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Background: The objective of this study was to develop a nondestructive indentation technique to quantify the degradation
of the material properties of the annulus fibrosus (AF) resulting from nontraumatic cyclic fatigue and to analyze the data in
both the time domain, with the relaxation ratio, and the frequency domain, with a parametric autoregressive model. Methods:
In this study, 7 human cadaver intervertebral discs were included (4 from L3/4, 3 from L2/3) with a mean age of 52 years
(range, 35-61). The relaxation indentation test was applied with an MTS 858 materials testing system using 2.5 mm
hemispherical indenters on the posterior disc. Computational analyses, separated into time and frequency domains, were
undertaken with an IBM-compatible computer using custom-designed software based on the Matlab (Mathworks, Natik, MA)
programming environment. Results: In the time domain, the relaxation ratio averaged 60.7% in the control and 74.4% after
cycling. There was a 13.7% increase after cycling. In the frequency domain, the best order of the relaxation function data was
one in all specimens. The equation for the specimens was: y(n)-(0.99835±0.0035)×y(n-1)=e(n), where e(n) is white noise.
Conclusion: In our hypothesis, the degeneration of the disc arises mainly, in the first step, from mechanical changes in the
AF after mechanical loading, followed by an induced sequence of mechanical and biological changes. Microtrauma of the
AF because of repetitive or sustained loading will cause plastic deformation of the AF, leading to a vicious cycle of disc
degeneration.
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INTRODUCTION

The intervertebral disc (IVD) is composed of the annu-
lus fibrosus (AF), nucleus pulposus (NP), and two carti-
laginous endplates. The AF consists of an inner AF (capsular
AF) and an outer AF (ligamentous AF). The dense outer
AF is composed of numerous (15-20) concentric rings of
fibrocartilagenous tissue, the fiber arrangement of which is
at an angle of 25-30o to the adjacent sheet. The outer AF
travels into the bony vertebra, whereas the inner AF travels
into the cartilaginous endplate. The inner AF is a fibro-
cartilagenous component of the annulus, with collagen
fibers running concentrically and vertically, without a high
degree of lamellar orientation of the outer AF1. There is

also a thin transitional zone of fibrous tissue between the
inner AF and the NP. The NP is a hydrated gelatinous
material that sits in the posterior center of the disc. It is rich
in hydrophilic aminoglycans. There are two endplates at
the cranial and caudal junctions between the IVD and the
vertebra. They consist of hyaline cartilage, which binds the
discs to their corresponding vertebral bodies. Unlike the
AF and NP, the structure and function of the endplate have
not been characterized. The adult endplate is around 1 mm
thick2. The portion of the vertebra under the endplate is
usually called the “subchondral bone”. It belongs to the
structures of the vertebra, but is also important in IVD
physiology.

Degenerative changes affect all components of a mobile
segment. In biomechanics, it has been pointed out that
degeneration will involve a change in the tensile and
compressive behaviors of the AF, which in turn will
change the fatigue resistance and fatigue properties3-6,
decrease the intradiscal (osmotic) pressure7-9, increase
instability10-12, change the viscoelasticity properties13, etc.
Degeneration can occur when the accumulating microda-
mage from fatigue outpaces the remodeling response of the
discs6. There is a correlation between degeneration, fatigue,
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and instability5. Normal spine movement requires cyclic
loading and the deformation of the discs. The repeated
deformation of the discs may lead to a fatigue failure of the
matrix. This failure may appear as fissures, cracks, or
myxoid degeneration, or as microdamage in the macromo-
lecular matrix. This change in the matrix interferes with the
cell loading environment and leads to a functional change
in the cell. The tensile mechanical behavior is altered in
degenerative intervertebral discs. In a previous study, it
was demonstrated that a degenerated AF will have a lower
Poisson’s ratio, lower failure stress, and lower strain en-
ergy density3. Decreases in both the failure stress and strain
energy density to failure indicate that the degenerated AF
will fail at lower stresses and require less energy to fail than
a nondegenerate AF. Best and colleagues4 demonstrated
that the compressive modulus of the AF is 0.34 MPa for
nondegenerate AF and 0.15 MPa for degenerate AF. It is
uncertain whether these material property changes are a
result or a cause of IVD degeneration and failure. It is
grossly evident that the NP will undergo progressive
fibrosis, with a change in its material mechanical properties,
during the process of degeneration. Measurements of
intradiscal pressure in in vitro and in vivo studies have
indicated significant decreases in the hydrostatic pressure
and osmotic pressure of the degenerative IVD7,9,14. The
intrinsic and maximum pressures in the nucleus are in-
versely related to the anatomical grade of disc degene-
ration14. In an in vivo human study, it was noted that the
intradiscal pressure was significantly reduced and corre-
sponded to the degree of disc degeneration as estimated by
magnetic resonance imaging9. In the process of degene-
ration, inhomogeneous and structural changes in the AF
and NP caused a reduction in the diameter of the central
hydrostatic region of each disc of approximately 50%, and
the pressure within this region fell 30%, when a technique
was used that measures the distribution of compressive
stress within cadaver IVDs15.

