted images, were found to be weakly correlated with
stiffness. MR measurement of disk hydration were significantly
correlated with the viscoelastic and ultimate strength of the FSU’s,
suggesting fluid flow mechanism within the disk and vertebrae to
be an important determinant of the ability of the spine to sustain
high-rate loading.

ACKNOWLEDGMENTS
The corresponding author gratefully acknowledges the financial support under NIH R01 grant 1R01AR055582-01A1 for this
research.
REFERENCES
Acaroglu, E. R., Iatridis, J. C., Setton, L. A., Foster, R. J., Mow, V. C., and Weidenbaum,
M. (1995). Degeneration and aging affect the tensile behavior of human lumbar annulus fibrosus. Spine 20, 2690–2701. doi:10.1097/00007632-19951215000010
Adams, M. A., and Hutton, W. C. (1983). The effect of posture on the fluid content of lumbar intervertebral discs. Spine 8, 665–671. doi:10.1097/00007632198309000-00013
Adams, M. A., McMillan, D. W., Green, T. P., and Dolan, P. (1996). Sustained loading
generates stress concentrations in lumbar intervertebral discs. Spine 21, 434–438.
doi:10.1097/00007632-199602150-00006
Adams, M. A., McNally, D. S., Chinn, H., and Dolan, P. (1994). Posture and the
compressive strength of the lumbar spine. Clin. Biomech. 9, 5–14.
Anonymous. (1998). Osteoporosis: review of the evidence for prevention, diagnosis and treatment and cost-effectiveness analysis. Introduction. Osteoporos. Int.
8(Suppl. 4), S7–S80.

December 2013 | Volume 1 | Article 16 | 7

Wilson et al.

Belytschko, T., and Privitzer, E. (1978). Refinement and Validation of a
Three-Dimensional Head-Spine Model. Wright-Patterson Air Force Base,
1–163.
Belytschko, T., Schwer, L., and Privitzer, E. (1978). Theory and application of a threedimensional model of the human spine. Aviat. Space Environ. Med. 49(1 Pt. 2),
158–165.
Bernard, B. P. (1997). Musculoskeletal Disorders and Workplace Factors. Washington,
DC: U.S. Department of Heath and Human Services, 94–213.
Best, B. A., Guilak, F., Setton, L. A., Zhu, W., Saed-Nejad, F., Ratcliffe, A., et al.
(1994). Compressive mechanical properties of the human annulus fibrosus and
their relationship to biochemical composition. Spine 19, 212–221. doi:10.1097/
00007632-199401001-00017
Bibby, S. R., Jones, D. A., Lee, R. B., Yu, J., and Urban, J. P. G. (2001). The pathophysiology of the intervertebral disc: review. Joint Bone Spine 68, 537–542.
doi:10.1016/S1297-319X(01)00332-3
Bodine, A. J., Ashany, D., Hayes, W. C., and White, A. A. (1982). Viscoelastic shear modulus of the human intervertebral disc. Trans. Orthop. Res. Soc.
7, 237.
Boileaua, P. É, and Rakhejab, S. (1998). Whole-body vertical biodynamic response
characteristics of the seated vehicle driver: measurement and model development. Ergonomics 22, 449–472.
Boos, N., and Boesch, C. (1995). Quantitative magnetic resonance imaging of the
lumbar spine. Potential for investigations of water content and biochemical composition. Spine 20, 2358–2365. doi:10.1097/00007632-199511000-00018 discussion 2366,
