Effect of Fatigue Loading on The Functional Integrity of Intervertebral Disc
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ABSTRACT

Epidemiological studies showed the repetitive activity as a risk factor for back pain.
Most of the fatigue failures of spinal column are the consequence of disc dysfunction.
The biomechanical function of disc is to hold the intradiscal pressure, hence maintaining
the stiffness of disc and providing the stability of motion segment. The information of the
effect of fatigue loading on the disc integrity is important for clarifying the risk factor of
back pain. The objective of this study was to assess the changes of functional integrity of
intervertebral disc post fatigue loading. An in vitro biomechanical study using porcine
spine specimen was designed. Quantitative discomanometry (QD) test was applied pre
and post fatigue. The characteristic pressures, volumes and slope of pressure-volume
curve of the QD test were analyzed. The results showed the fatigue loading decreased the
functional integrity of intervertebral disc. The disc was at higher risk of injury following
fatigue loading.
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INTRODUCTION

Occupations that required higher cumulative spinal compression and shear forces
often led to low back pain (LBP) problems [1]. Epidemiological studies suggested highly
repetitive activities as a risk factor for LBP [2, 3]. For example, the exposure of whole
body vibration was proved to be a risk factor for occupational LBP [4, 5]. The fatigue
failure of disc often leads to the acceleration of the degenerative processes and
development of low back disorders. The mechanism of disc fatigue failure is a complex
process. The frequent bending and lifting often led disc protrusion [6, 7]. The
sub-maximal cyclic loading will induce disc micro failures [8] hence making the spine
unstable [9].

The fatigue failure of motion segment can be observed at the vertebral body (VB)
and endplate due to axial compressive cyclic loading [3, 9, 10]; at the anulus fibrosus (AF)

due to flexion cyclic loading [11]; and at the endplate, facet, AF and capsular ligament



due to torsion cyclic loading [12]. The injury site of spinal fatigue failure was observed in
many places within the motion segment. However, the fatigue failure of motion segment
generally started from the dysfunction of disc [13-15].

One of the biomechanical functions of disc is to absorb the force transmitted from
the ground reaction. The disc is a viscoelastic structure consisting of a nucleus pulposus
(NP) surrounded by AF. The AF is an elastic laminated fibrous structure that holds the
intradiscal pressure (IDP), hence providing the capability of absorbing force [16]. The
micro failure of AF due to fatigue loading was likely to damage the disc integrity.
However, the quantitative links between disc integrity and fatigue loading was
inadequately studied. To address these questions, the study investigated the functional
integrity of disc following fatigue loading. Quantitative information of the effect of

fatigue loading on disc integrity will be helpful in defining the injury potential of disc.

MATERIAL AND METHOD

Specimen Preparation. Three-unit-motion-segment (T2-T5, T6-T9) of fresh
porcine thoracic specimens were harvest from 6-month-old swine. The discs were rated
Grade 1 criteria defined by Galante [17] (Figure 1). Each specimen was carefully cleaned
of muscle tissue. The specimens were mounted at both ends, i.e., the proximal half of
cranial vertebra and the distal half of caudal vertebra, using quick setting epoxy. The
specimens were placed in double plastic bags and frozen at —20° C for storage. Before
experiments, the specimens were removed from freezer and kept in room temperature for
6 hours. The specimens were wrapped with gauze and saline during the experiments. The

size of tested porcine thoracic disc was close to the size of human one [18, 19] (Table 1).

DW: Disc Width

DD: Disc Depth

Ant AF: Thickness of Anterior AF
Lat AF: Thickness of Lateral AF
Post AF: Thickness of Posterior AF

Figure 1. The width, depth and height of disc and thickness of anulus fibrosus of porcine
thoracic disc.



Table 1. Dimensions (mm) of Porcine and Human Discs.

Porcine thoracic disc Human thoracic disc
Disc height 5.2 (0.3) 6.6 (1.4) [19]
Disc width 34.1 (2.4) *EPWu=28.6 (4.7), EPWI=31.0 (5.3) [18]
Disc depth 22.5 (0.9) *EPDu=26.2 (4.6), EPDI=27.3 (4.4) [18]
Ant AF 7.3 (0.9) N.A.
Lat AF 7.4 (0.5) N.A.
Post AF 4.1 (0.3) N.A.

Data are mean (standard deviation).

*Data are based on the measurement of endplate.

