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Understanding the effect of impact loading on the mechanical response of the intervertebral disc (IVD) is
valuable for investigating injury mechanisms and devising effective therapeutic modalities. This study
used 24 porcine thoracic motion segments to characterize the mechanical response of intact (N = 8),
degenerated (Trypsin-denatured, N = 8), and repaired (Genepin-treated, N = 8) IVDs subject to impact
loading. A meta-model analysis of poroelastic finite element simulations was used in combination with
ex-vivo creep and impact tests to extract the material properties. Forward analyses using updated
specimen-specific FE models were performed to evaluate the effect of impact duration. The maximum
axial stress in the IVDs, Von-Mises stress in the endplates, and intradiscal pore pressure (IDP) were cal-
culated, under a 400 N preload, subject to a sequence of impact loads for 10 impact durations (10–100
ms). The results were in good agreement with both creep and impact experiments (error < 10%). A signif-
icant difference was found in the maximum axial stress between the intact and degenerated disc groups.
The IDP was also significantly lower in the degenerated disc group. The Von Mises stress in the adjacent
endplates significantly increased with degeneration. It is concluded that the disc time-dependent
response significantly changes with disc degeneration. Cross-linker Genipin has the potential to recover
the hydraulic permeability and can potentially change the time dependent response, particularly in the
IDP. This is the first study, to our best knowledge, which explores the effect of impact loading on the
healthy, degenerated and repaired IVD using both creep and impact validation tests.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction multifactorial, where genetic and environmental factors, age,
Degeneration of the intervertebral disc (IVD), regardless of the
phenotypes, risk factors and initiating mechanisms is directly
linked to acute and chronic low back pain (LBP), the leading cause
of disability worldwide (WHO, 2016). Degenerative disc disease
(DDD) is estimated to afflict one third of the world’s adult popula-
tion, instigating significant morbidity and socioeconomic chal-
lenges, which are increasing as the elderly population continues
to grow. The underlying causes for disc degeneration (DD) are
nutritional compromise, as well as mechanical loading history, all
predispose the healthy disc to structural failure (Adams and
Roughley, 2006; Dudli et al., 2012). It is widely accepted, though,
that mechanical loading plays a key role in DD (Adams and
Dolan, 2016).

Numerous theoretical, experimental, and computational studies
have investigated the effect of mechanical loading on disc degener-
ation at the cervical, thoracic and lumbar levels (Dreischarf et al.,
2016; Illien-Junger et al., 2010; Shirazi-Adl et al., 2016; Wilke
et al., 1999). These studies considered multiple loading scenarios,
including static/quasi-static loads, dynamic, and complex loading.
Much less work, however, has been done on the effect of impact
or fast rate loading on the spine, in part due to its lower prevalence
during normal physiological activities and the complexity of
studying impact trauma experimentally (Wagnac et al., 2011). In
vitro animal models were used to characterize the response of
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DD following high impact trauma (Dudli et al., 2012; Haschtmann
et al., 2006; Hsu et al., 2013). The important question of whether a
single impact without structural endplate impairment is sufficient
to promote DD was recently addressed using a full organ culture
model (Dudli et al., 2014). High impact loading was reported to
weaken disc tissue by disrupting the matrix structure and altering
the gene expression profile, hence leading to degenerative changes
and predisposing the disc for endplate fractures.