Boos, N., Wallin, A., Gbedegbegnon, T., Aebi, M., and Boesch, C. (1993). Quantitative MR imaging of lumbar intervertebral disks and vertebral bodies: influence
of diurnal water content variations. Radiology 188, 351–354.
Boss, N., Wallin, A., Harms, S., and Vock, P. (1993). “Tissue characterization of
normal and herniated intervertebral discs by quantitative MRI,” in 39th Annual
Meeting (San Francisco, CA: Orthopaedic Research Society), 417.
Botsford, D. J., Esses, S. I., and Ogilvie-Harris, D. J. (1994). In vivo diurnal
variation in intervertebral disc volume and morphology. Spine 19, 935–940.
doi:10.1097/00007632-199404150-00012
Brinckmann, P., Frobin, W., Hierholzer, E., and Horst, M. (1983). Deformation of the end-plate under axial loading of the spine. Spine 8, 851–856.
doi:10.1097/00007632-198311000-00007
Brown, T., Hansen, R. J., and Yorra, A. J. (1957). Some mechanical test on the lumbosacral spine with particular reference to the intervertebral discs. J. Bone Joint
Surg. Am. 39A, 1135–1164.
Burns, M. L., Kalpes, I., and Kazarian, L. E. (1984). Analysis of compressive
creep behaviour of the intervertebral unit subjected to uniform axial loading using exact parametric solution equations of kelvin-solid models-part I.
Human intervertebral joints. J. Biomech. 17, 113–130. doi:10.1016/00219290(84)90129-5
Cassar-Pullicino, V. N. (1998). MRI of the ageing and herniating intervertebral disc:
review. Eur. J. Radiol. 27, 214–228. doi:10.1016/S0720-048X(97)00169-1
Chiu, E. J., Newitt, D. C., Segal, M. R., Hu, S. S., Lotz, J. C., and Majumdar, S. (2001).
Magnetic resonance imaging measurement of relaxation and water diffusion in
the human lumbar intervertebral disc under compression in vitro. Spine 26,
437–444. doi:10.1097/00007632-200110010-00017
Cooper, C., Atkinson, E. J., O’Fallon, W. M., and Melton, L. J. III (1992). Incidence of
clinically diagnosed vertebral fractures: a population- based study in Rochester,
Minnesota, 1985-1989. J. Bone Miner. Res. 72, 221–227.
Crooks, L. E., Hylton, N. M., Ortendahl, D. A., Posin, J. P., and Kaufman, L. (1987).
The value of relaxation times and density measurements in clinical MRI. Invest.
Radiol. 22, 158–169. doi:10.1097/00004424-198702000-00014
Ebara, S., Iatridis, J. C., Setton, L. A., Foster, R. J., Mow, V. C., and Weidenbaum, M.
(1996). Tensile properties of nondegenerate human lumbar annulus fibrosus.
Spine 21, 452–461. doi:10.1097/00007632-199602150-00009
Freitas, S. S., Barrett-Connor, E., Ensrud, K. E., Fink, H. A., Bauer, D. C., Cawthon,
P. M., et al. (2008). Rate and circumstances of clinical vertebral fractures in older
men. Osteoporos. Int. 19, 615–623. doi:10.1007/s00198-007-0510-1
Fullerton, G. D., and Camron, I. L. (1988). “Relaxation of biological tissues,” in
Biomedical Magnetic Resonance Imaging: Principles, Methodology, and Applications, eds F. H. Wehrli, D. Shaw, and J. B. Kneeland (New York: VCH),
115–155.

