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Abstract
Background—Knowledge of in vivo human lumbar loading is critical for understanding the
lumbar function and for improving surgical treatments of lumbar pathology. Although numerous
experimental measurements and computational simulations have been reported, non-invasive
determination of in vivo spinal disc loads is still a challenge in biomedical engineering. The object
of the study is to investigate the in vivo human lumbar disc loads using a subject-specific and
kinematic driven finite element approach.

Methods—Three dimensional (3D) lumbar spine models of three living subjects were created
using MR images. A 3D finite element model of the L3-4 disc, including the annulus fibrosus and
nucleus pulposus, was built for each subject. The endplate kinematics of the L3-4 segment of each
subject during a dynamic weight lifting extension was determined using a dual fluoroscopic
imaging technique. The endplate kinematics was used as displacement boundary conditions of the
subject specific finite element model of the L3-4 disc to calculate the in-vivo disc forces and
moments during the weight lifting activity.

Findings—During the weight lifting extension, the L3-4 disc experienced maximum shear load
of about 230 N or 0.34 bodyweight at the flexion position and maximum compressive load of
1500 N or 2.28 bodyweight at the upright position. The disc experienced a primary flexion-
extension moment during the motion which reached a maximum of 4.2 Nm at upright position
with stretched arms holding the weight.

Interpretation—This study provided quantitative data on in vivo disc loading that could help
understand intrinsic biomechanics of the spine and improve surgical treatment of pathological
discs using fusion or arthroplasty techniques.
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Introduction
Knowledge on in vivo loadings of human lumbar spine is critical for understanding the
lumbar function and for improving surgical treatments of lumbar pathology such as using
pedicle screws, fusion, disc replacement, etc. (Rohlmann et al., 2000, Rohlmann et al.,
2009a, Abe et al., 1999, Kumar et al., 2005). Numerous studies have investigated spinal
loads using experimental measurements and computational simulations (Wilke et al., 1999,
Nachemson, 1981, Shirazi-Adl et al., 2005, Kim et al., 2011, Rohlmann et al., 2009b,
Shirazi-Adl, 1994a, Shirazi-Adl, 2006, Arjmand et al., 2011, Arjmand et al., 2012). Pressure
transducers have been inserted into the nucleus pulposus (NP) in living human volunteers
during sitting, standing and other daily activities (Wilke et al., 1999, Andersson et al., 1977,
Nachemson, 1981, Polga et al., 2004), while overall disc loads were calculated from the
intradiscal pressure and the total effective area of the disc. Rohlmann et al.(Rohlmann et al.,
2000) and Ledet et al.(Ledet et al., 2005) have also placed telemeterized force sensors into
posterior fixation or inter-body space to measure the in vivo forces on the lumbar spine.
Although invaluable information was obtained, these techniques are invasive and could be
risky and cause pain and injury (Rohlmann et al., 2000, Wilke et al., 1999). To overcome the
difficulties of in vivo measurements, inverse dynamic optimization methods have been
widely used to estimate the spinal load during functional motions of the body (Park et al.,
2012, Han et al., 1995, Goel et al., 1993, Shirazi-Adl et al., 2005, Kim et al., 2011, Shirazi-
Adl, 1994a, Shirazi-Adl, 2006). In these computational simulations, in vivo spinal
kinematics was determined and input into the equilibrium equations of the spine; the inter-
segmental forces of each motion segment and the forces of the surrounding muscles were
estimated through an optimization process to estimate the spinal loads (Park et al., 2012,
Shirazi-Adl et al., 2005, Arjmand et al., 2009). A few musculoskeletal models for the
lumbar spine were developed using commercial software (Han et al., 2013, Christophy et al.,
2012, de Zee et al., 2007) to calculate the spinal joint loads and muscle forces. While the
computational methods have the advantage to be non-invasive, various assumptions, such as
of the abdominal pressure, upper body mass center, segment joint center, etc., in the model
make it difficult to validate the predicted results (Park et al., 2012, El Ouaaid et al., 2009).

Recently, a subject specific, kinematic driven finite element (FE) modeling approach has
been validated to investigate the internal disc loads using cadaveric specimens and showed
that the spinal loads could be predicted within 20% of the applied loads (Wang et al., 2012).
In this study, the method was applied to calculate in-vivo disc loads during a weight lifting
extension activity of living human subjects. Subject specific 3D anatomic spine models were
constructed using MR images of the spinal segments. Six DOF kinematics of the spinal
segments under functional loads was measured using a dual fluoroscopic imaging method
(Li et al., 2009) and used as displacement boundary conditions to the 3D FE disc model. We
hypothesized that the disc would experience maximal loads in a flexed position than at
standing position of the body during the weight lifting activity.