Various Finite Element Models (FEM) were also employed to
investigate the response of the IVD to impact loading. Most were
motivated by spinal trauma, common to high speed impact loads
generated in motor vehicle crashes (MVCs), combat and military
situations, or high impact sports (El-Rich et al., 2009; Lee et al.,
2000; Marini et al., 2015; Mustafy et al., 2014; Mustafy et al.,
2016). According to these works, the loading rate has a significant
influence on the mechanical behavior of spinal structures. Lumbar
spine investigations demonstrated amodified injury pattern at high
loading rate (0.38 m/s) including burst fractures and neurological
injury (Tran et al., 1995). Impact investigations of the ligamentous
cervical C2-C3 functional spinal unit (FSU) demonstrated different
response to impact load and load-sharing depending on the rate
and direction of loading. Strain energy assessment indicated that
endplates are at increased risk of injury under rapid compression
(Mustafy et al., 2014; Mustafy et al., 2016). Under fast dynamic
loading conditions (high-energy impact), the load rate dependency
of the IVD material properties may play a critical role in the biome-
chanics of spinal trauma. However, most of the FE models in litera-
ture used material properties derived from quasi-static
experiments, thus neglecting this dependency (Wagnac et al.,
2011). None of these studies used impact experimental tests to val-
idate their models; rather, they employed creep and quasi static
analyses, which may have limited their fidelity. Another potential
limitation is the use of a hyperplastic formulation, which is not
faithful to the inherent viscoelastic/poroelastic nature of the IVD
(Mustafy et al., 2014; Mustafy et al., 2016; Wagnac et al., 2011).
Since the healthy IVD is a well-hydrated porous composite struc-
ture, poroelastic models are valuable for mimicking its behavior
(Argoubi and Shirazi-Adl, 1996).

The duration of impact is also important but understudied. For
short impact durations, the high dynamic stiffness increases the
FSU’s stability (El-Rich et al., 2009). The effect of impact duration
on the intradiscal pressure (IDP) is controversial, where some stud-
ies reported no effect (Lee et al., 2000), while others found an
increase in the IDP (El-Rich et al., 2009; Wang et al., 2008).

We have previously developed an efficient methodology com-
bining poroelastic FE models with a meta-model analytical
approach, based on ex-vivo experiments, to extract and quantify
the mechanical properties of intact, degenerated and repaired
discs. (Khalaf et al., 2017; Nikkhoo et al., 2015; Nikkhoo et al.,
2017). This study extends our work by investigating the response
of the intact, degenerated and repaired intervertebral disc to
impact loading scenarios. More specifically, the objective of this
study was twofold: first to develop and validate a specimen-
specific finite element model of the intervertebral disc using ex-
vivo experiments based on both creep and impact loading, and sec-
ond, to characterize the mechanical response of the intact, degen-
erated, and repaired intervertebral disc under impact shocks of
varying durations. This is the first study, to our best knowledge,
which explores the effect of impact loading on the healthy, degen-
erated and repaired IVD.
2. Materials and methods

This study commenced with ex vivo experiments, where three
disc groups were prepared: intact, degenerated (using Trypsin)
and repaired (using Genipin) discs. Impact loading was then
induced using a custom-made drop tower. An inverse poroelastic
FE model was used to extract the mechanical properties of the
three disc groups. Forward FE analyses based on updated
specimen-specific FE models were subsequently performed to
evaluate the effect of the impact duration on the biomechanical
response of intact, degenerated and repaired IVDs. The details are
described in the following sections:

2.1. Ex-vivo experiment

2.1.1. Specimen preparation and culturing procedure
24 porcine thoracic intervertebral discs were harvested from

fresh 6-months-old juvenile pig spines within 4 h of demise. The
specimens were prepared in sterile conditions. Upon the removal
of the posterior elements and muscle tissue, the upper and lower
vertebral bodies were cut parallel to the endplates. All specimens
were washed 3 times with phosphate buffered saline (PBS) (Biow-
est), 0.5% gentamicin, 0.5% amphotericin, and Betadine. The speci-
mens were incubated in a custom-made culturing system,
including a bio-reactor, a circulation nutrition mechanism, and a
pneumatic system to mimic physiological diurnal loading. Each
disc was placed in a transparent chamber, where the culture nutri-
tion media (changed every 2–3 days) was circulated at a rate of
200 lL/min. Standard control conditions were implemented
(37 �C, 95% relative humidity, 5% CO2). a 16-h dynamic loading
scenario (0.2–0.8 MPa, 0.2 Hz), followed by an 8-h rest period
(0.2 MPa), was applied (Gantenbein et al., 2006). Our pilot study
confirmed that the cell viability of the intact NP was 84.1%
(±6.9%) on day 1 and 82.9% (±8.3%) on day 7, while the viability
for the intact AF was 82.0% (±7.4%) on day 1 and 80.3% (±8.6%) on
day 7, respectively (Hsu et al., 2013). This confirmed that no phys-
ical degradation of the specimens occurred during the incubation.