EPWu: Upper endplate width, EPWI: Lower endplate width,

EPDu: Upper endplate depth, EPDI: Lower endplate depth, N.A.: Not Available

Quantitative Discomanometry (QD) Apparatus. The QD technique [20-23] was
used to measure both the injected fluid volume and the developed hydrostatic pressure
within the disc to quantify the disc functional integrity. The QD apparatus was composed
of a spinal needle, a high-pressured syringe, a programmable x-table, a pressure
transducer and a linear potentiometer (for volume measurement) (Figure 2). The pressure
limit of the home-made QD apparatus was 5 MPa and the linear range of
pressure-volume curve was 4.5 MPa. This QD apparatus was able to inject 1 ml fluid. In
the pilot study, most the pressure leaked within 0.1 ml and saturated less than 0.5 ml. We
set the 0.5 ml as the injection volume. The injection rate was fixed at 0.5 ml/min. The 22
G spinal needle with 90 mm length was carefully placed in the center of the disc through
lateral site of disc with the help of a plastic stopper/indicator.
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Figure 2. Quantitative discomanometry (QD) apparatus. The QD apparatus was

composed of a spinal needle, a high-pressured syringe, a programmable x-table, a
pressure transducer for pressure measurement, a linear potentiometer for volume

measurement and a computer for data acquisition.

Fatigue Loading Apparatus. A vibrator composed of two eccentric rotors and one
motor was mounted into the impactor of the impact testing apparatus to create the fatigue
loading (Figure 3). The fatigue loading was produced by the rotation of two
counter-rotated eccentric rotors driven by a motor. The vibration was transmitted to the
specimen through the impounder. The specimen was vertically loaded on top of the
anterolateral site of specimen using an eccentric wedge (4 cm from the center of the
vertebrae) to mimic the combination of axial compression and lateral flexion (Figure 3)
[24]. A load cell (AMTI MC6-6-4000, Advanced Mechanical Technology, Inc.,
Watertown, MA, USA) was placed under the specimen to record the resultant forces and
moments of the specimen. The root mean squared averaged axial loading of cyclic
loading was 425 N (670 N maximum and 270 N minimum), and the flexion was 17 Nm
(27 Nm maximum and 11 Nm minimum). The loading frequency was 5 Hz and the

loading period was five hours. In total, 90,000 cycles of loading were applied.
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Figure 3. Fatigue testing apparatus. The fatigue loading, generated by the vibration of

vibrator, was transmitted to the specimen through impounder. A wedge was applied on
the top of the specimen and anterolaterally eccentric to the center of vertebra to create a

compressive loading combined with anterolateral flexion motion.

Experimental Protocol. Two specimens were used to confirm the morphological
changes post fatigue by cross-sectional dissected disc photography. Ten intact discs were
tested by QD apparatus, and another ten discs (the middle disc of 3-unit-motion-segment
specimen) were tested by QD apparatus post fatigue.

Data Analysis. The independent variable manipulated in the experiment was the
fatigue loading (pre and post fatigue). The dependent variables were the QD parameters.
The QD parameters included the intrinsic pressure, leakage pressure and volume, saturate
pressure and volume, steady-state pressure, and slope between intrinsic and leakage
pressure (Figure 4) [21]. The intrinsic pressure was the disc pressure before injection.
The leakage pressure and volume were the pressure and volume of the linear threshold of
pressure-volume curve. The saturate pressure and volume were the pressure and volume
of the maximum pressure during the injection. The steady-state pressure was defined as
the pressure when the injected volume was 0.5 ml.

Statistical Analysis. The independent sample t-test was used to detect the statistical
difference of QD parameters between pre and post fatigue loading. The tests were

considered to be significant at a=0.05.
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Figure 4. Schematics of a pressure-volume curve obtained using QD apparatus.
RESULTS

Morphological Observation. No visible protrusion of NP was observed post fatigue.
A solution of black ink dye was injected into the center of the discs before fatigue loading.
After the fatigue loading, the photography of cross-sectional dissected disc showed the
NP compressed the AF of the posterolateral side (Figure 5).

QD parameters. All QD parameters, except the saturate volume, significantly
decreased post fatigue (Table 2). Higher magnitude of QD pressure represents better disc
integrity. The leakage pressure, saturate pressure and steady-state pressure of discs were
above the machine’s limit (5 MPa) pre fatigue, and dropped to 1.7, 2.3 and 2.2 MPa post
fatigue. The slope between intrinsic and leakage pressure corresponded to the elasticity of
the AF ring. The slope was 44.6 MPa/ml pre fatigue and decreased to 27.1 MPa/ml post

fatigue.



Figure 5. Photograph of a sectioned disc post fatigue load. After axial loading combine
with left anterolateral flexion fatigue loading, the nucleus pulposus protruded toward the
right posterolateral side of the disc.

Table 2. Comparison of QD Parameters Pre and Post Fatigue Loading.