Material and Methods
Three healthy asymptomatic male subjects (mean age 48.3, standard deviation (SD) 2.4yrs;
mean height 177.0, SD 4.3cm; mean weight 70.6, SD 7.4kg) were recruited in this study
with institutional review board (IRB) approval and written consent. The subjects did not
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perform any intense activity before the scans. Each subject was MRI scanned in a supine
position using a 3T scanner (MAGNETOM Trio, Siemens, Erlangen, Germany) with a spine
surface coil and a T2-weighted fat suppressed 3D spoiled gradient recall (SPGR) sequence
for 3D vertebral model construction (TR: 3430ms; TE: 24ms; slice thickness: 1mm;
bandwidth: 300-500Hz; echo-train: 7; FOV: 30cm, 512×512 resolution; duration:
approximately 10 minutes). The MRI images were directly input in a commercial solid
modeling software (Rhinoceros, Robert McNeel & Associates, Seattle, WA, USA) for 3D
model reconstruction (Wang et al., 2008). The contours of the vertebrae and the
intervertebral disc were digitized manually using B-Spline curves. Mesh models of the
vertebrae were then created from the contour lines. A coordinate system was created for
each disc. A transverse plane was determined by fitting a plane through the lower disc
endplate. A mid-sagittal plane was determined by left-right symmetry of the disc. The
direction of anterior-posterior axes was along the intersection of the two planes. The left-
right and proximal-distal axis were perpendicular to the anterior-posterior direction and in
the transverse and mid-sagittal plane, respectively.

After the MRI scan, each subject performed weight lifting of 15 lbs (67 N) using two hands,
with 8 lbs in the right and 7 lbs in the left hands (Fig. 1) to simulate functional daily
activities. The starting position was approximately 45° of flexion of the upper body from the
vertical direction and the ending position was maximum extension about 20° from the
vertical line. There were minimum motion in the arm and shoulder of the subject during the
lifting activity. Therefore, at the upright position, the subject held the weights with the arms
extended horizontally, similar to the extended arm position tested by Andersson et al.
(Andersson et al., 1976).

The entire activity took about 3 seconds, while Images of the lumbar spine along the motion
path were captured by a dual fluoroscopic imaging system (DFIS) at 30 frames per second
with a pulse width of 8 millisecond (Wang et al., 2008, Li et al., 2009). The typical
fluoroscopic setting for dynamic spine imaging is 77 kV and 13 mAs. Our Radiation Safety
Committee estimated the overall radiation dosage during each lifting activity is about 0.4
mSv.

The virtual setup of the DFIS was reproduced in the Rhinoceros software. Pairs of
fluoroscopic images of the spine were placed in calibrated orthogonal planes, reproducing
the actual positions of the image intensifiers of the fluoroscopes. Two virtual cameras were
created inside the virtual space to reproduce the positions of the X-ray sources with respect
to the image intensifiers. The MR image-based 3D vertebral models were introduced into
the virtual fluoroscopic system and viewed from the perspective views of the two virtual
cameras. The 3D models of each vertebra could be independently translated and rotated in
6DOF until their projections match the osseous outlines captured on the two orthogonal
fluoroscopic images (Wang et al., 2008, Li et al., 2009). The mean accuracy of our
technique in determining translation has been shown to be 0.40 mm for the image matching
technique. The repeatability of the method in reproducing in vivo human spine 6DOF
kinematics was less than 0.3 mm in translation and less than 0.7° in orientation (Wang et al.,
2008). The relative motion of the superior endplate with respect to the inferior endplate of
the disc was determined at each motion segment unit (Wang et al., 2009) (Fig. 2). Three
positions along the motion path were chosen for the FE analysis: Flexion (about half a
second after the initial lifting, about 20° flexion), Upright position, and Extension (maximal
extension of the body, about 20° extension).