2.1.2. Ex-vivo experimental tests
Three different disc groups, intact (I), degenerated (D), and

repaired(R), were used in the ex-vivo experiments, where 8 speci-
mens were included per group. The intact discs group (I) did not
receive treatment. Disc degeneration in group (D) was simulated
in two stages: 0.5 ml Trypsin solution (0.25%) was injected into
the NP on the first day, to induce biochemical protein denaturation,
followed by a mechanical injury using 4-h fatigue loading (Peak-
to-Peak 190-to-590 N, 2.5 Hz) to disrupt the disc’s fibrous struc-
ture. For the third group (R), one ml of Genipin (0.33%) was
injected into the NP one day after the simulated degeneration.
Upon a subsequent incubation of 7 days for all 3 groups, a 1 h
0.8 MPa unconfined creep test was performed to extract the
mechanical properties (elastic modulus (E) and hydraulic perme-
ability (k)). The discs were then kept at rest for 12 h under a 0.2
MPa compressive load to prevent over-swelling. A custom-made
drop-tower apparatus was used to induce impact loading (Fig. 1).
The average peak load during impulse was 1200 N, using shock
absorbers to provide contact for 20 ms (Fig. 2). The displacement
of the specimens was measured using a linear potentiometer
(25 mm, Gefran). The discs were finally cut into 2 segments from
the midline, where one half was assigned for measuring the water
content, while the other was used for histological studies to verify
the degeneration grade.

2.2. Poroelastic FE modeling and material identification

A general poroelastic Finite Element (FE) model of the interver-
tebral disc was previously developed by the authors (Nikkhoo
et al., 2013a) in ABAQUS v6.9, and validated using human cadav-
eric experiments under static, quasi-static, and dynamic loadings
(Heuer et al., 2007; Li, 1994; Nikkhoo et al., 2013a). The inferior



Fig. 1. Schematic of the impact test apparatus.
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surface of the lower endplate was fixed as a boundary condition,
while the axial displacement of the superior surface of the upper
endplate was assumed constant. The fluid was free to flow in the
NP, AF and endplates, although no element was allowed to slide
along the interface of different materials. A UMAT code was devel-
oped to consider the strain-dependent permeability, which was
assumed to depend on the void ratio (Argoubi and Shirazi-Adl,
1996). A constant boundary pore pressure (0.3 MPa) was imposed
on the external surfaces to simulate the swelling phenomenon
(Galbusera et al., 2011; Nikkhoo et al., 2015; Schmidt et al.,
Fig. 2. Protocol of the ex-vivo ex
2011). Specimen specificity was implemented by using the mea-
sured radii and heights for all 24 discs to update the geometries
of the associated FE models (Table 1). The void ratios of the discs
were modified in the specimen-specific models based on the mea-
sured water content and related densities (Nikkhoo et al., 2013b;
Nikkhoo et al., 2013c). Eight-node axisymmetric elements, with
quadratic interpolation of the displacement field and linear inter-
polation of the pore pressure, were used to discretize the models.
Large nonlinear deformations were used for the formulation,
where the selected number of the nodes and elements were
19,916 and 6517, respectively, based on previous meshing sensi-
tivity analyses (Nikkhoo et al., 2013a; Nikkhoo et al., 2011). Mim-
icking the experimental tests during quasi-static loading, a linear
ramp function (0–0.8 MPa) was applied over 60 s on the superior
surface of the model’s upper endplate, followed by a 1 h uncon-
fined creep. To simulate impact loading, a triangular impulsive
force of 1200 N magnitude was applied to the upper endplate in
the model for 20 ms.

