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Abstract

Evaluation of the loads on the lumbar intervertebral discs is critically important since it is closely
related to spine biomechanics, pathology and prosthesis design. Non-invasive estimation of the
loads in the discs remains a challenge. In this study we proposed a new technique to estimate in-
vivo loads in the I\VVD using a subject-specific finite element model of the disc and the kinematics
of the disc endplates as input boundary conditions. The technique was validated by comparing the
forces and moments in the discs calculated from the FE analyses to the in-vitro experiment
measurements of three corresponding lumbar discs. The results showed that the forces and
moments could be estimated within an average error of 20%. Therefore, this technique can be a
promising tool for non-invasive estimation of the loads in the discs and may be extended to be
used on living subjects.

Introduction

The pathologies of human lumbar spine are often thought to be related to abnormal
biomechanics, such as excessive forces and moments on the lumbar spine during daily
activities(Stokes and latridis 2004, Mulholland 2008). It is therefore critically important to
understand the loading environment in different anatomic structures of the lumbar spine, in
order to investigate the disease mechanisms and develop surgical treatment
technologies(Pope 1989, Adams et al. 2000). However, determination of the in-vivo spinal
loads remains a challenge in biomedical engineering due to the complexity of the spinal
geometry, limitations in experimental technologies, as well as the accompanied risks in in-
vivo measurements(Nachemson 1981, Wilke et al. 1999, Rohlmann et al. 2000, Polga et al.
2004).

Alternatively, numerous numerical models of the spine have been developed and simulated
the spine biomechanics, various spinal injuries and surgical treatment methods(Shirazi-Adl
et al. 1984, Gilbertson et al. 1995, Goel and Gilbertson 1995, Natarajan and Andersson
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1999, Natarajan et al. 2006, Schmidt et al. 2007, Zander et al. 2009, Schmidt et al. 2010). In
most of the numerical models, external loadings were usually applied to the spine to
calculate the kinematic responses and the internal forces and moments of different spinal
structures. The validity and accuracy of the results largely depend on the simulated external
loadings, especially when studying complex functional motions(Adams 1995, Dreischarf et
al. 2010). Currently, most studies applied compressive forces and/or pure rotational
moments in the three principal planes(Wilke et al. 2001). A few investigations have reported
improved finite element (FE) analysis results by using modified external loading conditions
that were calculated from the kinematic models of the lumbar spine(Goel et al. 1993,
Rohlmann et al. 2001, Renner et al. 2007, Rohlmann et al. 2009a, Arjmand et al. 2011).
However, the physiological loading conditions of the lumbar spine, especially during
functional activities, are still unclear.

Recently, the authors have developed a non-invasive imaging technique that combines 3
dimensional (3D) CT/MRI modeling and dual fluoroscopic imaging system (DFIS)
technique to accurately determine subject-specific in-vivo spine kinematics(Wang et al.
2008) during experiments. In-vivo kinematics of the vertebrae, the intervertebral discs
(IVDs), the facet joints and the spinous process of both healthy subjects and patients with
spinal diseases have been determined(Kozanek et al. 2009, Li et al. 2009, Wang et al. 2009,
Xia et al. 2009, Xia et al. 2010, Li et al. 2011, Passias et al. 2011, Wang et al. 2011).
Therefore, instead of using simulated external loadings, it is possible to use the in-vivo spine
kinematics as input boundary conditions in the well-established FE models of the lumbar
spine to estimate the in-vivo spinal forces and moments.

As a first step, the current study focused on the lumbar VD, which plays an important role
in the lumbar biomechanics and is closely related to most spinal pathologies and injuries.
The aim of this study is to demonstrate that it is possible to use subject specific kinematics
of the IVD endplates in FE analysis to estimate the forces and moments in the IVD. For this
purpose, in-vitro robotic loading experiments were performed on three lumbar IVDs. The
kinematics of the 1\VD endplates during the experiments were determined using the DFIS.
FE models of the IVDs were built based on CT scans and existing literature. The forces and
moments in the IVDs were calculated from FE analyses using the kinematics as input
boundary conditions, and compared to the experimental measurements for validation.

Material and Methods

Specimen Preparation

Three fresh-frozen cadaveric lumbar spinal functional spinal units (FSUs) (two L2/3 and one
L4/5, 23 to 44 years old) with healthy 1VDs were selected from 3 donors. The FSUs were
evaluated using a fluoroscope before the experiments and were dissected after the
experiments to check for any abnormality in the IVDs. Each FSU was thawed and carefully
dissected to remove the soft tissues and posterior elements in order to focus only on the
force-displacement behavior of the IVVD. The vertebral bodies were then potted in bone
cement for fixation onto the testing system. In addition, 8 titanium beads were implanted on
the bone cement. The specimen was then CT scanned with slice thickness of 0.6 mm
(LightSpeed Pro16, GE, Waukesha, WI).