In this study, the L3-4 motion segment was analyzed. Subject specific FE models of the
L3-4 disc were created using hexahedral elements from the 3D MR scans. The models
consist of four parts (Wang et al., 2012, Rohlmann et al., 2009a, Rohlmann et al., 2006,
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Rohlmann et al., 2005, Polikeit et al., 2003, Smit et al., 1997, Goel et al., 1995, Shirazi-Adl
et al., 1984): the NP, the annulus ground matrix (AG), the annulus fibres (AF), and the
endplates (Table 1). The NP was estimated to occupy 40% volume of the whole disc and
modeled as an incompressive hydraulic fluid with initial pressure of 70 kPa (Rohlmann et
al., 2006, Rohlmann et al., 2009a, Rohlmann et al., 2005, Nachemson and Evans, 1968). The
AG was divided into eight layers and was modeled as a hyper-elastic solid (Polikeit et al.,
2003, Smit et al., 1997, Goel et al., 1995, Shirazi-Adl et al., 1984). Eight layers of AFs were
inserted into the outer surface and between each two layers of the AG. Based on the
anatomy, the angles between the AF and disc endplates were set to be 30° and 150° (Polikeit
et al., 2003, Smit et al., 1997, Goel et al., 1995, Shirazi-Adl et al., 1984). The diameter of
the AFs was set so to occupy 16% of the overall cross section area of the annulus to simulate
a physiological condition (Polikeit et al., 2003, Smit et al., 1997, Goel et al., 1995, Shirazi-
Adl et al., 1984). The AFs were modeled using tension only truss elements with a stiffness
decreasing from outer to inner annulus layers (Polikeit et al., 2003, Smit et al., 1997, Goel et
al., 1995, Shirazi-Adl et al., 1984). Inferior and superior endplates were modelled as rigid
plates. The material properties of the disc were adopted from those widely used in the
literature (Wang et al., 2012, Rohlmann et al., 2009a, Rohlmann et al., 2006, Rohlmann et
al., 2005, Polikeit et al., 2003, Smit et al., 1997, Goel et al., 1995, Shirazi-Adl et al., 1984).
There were totally about 10,000 elements and 4,000 nodes in each L3-4 disc model (Wang
et al., 2012).

For the kinematic driven FE analysis, the inferior endplate was fixed in space, and the
relative motion of the superior endplate during the weight lifting activity was input as the
displacement boundary conditions (Fig. 2b). The forces and moments were calculated with
respect to the coordinate system at the center of the disc using the Abaqus 6.10/Standard FE
code (Simulia, Providence, RI, USA). Since the flexion-extension motion was rather slow, a
quasi-static analysis was adopted to simulate the equilibrium of the motion segment at each
selected position of the lumbar spine (Wang et al., 2012). The non-weightbearing supine
position during the MRI scan was used as a reference position, where the forces and
moments in the disc were assumed to be zero.

This kinematic driven FE simulation technique has been rigorously validated previously
using a cadaveric setup and demonstrated that the forces and moments in all three principal
directions could be predicted with an average error less than 20% (Wang et al., 2012). In this
paper, we calculated intradiscal pressure; reaction forces and moments at each of the
selected body positions of the 3 subjects.

Results
In vivo 6DOF displacement boundary conditions

The 6DOF displacement boundary conditions were similar, but with different magnitudes
among the 3 subjects (Table 2). The anterior shear displacement was the largest at the
flexion position among the 3 subjects (0.5 to 2.2mm). However, the maximum compression
of the L3-4 was 1.4 to 1.7mm occurred at the upright position (Table 2). The average
segmental range of flexion-extension motion was from 2.1 to 5.1° of the 3 subjects.

Intradiscal Pressure
The Intradiscal pressure of the L3-4 disc of the three subjects followed similar trend, with an
average maximum pressure of 1.4 MPa (1.0 to 1.6MPa) at the upright position (Fig 3). The
average minimum pressure is 0.6 MPa (0.4 to 0.8MPa), at the flexion position which is
about 20° flexion of the body. The intradiscal pressure was slightly changed again to 0.6
MPa (0.5 to 0.7MPa) at the extension position.
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Spine segmental forces and moments
At the flexion position, the compressive force at the center of the disc was 518 N (384 to
773 N), or 0.75 BW (0.51 to 1.11 BW) (Fig. 4). The maximal compressive load increased to
1544 N (1243 to 1704 N), or 2.28 BW (1.6 to 2.84 BW) at upright position. At extension
position, the compressive force was reduced to 672 N (539 to 790 N), or 0.97 BW (0.88 to
1.13 BW).

The maximum anterior-posterior shear force was 233 N (86 to 347 N), or 0.34 BW (0.12 to
0.45 BW) at flexion. The shear force was decreased to 70 N (−74 to 187 N), or 0.11 BW
(−0.11 to 0.24 BW) at upright standing position. At extension position, the shear force again
increased to 119 N (29 to 171 N), or 0.17 BW (0.04 to 0.26 BW).