A validated material identification algorithm, based on FE sim-
ulations and a quadratic response surface (QRS) regression model
(Nikkhoo et al., 2013b), was used to identify optimal sets of the
mechanical properties (i.e. E and k) for all 3 disc groups by linking
the results of both creep and impact loading experiments with
those obtained from the poroelastic FE simulations. To simplify
the optimization procedure, Poisson’s ratio was retained constant
during the calculations based on our previous sensitivity analyses
(Nikkhoo et al., 2013a; Nikkhoo et al., 2011; Nikkhoo et al.,
2015). The ratio of the elastic modulus for the AF and NP was
assumed to be 1.67, while the ratio of hydraulic permeability and
Poisson’s ratio of AF and NP was assumed to be 1 during the updat-
ing procedure (i.e. kAF = kNP, EAF = 1.67 ENP) based on literature
(Argoubi and Shirazi-Adl, 1996; Chagnon et al., 2010; Malandrino
et al., 2009). The material properties of the adjacent endplates,
maintained constant during the calculations, were obtained from
literature. A Full-Factorial methodology was used for the design
of experiments (DOE) in MATLAB (Mathworks). Two independent
variables, (E) and (k), with six levels resulted in 72 simulations
for each specimen (36 creep and 36 impact loading). The ranges
of the independent variables for the I, D, and R disc groups were
periments for 3 disc groups.



Table 1
Average disc height, radius, and porosity of Intact (I), Degenerated (D), and repaired
(R) porcine intervertebral discs (N = 24). The reported values are in format of ‘‘Mean
(±Standard Deviation)”.

Disc Group Intact (I) Degenerated (D) Repaired (R)

Disc Height (mm) 4.3 (±0.23) 2.8 (±0.33) 3.21 (±0.23)
Disc Radius (mm)* 13.02 (±2.39) 13.66 (±1.86) 12.87 (±2.43)
Porosity of AF 0.81 (±0.04) 0.73 (±0.03) 0.79 (±0.06)
Porosity of NP 0.91 (±0.04) 0.81 (±0.06) 0.90 (±0.02)

* The radius was calculated as the geometric average of the long and short axes of
the disc.

Fig. 3. Flowchart of material property identification protocol.
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initially guessed based on previous parametric studies (Nikkhoo
et al., 2013b). The initial ranges of the modulus (E) were set to
2–3 MPa and 1.2–1.8 MPa, for the AF and NP, respectively, while
the permeability (k) range was set to 1–3 � 10�16 m4/Ns for both
the AF and NP. The root mean square (RMS) errors were calculated
to evaluate the correlations between the ex-vivo experiments and
the FE-simulated disc responses in both creep and impact loading
scenarios. A quadratic response surface (QRS) model was also con-
structed for each of the specimens, based on 72 sets of RMS errors
and the input parameters (E and k). The optimized material prop-
erties were subsequently identified by minimizing the RMS errors
using a direct search optimization procedure in MATLAB. The
resulting optimal material properties were then entered into the
FE model, such that if the RMS% was less than 10%, the calculated
properties were considered accurate. For specimens with error lar-
ger than 10%, the calculated properties were adopted as center
points, and new independent parameters were selected (Fig. 3).

2.3. FE simulations based on updated specimen-specific FE models

Upon the extraction of material properties in the 3 groups, the
updated specimen-specific FE simulations were run subject to
impact loading. The models were used to calculate the axial stress
and intradiscal pore pressure in response to a sequence of impact
loads during 10 different durations (10–100 ms). Impact tests were
generated as triangular waveforms with a displacement of 1 mm,
where a 400 N preload was used to simulate the body weight.
The axial stress in the adjacent endplates was evaluated.

2.4. Statistical analysis

The material identification algorithm was used to extract the
mechanical parameters. The differences in the elastic modulus
and hydraulic permeability between different groups (intact,
degenerated and repaired discs) were compared using one-way
ANOVA (SPSS, Chicago). A linear discriminant analysis was initially
performed to determine how well the combinations of the elastic
modulus and permeability were able to classify the specimens in
correct groups. Considering both parameters (i.e. E and k) in the
discriminate analysis, the probability of correct classification using
the FE meta-model was 87.5% (21 discs out of 26 discs). The simu-
lation results of the axial stress, intradiscal pore pressure, and axial
stress in the adjacent endplates were also compared using one-
way ANOVA. The differences were considered to be significant at
a P value < .05.