Frontiers in Bioengineering and Biotechnology | Biomechanics

Disc degeneration affects impact dynamics

Galante, J. O. (1967). Tensile properties of the human lumbar annulus fibrosus. Acta
Orthop. Scand. 100(Suppl.), 1–91.
Gold, D. T. (1996). The clinical impact of vertebral fractures: quality of life in women
with osteoporosis. Bone 18(3 Suppl.), 185S–189S. doi:10.1016/8756-3282(95)
00500-5
Guo, L. X., and Teo, E. C. (2005). Prediction of the modal characteristics of the
human spine at resonant frequency using finite element models. Proc. Inst. Mech.
Eng. H. 219, 277–284. doi:10.1243/095441105X34275
Guo, L. X., Zhang, M., Zhang,Y. M., and Teo, E. C. (2009). Vibration modes of injured
spine at resonant frequencies under vertical vibration. Spine 34, E682–E688.
doi:10.1097/BRS.0b013e3181b1fdf4
Haughton, V. (2004). Medical imaging of intervertebral disc degeneration:
current status of imaging. Spine 29, 2751–2756. doi:10.1097/01.brs.0000148475.
04738.73
Iatridis, J. C., Setton, L. A., Foster, R. J., Rawlins, B. A., Weidenbaum, M., and
Mow, V. C. (1998). Degeneration affects the anisotropic and nonlinear behaviors of human anulus fibrosus in compression. J. Biomech. 31, 535–544.
doi:10.1016/S0021-9290(98)00046-3
Iatridis, J. C., Setton, L. A., Weidenbaum, M., and Mow, V. C. (1997). The viscoelastic behavior of the non-degenerate human lumbar nucleus pulposus in shear.
J. Biomech. 30, 1005–1013. doi:10.1016/S0021-9290(97)00069-9
Johnell, O., and Kanis, J. (2005). Epidemiology of osteoporotic fractures. Osteoporos.
Int. 16(Suppl. 2), S3–S7. doi:10.1007/s00198-004-1702-6
Kanis, J. A., and McCloskey, E. V. (1992). Epidemiology of vertebral osteoporosis.
Bone 13, S1–S10. doi:10.1016/8756-3282(92)90189-4
Kasra, M., Shirazi-Adl, A., and Drouin, G. (1982). Dynamics of human lumbar
intervertebral joints: experimental and finite element investigations. Spine 17,
93–101. doi:10.1097/00007632-199201000-00014
Kasra, M., Shirazi-Adl, A., and Drouin, G. (1992). Dynamics of human lumbar
intervertebral joints. Experimental and finite-element investigations. Spine 17,
93–102. doi:10.1097/00007632-199201000-00014
Keller, T. S., and Spengler, D. M. (1987). Mechanical behavior of the human lumbar spine. I. Creep analysis during static compressive loading. J. Orthop. Res. 5,
467–478. doi:10.1002/jor.1100050402
Kemper, A. R., McNally, C., and Duma, S. M. (2007). The influence of strain rate
on the compressive stiffness properties of human lumbar intervertebral discs.
Biomed. Sci. Instrum. 43, 176–181.
Kong, W. Z., and Goel, V. K. (2003). Ability of the finite element models to predict response of the human spine to sinusoidal vertical vibration. Spine 28,
1961–1967. doi:10.1097/01.BRS.0000083236.33361.C5
Kuo, Y. W., and Wang, J. L. (2010). Rheology of intervertebral disc: an ex vivo study
on the effect of loading history, loading magnitude, fatigue loading, and disc
degeneration. Spine 35, E743–E752. doi:10.1097/BRS.0b013e3181d7a839
Lai, W. M., How, J., and Mow, V. C. (1991). A triphasic theory for the swelling
and deformation behavior of cartilage tissue. J. Biomech. Eng. 113, 145–158.
doi:10.1115/1.2894880
Laible, J. P., Pflaster, D. S., Krag, M. H., Simon, B. R., and Haugh, L. D. (1993). A
poroelastic-swelling finite element model with application to the intervertebral
disc. Spine 18, 659–670. doi:10.1097/00007632-199304000-00019
Lee, C. K., Kim, Y. E., Lee, C. S., Hong, Y. M., Jung, J. M., and Goel, V. K. (2000).
Impact response of the intervertebral disc in a finite-element model. Spine 25,
2431–2439. doi:10.1097/00007632-200010010-00003
Lee, K. K., and Teo, E. C. (2004). Poroelastic analysis of lumbar spinal stability in
combined compression and anterior shear. J. Spinal Disord. Tech. 17, 429–438.
doi:10.1097/01.bsd.0000109835.59382.9c
Luo, Z. P., and Goldsmith, W. (1991). Reaction of a human head/neck/torso system
to shock. J. Biomech. 24, 499–510. doi:10.1016/0021-9290(91)90284-T
Lyles, K. W., Gold, D. T., Shipp, K. M., Pieper, C. F., Martinez, S., and Mulhausen,
P. L. (1993). Association of osteoporotic vertebral compression fractures with
impaired functional status. Am. J. Med. 94, 595–601. doi:10.1016/0002-9343(93)
90210-G
Melton, L. J., Kan, S. H., Frye, M. A., Wahner, H. W., O’Fallon, W. M., and Riggs, B.
L. (1989). Epidemiology of vertebral fractures in women. Am. J. Epidemiol. 129,
1000–1011.
Moro, M., Hecker, A. T., Bouxsein, M. L., and Myers, E. R. (1995). Failure load of
thoracic vertebrae correlates with lumbar bone mineral density measured by
DXA. Calcif. Tissue Int. 56, 206–209. doi:10.1007/BF00298611

December 2013 | Volume 1 | Article 16 | 8

Wilson et al.