In-vitro Testing Protocol

To study the force-displacement behavior of the IVDs, we used a 6 DOF robotic testing
system (Kawasaki UZ150, Kawasaki Heavy Industry, Japan) (Fig 1a). Its operation has been
detailed in previous studies(Li et al. 2002). Briefly, each IVD was tested under 7 loading
cases: a 400N compression, 5SNm flexion/extension, left/right lateral bendings and left/right
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torsions. The center of the disc and the principal directions were determined using a 3D
digitization platform (MicroScribe 3DX Digitizer, Immersion Corporation, San Jose, CA)
and recorded in a coordinate system. The titanium beads implanted on the bone cement were
also digitized and used as reference points so that the same coordinate system can be
registered with the FE models.

During the experiments, the inferior endplate of each VD was fixed and the superior
endplate was free for movement by the robot. The robotic system determined the optimized
loading path for each loading case(Li, et al. 2002), from 0 to 100% of the magnitude of the
target loading (400N or 5Nm) in 10% increments. An optimized loading path is described as
the positions of the specimen where the resultant force in the tested 1 DOF was within the
error (<10 N or <0.3Nm) of its 10% increment step, and the resultant forces and moments in
all other 5 DOFs were minimal (<10 N and <0.3Nm, respectively). In other words, in each
loading case the specimen was loaded in only 1 DOF while the forces and moments along
the other coupled 5 DOFs were minimized to zero. During each loading case, fluoroscopic
images of the specimens were captured using the DFIS (Fig 1b). At the same time, forces
and moments were recorded by the load cell (JR3 DSP-based force sensor receiver, JR3 Inc.,
Woodland, CA) attached to the robotic system and transferred to the center of the disc using
a custom Matlab code (Matlab 2010a, MathWorks Inc., Natick, MA). During each loading
case, the robot moving speed was set to be similar to the normal moving speed of human
lumbar spine. Between each loading case, the discs were kept still for 30 minutes at the
neutral position to minimize any residue forces and moments due to the viscoelastic
behavior.

Determination of the Kinematics of the Disc Endplates

For each specimen, 3D geometric models were reconstructed from the CT images. The
positions of the vertebrae during the loading history on the robot were then reproduced in a
commercial solid modeling software (Rhinoceros, Robert McNeel & Associates, Seattle,
WA), where the projections of the 3D CT models were matched to their 2D osseous
contours on the fluoroscopic images obtained in the robot experiments (Fig 2). This
technique has been extensively used in our previous kinematic studies of the lumbar
spine(Kozanek, et al. 2009, Li, et al. 2009, Wang, et al. 2009, Xia, et al. 2009, Xia, et al.
2010, Li, et al. 2011, Passias, et al. 2011, Wang, et al. 2011) and has been validated to have
an accuracy within 0.3 mm in translation and 0.7° in rotation(Wang, et al. 2008, Li, et al.
2009). Similarly, the positions of the implanted titanium beads were reproduced using the
DFIS (Fig 3). Since the relationship between the locations of the titanium beads and the
coordinate system were recorded during the experiment using the digitizer, the same center
of the disc and principal directions can be determined and registered with the 3D model (Fig
3). The relative motion of the superior endplate with respect to the inferior endplate were
determined from the vertebral kinematics, and described in the coordinate system using
Euler angles in the flexion-bending-torsion order. Therefore, both the geometric details of
the 1VD endplates and their kinematics during each loading case were obtained for the FE
modeling of the IVDs.

Finite Element Models of the IVDs

A custom Matlab code was used to create subject geometric-specific FE models with
hexahedral elements from the 3D CT models (Fig 4). In this study, the vertebral bodies were
assumed to be rigid, thus only FE models of the IVVDs were built. Each I\VVD was modeled
into four parts: nucleus pulposus (NP), annulus ground substance (GS), eight layers of
annulus fibrosi (AFs), and two endplates. Material properties were taken from literature
(Table 1)(Shirazi-Adl, et al. 1984, Goel, Monroe, et al. 1995, Smit et al. 1997, Polikeit et al.
2003, Rohlmann et al. 2005, Rohlmann et al. 2006, RohImann et al. 2009b). NP was
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estimated to occupy 40% volume of the whole disc and modeled as hydraulic
fluid(Rohlmann, et al. 2005, Rohlmann, et al. 2006, Rohlmann, et al. 2009b). The
volumetric center of the NP was chosen as a reference node of the NP fluid and the initial
pressure was set as 0. GS was divided into eight layers and was modeled as hyper-elastic
solid. Eight layers of AFs were inserted onto the outer surface and between each two layers
of GS. Based on the anatomy, the angles between AFs and disc endplates were set to be 30°
and 150° (Shirazi-Adl, et al. 1984, Goel, et al. 1995, Smit, et al. 1997, Polikeit, et al. 2003).
Physiological cross sectional area of AFs was calculated to take up to 16% volume of each
annulus layer(Shirazi-Adl, et al. 1984, Goel, et al. 1995, Smit, et al. 1997, Polikeit, et al.
2003). AFs were modeled as tension only truss element with gradually changing stiffness for
each layer. Inferior and superior endplates were modeled as rigid plates. There were totally
about 10,000 elements and 4,000 nodes in each VD model.