Pre fatigue Post fatigue P-value
Intrinsic pressure (MPa) 0.14 (0.06) 0.06 (0.03) 0.003
Leakage pressure (MPa) *3.92 (0.01) 1.71 (1.16) 0.000
Saturate pressure (MPa) *4.99 (0.09) 2.28 (1.20) 0.000
Steady-state pressure (MPa) *4.99 (0.17) 2.24 (1.25) 0.000
Leakage volume (ml) 0.14 (0.06) 0.08 (0.06) 0.041
Saturate volume (ml) 0.22 (0.08) 0.16 (0.08) 0.072
Slope (MPa/ml) 44.6 (20.6) 27.1 (9.80) 0.030

Data are Average (Standard Deviation).

* Exceed machine limit.

DISCUSSION

The outcome of biological structure (e.g. spine) post fatigue loading was
complicated and difficult to compare among different researches. It was because the type
and magnitude of fatigue loading was not clearly defined and the loading conditions were
not consistent. The fatigue test of engineering materials was categorized into the high
cycle fatigue and the low cycle fatigue. The differentiation between the high cycle and



low cycle fatigue loading in spine biomechanics was less discussed. It is tentatively
suggested the two types of fatigue loading can be divided by the activities that spine
experienced. For example, the low cycle fatigue may simulate the loading during
repetitive lifting of moderate to heavy weight (3 Nm for 9,000 cycles [25], 500 N to 3150
N, for 8253, 3257 and 263 cycles at 0, 22.5, and 45 degree flexion [26, 27], 1,472 N
(mean) for 6,000 cycles [24], and 3,076 N (mean) for 9,600 cycles [28]). The high cycle
fatigue may simulate the loading during a vibratory environment without excessive
bearing (260 N (mean) for 86,400 cycles [29]). The loading magnitude of 425 N (mean)
for 90,000 cycles used in current study can be attributed to the high cycle fatigue loading
condition. Differentiating type of fatigue loading help synthesize experimental results.

The current study created an in vitro mechanically degenerated disc, but not the
chemical or aging degenerated disc [30-32]. An aging degenerated disc would yield lower
swelling stress [30], higher tensile and compressive strain [13], and higher leakage
volume [31]. We did not find the increased leakage or saturate volume post fatigue. On
the contrary, we found a minor decreased leakage and saturate volume post fatigue. The
process of current mechanical degeneration did not enlarge the volume of NP, while the
process of aging degeneration did.

The porcine spine/disc is a good animal model to simulate human spine/disc. The
loading axis of the quadruped spine is mainly along its long axis, just like human spine
[33]. The porcine spine is analogue to human spine in terms of anatomical, geometrical
and functional characteristics [29, 34]. In addition, the physical circumstance of a
6-month old porcine disc can represent the one of human mature and health disc.
However, limitations of using the porcine spine should be addressed. The current study
applied vertical loading along the long axis of motion segment. The anterior porcine facet
joint (analogous to the superior facet joint in human spine) is a hook-like process and the
human facet joint is a straight process. This geometric difference should increase the load
sharing percentage of facet joint during anteroposterior and lateral shear loading. The
increased load sharing percentage during axial loading is not clear and worth of further
study.

This study found that the saturate pressure of porcine intact disc was higher than 5
MPa (machine’s limit) pre fatigue and dropped to 2 MPa post fatigue. The saturate
pressure of an intact bovine disc was 18 MPa [35]. The saturate pressure of intact porcine
disc should also be within this range. The saturate pressure of disc secondary to burst
fracture was 0.3 MPa [23] and the saturate pressure of degenerated human disc was from
0.8 MPa to 1.3 MPa [36]. The current fatigue loading did not create a significant injury as

the burst fracture or degeneration did. However, the fatigue loading would increase the



risk of disc leakage even with regular activities, since the IDP under regular daily
activities can be up to 1.6 MPa [37] to 2 MPa [38, 39].

This study showed that the fatigue loading decreased the functional integrity. The
disc was at higher risk of injury post fatigue even at mild loading. Two concerns should
be addressed for the application of the quantitative data. First, the inherent mechanical
strength of healthy porcine disc was stronger than the one of degenerated human disc.
Second, the human spine experienced 10,000 to 20,000 cycles of loading per day. A
90,000 cycles of repetitive loading at 425 N (mean) without rest was a rigorous loading
test for spine/disc. The in vitro fatigue experiments showed both the reversible [40] and
irreversible [41] changes of disc mechanical properties. Establishing the index of critical
fatigue loading for human disc is imperative for preventing permanent injury of disc. This

study created a starting reference point for future study.
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