Myers, E. R., and Wilson, S. E. (1997). Biomechanics of osteoporosis and vertebral
fracture. Spine 22, 25S–31S. doi:10.1097/00007632-199712151-00005
Ochia, R. S., and Ching, R. P. (2002). Internal pressure measurements during
burst fracture formation in human lumbar vertebrae. Spine 27, 1160–1167.
doi:10.1097/00007632-200206010-00005
O’Connell, G. D., Jacobs, N. T., Sen, S., Vresilovic, E. J., and Elliott, D. M. (2011).
Axial creep loading and unloaded recovery of the human intervertebral disc
and the effect of degeneration. J. Mech. Behav. Biomed. Mater. 4, 933–942.
doi:10.1016/j.jmbbm.2011.02.002
O’Connor, P. (2002). Incidence and patterns of spinal cord injury in Australia. Accid.
Anal. Prev. 34, 405–415. doi:10.1016/S0001-4575(01)00036-7
Panagiotacopulos, N. D., Pope, M. H., Krag, M. H., and Bloch, R. (1987).
A mechanical model for the human intervertebral disc. J. Biomech. 20, 839–850.
doi:10.1016/0021-9290(87)90144-8
Panjabi, M. M., Krag, M., Summers, D., and Videman, T. (1985). Biomechanical
time-tolerance of fresh cadaveric human spine specimens. J. Orthop. Res. 3,
292–300. doi:10.1002/jor.1100030305
Pollintine, P., van Tunen, M. S., Luo, J., Brown, M. D., Dolan, P., and Adams, M. A.
(2010). Time-dependent compressive deformation of the ageing spine: relevance
to spinal stenosis. Spine 35, 386–394. doi:10.1097/BRS.0b013e3181b0ef26
Robinovitch, S. N., Hayes, W. C., and McMahon, T. A. (1997). Predicting the
impact response of a nonlinear single-degree-of-freedom shock-absorbing system from the measured step response. J. Biomech. Eng. 119, 221–227. doi:10.
1115/1.2796083
Rostedt, M., Ekström, L., Broman, H., and Hansson, T. (1998). Axial stiffness of
human lumbar motion segments, force dependence. J. Biomech. 31, 503–509.
doi:10.1016/S0021-9290(98)00037-2
Shirazi-Adl, A. (1992). Finite element simulation of changes in the fluid content of
human lumbar discs. Mechanical and clinical implications. Spine 17, 206–212.
doi:10.1097/00007632-199202000-00015
Sran, M. M., and Robinovitch, S. N. (2008). Preventing fall-related vertebral fractures: effect of floor stiffness on peak impact forces during backward falls. Spine
33, 1856–1862. doi:10.1097/BRS.0b013e31817bab05
Stevens, J. A., and Sogolow, E. D. (2005). Gender differences for non-fatal unintentional fall related injuries among older adults. Inj. Prev. 11, 115–119.
doi:10.1136/ip.2004.005835
Taylor, A. J., Gary, L. C., Arora, T., Becker, D. J., Curtis, J. R., Kilgore, M. L.,
et al. (2011). Clinical and demographic factors associated with fractures
among older Americans. Osteoporos. Int. 22, 1263–1274. doi:10.1007/s00198010-1300-8
Tertti, M., Paajanen, H., Laato, M., Aho, H., Komu, M., and Kormano, M. (1991).
Disc degeneration in magnetic resonance imaging. A comparative biochemical,

www.frontiersin.org

Disc degeneration affects impact dynamics

histologic, and radiologic study in cadaver spines. Spine 16, 629–634. doi:10.
1097/00007632-199106000-00006
van Engelen, S. J., van der Veen, A. J., de Boer, A., Ellenbroek, M. H., Smit, T. H.,
van Royen, B. J., et al. (2011). The feasibility of modal testing for measurement
of dynamic characteristics of goat vertebral motion segments. J. Biomech. 44,
1478–1483. doi:10.1016/j.jbiomech.2011.03.013
Van Toen, C., Sran, M. M., Robinovitch, S. N., and Cripton, P. A. (2012). Transmission of force in the lumbosacral spine during backward falls. Spine 37,
E519–E527. doi:10.1097/BRS.0b013e31823ecae0
Verver, M. M., van Hoof, J., Oomens, C. W., van de Wouw, N., and Wismans, J. S.
(2003). Estimation of spinal loading in vertical vibrations by numerical simulation. Clin. Biomech. 18, 800–811. doi:10.1016/S0268-0033(03)00145-1
Wang, J. L., Parnianpourb, M., Shirazi-Adlc, A., and Engind, A. E. (1999). Rate effect
on sharing of passive lumbar motion segment under load-controlled sagittal flexion: viscoelastic finite element analysis. Theor. Appl. Fract. Mech. 32, 119–128.
doi:10.1016/S0167-8442(99)00032-4
Wilson, S. E. (1999). “Analysis of the forces on the spine during a fall with
applications towards predicting vertebral fracture risk,” in Mechanical Engineering (Cambridge: Massachusetts Institute of Technology). Available from:
http://dspace.mit.edu/handle/1721.1/33545
Wilson, S. E., and Myers, E. R. (1998). “Estimation of forces on the spine during a fall
using lumped parameter modeling,” in 6th Annual Symposium on Computational
Methods in Orthopaedic Biomechanics, Atlanta, GA.

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 04 August 2013; paper pending published: 31 August 2013; accepted: 01
November 2013; published online: 16 December 2013.
Citation: Wilson SE, Alkalay RN and Myers E (2013) Effect of the degenerative state
of the intervertebral disk on the impact characteristics of human spine segments. Front.
Bioeng. Biotechnol. 1:16. doi: 10.3389/fbioe.2013.00016
This article was submitted to Biomechanics, a section of the journal Frontiers in
Bioengineering and Biotechnology.
Copyright © 2013 Wilson, Alkalay and Myers. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

December 2013 | Volume 1 | Article 16 | 9