Maximum flexion moments were −1.0 Nm (0.5 to −2.1 Nm) at the flexion position (Fig. 4).
However, extension moments were similar at maximum extension and upright position, and
were −4.1 Nm (−3.2 to −5.6 Nm) and −4.2 Nm (−2.4 to −6.0 Nm), respectively.

Discussion
Determination of spinal forces is critical for the understanding spinal function and for the
improvement of surgical treatments of spinal pathology. This study showed the applicability
of the kinematic driven FE modeling approach to study in vivo disc loads using three healthy
asymptomatic subjects. The results of the L3-4 disc loads indicated that the intervertebral
disc experienced maximum compressive loads of about 2.28 BW (1544 N) and large
compensatory extension moment of −4.2 Nm at upright position during the activity
investigated in this study. Maximum shear forces were around 233 N at the flexion position.
In general, the resultant forces and moments are highest at upright position.

Li et al. has studied the average overall ranges of motion of L3-4 disc of 10 healthy
asymptomatic subjects in flexion-extension positions (Li et al., 2009). The current data
obtained from the three subjects was during a dynamic motion comparable to the previous
study. The average range of disc flexion-extension motion in our study is 3.1° (2.1 to 5.1°).
This compares well to the mean flexion-extension range of 4.3 and SD of 3.4° in the
previous study. However, the largest compression and AP shear displacements in the current
study are about 1.5mm, which are larger than the previous in vivo study of up to 1 mm(Li et
al., 2009, Pearcy, 1985). This might be explained by the differences of the dynamic and
static experimental setups as well as the weight lifting and free flexion-extension loading
conditions of the current and the previous studies Dynamic weight lifting activity could
increase the loads thus deformation of the discs.

Intra-discal pressure has been measured using pressure transducers in vivo previously under
various loading and posture conditions (Wilke et al., 1999, Andersson et al., 1977,
Nachemson, 1981, Polga et al., 2004) and has served as an important standard for FE model
validation. Due to different experimental setups, it is difficult to directly compare our data
with those measured from these various studies. Nachemson et al. and Andersson et al.
reported intradiscal pressures and disc loads at L3-4 level at a 20° body flexion with 20kg
weight in hands (Nachemson, 1981, Andersson et al., 1977) and at an upright standing
position with 5kg in extended arms (Nachemson, 1981, Andersson et al., 1976). These two
loading conditions are close to those in our experiments. In their studies, the disc loads
(calculated from intradiscal pressure) were about 1900 N at the upright position and 1200 N
at about 20° flexion position for a subject of 70kg bodyweight (Nachemson, 1981,
Andersson et al., 1977, Andersson et al., 1976) while holding the weight. These results were
similar in trend to our data where we also observed higher disc load in the upright position
than in the flexion position, where a large moment arm from the stretched arms may explain
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the higher disc load in the upright position. Han et. Al. (Han et al., 2013) used a validated
musculoskeletal model, together with commercially available AnyBody software, to
calculate the segmental loads. When lifting 100N with two arms, overall resultant force and
moment were obtained at L3-4 level ranged from 926 to 1369 N and 2.0 to 4.3 Nm,
respectively, with variations in subject weight and height. The results were similar in range
to our in vivo findings. Arjmand et al. (Arjmand et al., 2011, Arjmand et al., 2012) recently
derived predictive equations to estimate spinal loads in lifting tasks using FE models and
optimization for muscle forces. Lifting and holding a 20 kg weight, compressive and shear
forces were reported up to 1924 N and 686 N at L4-5 level, and up to 5474 N and 5026 N at
L5-S1 (Arjmand et al., 2011). The overall forces were larger than our results and probably
because of holding the 20 kg heavy weight, which is difficult to test in our in vivo lifting
setup.

It should be mentioned that most occupational spine injuries occurred during lifting weights
at a flexion position (Kingma et al., 2010, Shirazi-Adl, 1989). It is still unclear which
loading mode, compression or shear or both, could represent the injury mechanism. Our data
showed that L3-4 had a lower compression load, however a higher shear force, in the flexion
position than at the upright standing position during the dynamic weight lifting extension
motion. We speculated that an abnormal shear load might be related to the spinal injury.
Previously published study has also reported low resistance of the lumbar spine structure to
shear forces [30]. In addition, during weight-lifting the abdominal pressure could affect the
load on the spine (Park et al., 2012, El Ouaaid et al., 2009). An appropriate abdominal
pressure could effectively reduce the spinal load but loss of the pressure could enhance the
load on the lumbar spine in a flexion position of the body while lifting a weight (Andersson
et al., 1976).