Abaqus Standard/6.10 (Simulia, Providence, RI) was used for FE calculations. For each FE
IVVD model, the inferior endplate was fixed in all directions and the superior endplate was
moved according to the 6DOF kinematics measured by the DFIS during the experiments.
Resultant forces and moments were calculated and compared with those measured in the
experiment in the same coordinate system for validation.

The forces and moments calculated by the subject-specific FE analysis had good agreements
with those recorded in the in-vitro experiments in the whole range. Fig 5-7 showed the
force-displacement (or moment-rotation) behaviors of the three IVDs under different
loading cases. The x axes were the primary translations or rotations (the DOF corresponding
to each loading case) of the superior endplates with respect to the inferior endplates, where
the rotations were described using Euler angles in the flexion-bending-torsion order. The y
axes were the primary forces or moments at the center of the disc. We quantitatively
compared: (1) the forces or moments at the end steps of the loading cases, and (2) the
overall areas under the force-displacement or moment-rotation curves (which were related to
the energy of disc deformation) between FE modeling and in-vitro experiment results. The
overall average differences were 18% and 19%, respectively.

Accuracy in the Primary Loaded DOF

Under 400N compressive loads, the FE analyses had average differences of 6.5% in
estimation of the forces at the end steps, and 9.4% in estimation of the overall areas under
the force-displacement curves when compared to the robot measurements (Table 2, 3, Fig 5-
7). Under 5Nm flexion/extension moments, the FE analyses had average differences of
14.8% and 12.9% in estimation of the moments at the end steps; and 19.1% and 14.2% in
estimation of the overall areas under the force-displacement curves for flexion and
extension, respectively when compared to the robot measurements (Table 2, 3, Fig 5-7).
Under 5Nm left/right lateral bending moments, the FE analysis had average differences of
31.6% and 7.6% in estimation of the moments at the end steps; and 33.5% and 15.9% in
estimation of the overall areas under the force-displacement curves for left bending and right
bending, respectively when compared to the robot measurements (Table 2, 3, Fig 5-7).
Under 5Nm left/right torsion moments, the FE analysis had average differences of 29.8%
and 24.9% in estimation of the moments at the end steps; and 23.6% and 20.0% in
estimation of the overall areas under the force-displacement curves for left torsion and right
torsion, respectively when compared to the robot measurements (Table 2, 3, Fig 5-7).
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Accuracy in the Coupled 5 DOF

During the experiment, the robot measurements of the forces and moments in the 5 DOF
other than the loaded DOF were almost zero due to the experiment setup. The FE analyses
yielded good agreements with the experiment results. Forces and moments were consistently
less than 50N and 1Nm, respectively, in the 5 DOF other than the tested DOF in each
loading case.

Discussion

Accurate determination of the loads on the lumbar spine presents a challenge in biomedical
engineering. In this study, we validated that the forces and moments of the IVVDs can be
estimated using subject-specific 3D FE 1VD models and the kinematics of the same 1VD
measured during functional activities. The data indicated that the forces and moments in the
IVDs could be estimated within an average error of 20% of the actual loads.