3. Results

The specimen-specific FE simulations were in good agreement
with the ex-vivo experiments for all groups. Subject to creep, the
average normalized percentages of the RMS errors were 5.07
(±1.52)%, 6.35 (±1.36)%, and 6.81 (±1.40)% for the intact, degener-
ated and repaired discs, respectively. Similarly, the average nor-
malized percentages of the RMS errors were 6.69 (±1.79)%, 8.34
(±1.52)%, and 7.07 (±1.91)% for intact, degenerated and repaired
discs, respectively, subject to impact loading.

For the intact disc group, the average elastic moduli of the AF
and the NP were 2.42 (±0.25) and 1.45 (±0.15) MPa, respectively,
while the hydraulic permeability was 2.21 (±0.35) �10�16 m4/Ns.
For the degenerated disc group, the average elastic moduli of the
AF and the NP were 2.72 (±0.21) and 1.63 (±0.13) MPa, respec-
tively, while the hydraulic permeability was 1.52 (±0.28) �10�16

m4/Ns. The comparative statistical analyses showed that the elastic
modulus significantly increased for the degenerated group, in con-
trast to the hydraulic permeability, which significantly decreased
(Fig. 4). For the repaired group, the elastic moduli of the AF and
the NP were 2.58 (±0.19) and 1.55 (±0.11) MPa, respectively, and
the hydraulic permeability was 1.92 (±0.31) �10�16 m4/Ns. The
comparative statistical analyses revealed that the hydraulic per-
meability significantly increased as compared to the degenerated
group, while the elastic modulus did not show significant changes
(Fig. 4). Meanwhile, no significant differences were observed for
the elastic modulus between the intact and repaired disc groups
(Fig. 4).

The results of the specimen-specific FE simulations subject to
impact loading for 20 ms showed a significant difference in the
maximum axial stress between the intact and degenerated groups
(Fig. 5). The intradiscal pore pressure was significantly lower in the
degenerated group as compared to the intact (Fig. 5).



Fig. 4. Effect of degeneration and Genipin repaired on the disc (A) elastic modulus
and (B) hydraulic permeability. *P value < .05. The error bars indicate the standard
deviation.

Fig. 5. Effect of degeneration and Genipin repaired on the disc (A) Maximum axial
stress and (B) Intradiscal pore pressure in NP. *P value < .05. The error bars indicate
the standard deviation.
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Further simulations confirmed that the difference of the
intradiscal pore pressure was significant for all impact durations,
in comparison with the variation of the axial stress for all groups
(Figs. 6 and 7). The time-dependent response, however, was more
apparent in the intact and repaired groups (Figs. 6,7). The axial
stress in the adjacent endplates significantly increased in the
degenerated group, which may be a marker for the initiation of
structural failure for the IVD (Fig. 8). The cross-linker, Genipin,
enhances the structural integrity/interconnection of the AF, leading
to better water retention and improved nucleus pore pressure
(Fig. 7). This helps recover the dynamic properties of the IVD
(Fig. 8).
4. Discussion

Understanding the role of impact loading on the spine is rele-
vant due to the high energy released in a short period of time
affecting various spinal structures and predisposing the IVD to pre-
mature degeneration and fracture. In literature, there is a paucity
of data on the response of the IVD to impact loads, be it during rare
abnormal occurrences in physiological activities, or as a result of
Fig. 6. The effect of impact duration on the maximum axial stress in IVD for intact,
degenerated, and Genipin repaired discs. The error bars indicate the standard
deviation.

Fig. 7. The effect of impact duration on the intradiscal pore pressure in NP for
intact, degenerated, and Genipin repaired discs. The error bars indicate the standard
deviation.



Fig. 8. The effect of impact duration on the Von Mises stress in adjacent endplates
for intact, degenerated, and Genipin repaired discs. The error bars indicate the
standard deviation.
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high velocity trauma associated with motor vehicle accidents, mil-
itary/combat situations, or impact sports.

This study investigated the effect of impact loading and its
duration on intact, degenerated, and repaired IVDs to explore the
influence of the loading rate on the mechanical behavior of
the spinal structures and changes in injury patterns throughout
the entire intact/degeneration/repair spectrum.