The changes in viscoelastic properties in degenerative
disc disease are still a controversial topic. One study
concluded that the NP undergoes a transition from “fluid-
like” behavior to a more “solid-like” behavior with aging
and degeneration, primarily due to loss of hydration. This
means that there is a decrease in the viscous component of
the viscoelastic property13. A previous work discovered,
using a nondestructive indentation test, that degenerative
tissue has more viscoelastic mechanical properties for a
given hydration level then does normal intact tissue16. This
included property changes in stress relaxation, creep, and
hardness.

Nondestructive indentation testing techniques provide

a means of determining elastic– plastic and viscoelastic
material properties, with the key advantage of recording
data at multiple points along a prescribed time or loading
history. Previously, Evans and Lebow17 demonstrated a
relationship between indentation testing data and the elas-
tic modulus of bone. Wang et al.18 found that the fracture
toughness of bone strongly correlates with indentation
hardness, but not with mineral density, porosity, elastic
modulus, yield strength, or ultimate strength. Indentation
testing has also been used to determine the mechanical
properties of soft tissues19-22, whereas creep and stress
relaxation methods have been used to characterize the
viscoelastic nature of biomaterials23-30.

The objective of this study was to use a nondestructive
indentation technique to quantify the degradation of the
material properties of the AF resulting from nontraumatic
cyclic fatigue, and to analyze the data in both the time
domain with the relaxation ratio and the frequency domain
with a parametric autoregressive model31,32.

METHODS

The method of this study is summarized in Fig. 1. 　　

　Seven human cadaver IVDs were included (4 from L3/
4, 3 from L2/3) with a mean age of 52 years (range, 35-61).
Specimen preparation involved cutting the pedicles and
removing the posterior processes. The test unit consisted of
hemivertebrae, potted in polyurethane, and the intervening
disc. During the dissection and removal of the soft tissue
around the disc, great care was taken to maintain disc
hydration by misting it with saline at regular intervals.

A custom-made apparatus was constructed to apply a

Fig. 1  The figure depicts the experimental procedures of this
study. IVD, intervertebral disc; ARMA, autoregressive
moving average model; FPE, final prediction error.
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where n is the time index, y(n) is the output, x(n) is the
input, and p is the model order.

Both the error variance and the final prediction error
(FPE) were used as predictors of the best order of the
ARMA model31,32. The coefficient was then determined by
minimizing the total squared error, which was found by
solving the set of equations called the Yule – Walker
equations32. Because the relaxation function has a power
distribution at most frequencies below 0.25 Hz, we calcu-
lated the power in regions with frequencies below 0.25 Hz
and compared the power before and after cycling (Fig. 3).

RESULTS

In the time domain, the average relaxation ratio was 60.7%
for the control and 74.4% after cycling. There was a 13.7%

Fig. 2b Relaxation ratio of the same specimen (RR, relax-
ation ratio).

Fig. 2a Relaxation test of a specimen (cycling, as mentioned
in the text, is 6000 cycles of a 2000 N load at a rate
of 0.5 Hz; N, Newton).