In literature, most validations of the FE models were performed by comparing various
kinematic responses of the lumbar spine of the FE calculation to those obtained from
multiple in-vitro experiments under controlled external loadings(Shirazi-Adl, et al. 1984,
Goel, et al. 1993, Goel and Gilbertson 1995, Natarajan and Andersson 1999, Zander et al.
2001, Schmidt, et al. 2007). Because of the high variability inherent to experimentation, an
FE model is commonly considered valid when its predicted result is within the standard
deviation of several experiment results and quantitative results may not be reported. Shirazi-
Adl et al.(Shirazi-Adl, et al. 1984) validated an FE model by comparing the model
estimations to the in-vitro experiment results in terms of axial displacement, disc bulge, end-
plate bulge and intradiscal pressure under several external loadings. Natarajan et al.
(Natarajan and Andersson 1999) validated an FE model by comparing the model estimations
to the in-vitro experiment results in terms of axial displacement and segmental rotations.
Goel et al.(Goel, et al. 1993) validated an FE model by comparing the model estimations to
the in-vitro experiment results in terms of the axial displacement, segmental rotations, and
intradiscal pressure under external loadings. Rohlmann et al.(Zander, et al. 2001, Rohlmann,
et al. 2006) validated an FE model by comparing the model estimations to the in-vitro
experiment results in terms of axial displacement, segmental rotations, and intradiscal
pressure. These FE models have then played important roles to investigate spine
biomechanics under various simulated loading conditions(Shirazi-Adl, et al. 1984,
Gilbertson, et al. 1995, Goel and Gilbertson 1995, Natarajan and Andersson 1999,
Natarajan, et al. 2006, Schmidt, et al. 2007, Kozanek, et al. 2009, Li, et al. 2009, Wang, et
al. 2009, Xia, et al. 2009, Zander, et al. 2009, Schmidt, et al. 2010, Xia, et al. 2010, Li, et al.
2011, Passias, et al. 2011, Wang, et al. 2011).

In this validation study, instead of validating the kinematic responses, we validated the force
responses of the FE models by directly comparing those with the in-vitro experiment results
of the same 1\VVDs using kinematics as input boundary conditions. It is not a conventional
approach, since the force responses are very sensitive with respect to the kinematic inputs,
which cannot be measured accurately enough previously. It is made possible by taking
advantage of some recently developed imaging techniques, such as DFIS(Wang, et al.
2008), where all 6DOF translations and rotations can be accurately determined to certain
extent. Further technological development in imaging techniques such as better image
resolution and contrast can possibly improve the accuracy of the proposed technique.

There are only few previous techniques measured the in-vivo spinal forces(Nachemson
1981, Wilke, et al. 1999, Rohlmann, et al. 2000, Polga, et al. 2004), mainly because that
direct measurements can be invasive and highly risky. Pressure transducers have been used
to measure intradiscal pressure during sitting, standing and other daily activities to provide
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information for physiotherapy, rehabilitation programs and workplace
recommendations(Nachemson 1981, Wilke, et al. 1999). Rohlmann et al.(Rohlmann, et al.
2000) used a telemeterized internal spinal fixation device to measure the forces in spinal
implants and investigated load sharing after fusion. The combined numerical and
experimental technique validated in this paper could provide an alternative way to estimate
the in-vivo spinal forces non-invasively. Similar to this validation study, 3D subject-specific
FE vertebral models can be generated from the subject-specific CT/MRI geometric models.
In-vivo vertebral kinematics can be measured using the combined CT/MRI and DFIS
technique(Wang, et al. 2008, Li, et al. 2009) during experiments when subjects perform
different activities. The vertebral kinematics can then be input into the corresponding 3D FE
IVD models as boundary conditions to calculate the in-vivo forces and moments on the 1VD.

Although the FE results showed overall good agreement with the experiment measurements
in the whole range, we observed a couple relatively high percentage errors, especially during
bending left (Table 2, 3). It is partially because the FE models were stiffer during bending,
resulting large percentage errors when using experiment measurements as basis, but not
necessary large absolute errors. Similarly, in the literature most FE validation studies could
not have perfect matches under all loading conditions. Describing the VD material behavior
is a still ongoing task, which has been tried for decades. The properties of the discs underlie
a larger variability in literature, as well as intra- and inter- subject variation. In the future, it
should be interesting to test more 1VVDs and run a probabilistic design analysis to find the
optimization material properties.

Since the kinematics of the disc endplates were used as input boundary conditions, only
IVDs were necessary in the FE models. It greatly simplified the calculation and reduced the
time and effort to determine the geometries, characterize the material properties and analyze
the force interactions of the different structures of the lumbar spine. It also helps to explain
why the force-displacement (or moment-rotation) curves showed less non-linearity in both
the experiments and the FE analyses compared to existing literature. In our validation, the
force-displacement curves only represented the response of the 1'VDs without taking the
highly non-linear spinal ligaments into account.