Applying impact loading on collapsed DD is postulated to dis-
turb the extracellular matrix and disrupt the already disordered
structure (Dudli et al., 2012). The pores are squeezed, which also
aggravates the disc collapse. The IVD loses a significant percentage
of water, leading to a stiffer solid phase with higher elastic modu-
lus and axial stress. The stiffer tissue (both NP and AF) substan-
tially restricts the fluid flow, potentially leading to decreased
hydraulic permeability and lower intradiscal pore pressure.

Previous work including ours demonstrated that although Gen-
ipin improves the retention of the proteoglycans in repaired IVDs
and minimizes the collapse of the collagen fibers, therefore slightly
decreasing the elastic modulus, it is unable to reverse the modulus
back to its intact value (Hsu et al., 2012; Hsu et al., 2013; Nikkhoo
et al., 2017). In this study, the IVD regained some water content,
which we hypothesize is due to the increased proteoglycans, hence
enhancing the fluid flow. The hydraulic permeability increased
upon Genepin injection, increasing the intradiscal pore pressure
to approximately the same level of intact discs. It is hypothesized
in this study that Genepin restores the mechanical integrity/com-
petence of the ECM, leading to better retention of the hydrophilic
proteoglycans and hence improved disc hydration.

The model prediction of an almost constant maximum axial
stress for degenerated and repaired IVDs, independent of impact
duration, suggests that the stress mainly depends on the magni-
tude of the compressive force rather than the rate of impact. How-
ever, the axial stress in the intact group exhibited slight time
dependency. The variation of the intradiscal pore pressure was
found significant during different impact durations, in comparison
with the variation of the axial stress, in all three groups. The time-
dependent response, however, was more significant in the intact
and repaired groups, suggesting that disc degeneration has more
influence on the IVD damping coefficient rather than its stiffness.
Further work is needed for validation.

Our results confirm the presence of greater stresses in the adja-
cent endplates during impact loading in alignment with literature
(Dudli et al., 2012; Dudli et al., 2016). The axial stress in the
adjacent endplates significantly increased for the degenerated
group, implying a potential endplate-driven failure process
initiation.

Some limitations should be considered when interpreting the
results. First, the axisymmetric FE models are a simplification of
the actual non-symmetric geometry and do not reflect the non-
heterogeneous mechanical properties. The models did not incorpo-
rate the posterior elements or facet joints given the large number
of simulations (around 2300) involved. The posterior components
were also removed during the ex-vivo experiments to minimize
cost (media/incubator space), and to lessen contamination/infec-
tion risk. It is important to note that although we consider the
model adequate since only axial compressive loading was applied
experimentally, future work should explore better representative
models. The second limitation was assuming a constant ratio for
the elastic moduli and permeability of the AF and NP in all groups
based on available data in literature (Argoubi and Shirazi-Adl,
1996; Schmidt et al., 2010). This reduced the number of indepen-
dent variables. Elsewise, 4 independent variables would increase
the simulations from 36 to 1296, and the simulations/ specimen
from 72 to 2592. The use of harvested intervertebral discs of juve-
nile pigs instead of human IVDs is another limitation. Human
cadaveric discs are more difficult to obtain and maintain logisti-
cally and are much more costly. Although the mechanical proper-
ties of porcine IVDs are different from human discs, they are
frequently used in relevant studies as a suitable animal model
(Beckstein et al., 2008; McLain et al., 2002). For future investiga-
tions, human cadaveric discs are recommended.

This is the first study, to our best knowledge, which explores the
effect of impact loading on the healthy, degenerated and repaired
IVD using both creep and impact validation tests. Endplate-
driven failures were found likely to occur under shorter impact,
in alignment with literature, where axial stress provides a poten-
tial mechanical marker for failure initiation. The IVD time-
dependent response significantly changes with disc degeneration.
Cross-linker Genipin has the potential to recover the hydraulic per-
meability and can change the time dependent response of IVD, par-
ticularly the intradiscal pore pressure.
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