2000 N cycling load at a rate of 0.5 Hz with a flexion angle
of 5o. Each specimen was tested before and after 6000
flexion–compression cycles. The relaxation indentation
test was applied with an MTS 858 materials testing system
using a 2.5 mm hemispherical indenter. The indentation
test was programmed to impact the whole IVD at the
posterior center, with 10 preconditioning cycles, held for
60 s. The peak indentation pressure was 0.7 MPa for all
specimens.

The data sampling rate was 10 Hz. The computational
analysis was separated into the time domain and frequency
domain.

In the Time Domain
The relaxation ratio (R) was defined by the following

equation:

where F
0
 is the initial indentation force and F(t) is the

force data gathered by the load cell over time. 
X
 is 0 for the

specimen data before cycling and 1 for the specimen data
after cycling. The relaxation change was calculated by:

A typical figure is shown in Fig. 2.

In the Frequency Domain
In statistical analysis, autoregressive moving average

(ARMA) models, sometimes called “Box–Jenkins mod-
els” after G. Box and G. M. Jenkins33, are typically applied
to time series data. They involve a linear prediction for-
mula that attempts to predict the output of a system based
on previous outputs and inputs. For example, the output (y
[n]) of a system is based on the previous outputs (y[n-1], y
[n-2]...) and inputs (x[n], x[n-1], x[n-2]...). We can derive
a linear prediction model that involves determining the
coefficients a1, a2, ... and b0, b1, b2, ... in the equation:

The data analysis in the frequency domain was per-
formed with an IBM-compatible computer using custom-
designed software based on the Matlab (Mathworks, Natik,
MA) programming environment (the Matlab code can be
by request). The data were first processed with the
Butterworth filter (order = 5, cutoff frequency at 1 Hz, gain
at pass band (Gp) = -2 dB, gain at stop band (Gs) = -20 dB)
because noise had a high power at 2.8 Hz. The sampling
interval was 0.1 s. The autoregressive model defined here
was p order:

y[n] =a
1
× y[n-1]+a

2
× y[n-2]...+ b

0
× x[n] +b

1
× x[n-1] + ...

y(n) +a(1)y(n-1)+a(2)y(n-2)+......+a(p)y(n-p)=x(n)
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F

0
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increase after cycling (Table 1).
In the frequency domain, the best order of the relaxation

function data was 1 for all the specimens. The equation
derived by the calculation described in the Methods was:

wheree(n) is white noise.
The periodogram revealed power distributed predomi-

nantly below 0.25 Hz. The power before and after cycling
was 4.42×10-2 and 7.79×10-3 mV2, respectively. The
power decrease after cycling compared with the precycling
power was 74.8% (Table 1).

DISCUSSION

In this study, a nondestructive indentation technique
was used to quantify the degradation of the material prop-
erties of the AF resulting from nontraumatic cyclic fatigue.
The relaxation ratio in the time domain was larger after
cycling fatigue, indicating that this degradation can be
quantified by the extension of relaxation in the indentation
test. This is compatible with previous work that discovered
that degenerative tissue has more viscoelastic mechanical
properties than does normal intact tissue in the nondestruc-
tive indentation test16.

To the best of our knowledge, there is no report that
analyzes viscoelastic relaxation time domain data in the
frequency domain. Converting the data into a frequency
domain revealed that the power of the low frequency in the
periodogram remained only one fifth that of the control
after 6000 cycles. The power change at low frequency is
more sensitive than the quantification method in the time

domain in this study. The stress relaxation property is
closely dependent on the past history of the output. In other
words, the correlation between contingent outputs is high.
The phenomenon was observed in this study using an
autoregressive model by linear prediction of the output
based on the previous output. The sign was easily con-
firmed with a simple Poincare plot, which showed a closed
linear cluster with y(n) vs y(n+1). The cycling procedure,
which simulates the degeneration of discs, causes a signifi-
cant power decrease in the low frequency zone. Therefore,
we can predict disc degeneration in the future using the
power of a specimen in the frequency domain.
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