As any other finite element analyses, there are a series of factors that may affect the
accuracy of the estimations of in-vivo spinal forces using our FE modeling technique.
Certain assumptions and simplifications have been made in our study in the FE modeling
and in-vitro experiments. For instance, the vertebrae were considered as rigid bodies in the
FE models. However, the bone compliance may play a role in spine biomechanics as
indicated by Shirazi-Adl et al(Shirazi-Adl 1994) and Goel et al(Goel, Ramirez, et al. 1995).
We adopted a common assumption in FE that the nucleus occupies 40% volume of the
whole disc (Smit, et al. 1997, Rohlmann, et al. 2006, Rohlmann, et al. 2009b). However,
accurate determination of the proportion of NP shall probably decrease the error. In the
future we will try to quantitatively determine the volume of NP from MR images. We also
did not include cartilage endplate and disc bulging in the FE models. Although there was a
30 minutes resting time between any two loading cases during the experiments to minimize
residue forces due to the viscoelastic behavior, viscoelastic behavior of the I\VDs(Natarajan,
et al. 2006, Rohlmann, et al. 2006) can still play a role during each loading phase but was
not included in the FE modeling. There were hysteresis effects and load-deformation curves
were slightly different between loading and unloading. In the current study, the ones during
loading were taken for comparison with FEA. In addition, the VD properties may be
subject-specific and segment-specific in the in-vivo physiological environment which may
require further investigation. With all these limitations, the proposed technique was shown
to estimate forces and moments on the lumbar I1VVDs within an average error of 20%.
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Conclusion

We performed a validation study of a technique that uses endplates kinematics as inputs in
the FE models to estimate the forces and moments in the human lumbar IVDs. The forces
and moments could be estimated within an average error of 20%. Therefore, this technique
can be a promising tool for non-invasive estimation of the forces and moments of the 1VDs
during various functional activities of living subjects, which may benefit the numerical and
biomechanical community by providing the baseline data.
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specimen

Fig 1.
Experiment setup a) Installation of the lumbar MSU on the 6DOF robotic system. b)
Capturing fluoroscopic images of the MSU using DFIS.
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Fig 2.
Reproduction of the positions of the vertebrae using an established image matching protocol.
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Fig 3.

Registration of the coordinate system a) Determination of the coordinate system for the VD
center and the principal directions. Recording the relative position of the coordinate system
and several titanium beads using a digitizer. b) Registering the coordinate system with the
FEA model by matching the titanium beads.
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Annulus ground substance Nucleus pulposus

Annulus fibrosi

Fig 4.
Schematic of the FE model of an IVD
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Fig 5.

Comparison of the force-displacement curves between FE analyses and experiment
measurements under various loading cases for 1\VD#1.
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Fig 6.

Comparison of the force-displacement curves between FE analyses and experiment
measurements under various loading cases for IVD#2.
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Fig 7.
Comparison of the force-displacement curves between FE analyses and experiment
measurements under various loading cases for 1\VD#3.
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Table 1

Material properties used in FE models.
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Type of element

Elastic modulus(MPa) Poisson’sratio

Nucleus pulposus™ Hydraulic fluid element

Annulus ground substance Neo-Hookean Hexahedral solid element C10=0.348,
(Annulus bulk) ** D1=0.3

Layers 1,2

. . i Layers 3,4

Annulusfibrosus Tension only elastic truss element

Layers 5,6

Layers 7,8

Endplates Rigid shell element

550 0.3
495 0.3
421.5 0.3
357.5 0.3

Rohlmann, et al. 2005, Rohlmann, et al. 2006, Rohlmann, et al. 2009b

*:

A
Rohlmann, et al. 2006

HokA

Shirazi-Adl, et al. 1984, Goel, et al. 1995, Smit, et al. 1997, Polikeit, et al. 2003
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Errors in estimation of the forces at the end steps of various loadings. Average differences and standard
deviations (SDs) were calculated.

L2/3#1 L2/3#2 L4/5 Average
Comp 2.1% 12.4%  4.8% 6.5%
Flex 29.5% 144%  0.5% 14.8%
Ext 11.5%  25.9% 1.3% 12.9%
BendL 454%  18.1% 31.3% 31.6%
BendR 1.7% 0.8%  20.4% 7.6%
TwistL 38.0% 24.6% 26.8% 29.8%
TWistR  26.9%  12.0% 35.9% 24.9%
Average 22.0% 155% 17.3%
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Errors in prediction of the overall areas under the force-displacement curves of various loadings. Average
differences and standard deviations (SDs) were calculated.

L2/3#1 L2/3#2 L4/5 Average
Comp 7.1% 12.2%  8.8% 9.4%
Flex 19.6% 33.7%  3.8% 19.1%
Ext 7.5% 29.0%  6.1% 14.2%
BendL 304% 28.8% 41.4% 33.5%
BendR 10.0%  17.4% 20.3% 15.9%
TwistL 28.7%  22.2% 19.9% 23.6%
TwistR 15.0% 11.2% 33.9% 20.0%
Average 16.7% 22.1% 19.2%
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