In our study, the coordinate system was created at the center of the intervertebral disc. It is
interesting to see that the disc load always coupled with an extension moment at the studied
L3-4 segment in addition to the shear and compressive forces. It should be noted that the
forces and moments only represented the response of the IVDs but not represent the overall
forces in the lumbar segment. The moment may be resulted from the load sharing and the
effect of different spinal structures such as ligaments, muscles and facet joints that keep the
spine at a stable and balanced curvature. This observation might provide insights to the
computational modeling methods (Park et al., 2012, Han et al., 1995, Goel et al., 1993,
Shirazi-Adl et al., 2005, Kim et al., 2011) that are intended to estimate spinal loads based on
various assumptions and boundary conditions. In traditional inverse dynamic optimization
analysis, the disc was simulated as a ball-socket joint that bears no moment (Patwardhan et
al., 1999, Kasra et al., 1992, Shirazi-Adl et al., 1986). The “follower load” concept assumed
that the spinal load follows the lordosis curve of the spine (Rohlmann et al., 2009a,
Rohlmann et al., 2001, Patwardhan et al., 1999, Kim et al., 2011). More recently, Park et al.
(Park et al., 2012) introduced the global convergent method that determines the
instantaneous rotation center of each motion segment in space. Our data implied that any
computational simulation may need to consider the coupled forces and moments acting on
the spinal discs in simulation of disc function.

Great efforts have been made to improve FE modeling by including various ligaments,
muscle activities and realistic facet interactions (Shirazi-Adl, 2006) (Shirazi-Adl et al.,
2005) (Natarajan et al., 2006) (Rohlmann et al., 2006) (Goel et al., 1993) (Woldtvedt et al.,
2011) (Shirazi-Adl, 1994b). In our study, the kinematics of the each disc endplate was
obtained from the net balance of all external and internal forces and moments, such as from
the ligaments, muscles and facet joints. Therefore, by using the kinematics of the disc
endplates as a displacement boundary condition, the FE modeling of disc could take into
account the effect of all surrounding structures of the lumbar spine.
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There are several limitations that need to be noted in future studies of spinal biomechanics
using the kinematic driven FE modeling method. The disc was treated as linear elastic
materials that neglected the viscoelastic behavior of the disc materials (Wang et al., 2012).
Since the lifting extension activity did not involve rapid motion or impact, simulation of the
disc as elastic materials may still provide a reasonable estimation of the disc function (Goel
et al., 2005). For more sophisticated and time consuming activities, viscoelastic behavior of
the discs (Rohlmann et al., 2006, Natarajan et al., 2006) can play an important role and
should be included in the FE modeling. In addition, the intervertebral disc properties may be
subject-specific and segment-specific in the in vivo physiological environment which may
require further investigation. It is difficult to make every subject start at the same body
position. In order to make data comparable, we choose to analyze the instance about half a
second after the initial lifting, where all subjects had their body position at about 20°
flexion. We also observed slight inter-subject variation in trend at extension, which could
result from different extension ending conditions of the body such as the pelvis motion.
Therefore, we chose to present the data of all subjects in this paper. Despite these
limitations, this study was the first study to estimate the in vivo disc loads using a combined
subject-specific and kinematic driven FE analysis technique. This technique can also be used
to investigate various motion segments during various functional loading activities.

Conclusion
In conclusion, this paper used a combined subject-specific and kinematic driven FE analysis
technique to investigate in vivo loads in the L3-4 disc of human lumbar spine. The data
indicated that during a weight lifting extension, the disc experienced a higher shear load at a
flexion position and higher compressive load at the upright position. The disc was also
loaded with coupled moments along the motion path. These data may provide insights into
the understanding of spinal function and the development of surgical treatments of disc
pathology. In the future, we plan to use this technique to investigate different motion
segments during various functional loading activities.

Acknowledgments
This work is supported by NIH R21AR057989, Korea National Agenda Project (NAP P-09-JC-LU63-C01), Depuy-
Synthes research grant, and SRS research grant.

The sponsors had no involvement in the study design, in the collection, analysis and interpretation of data: in the
writing of the manuscript; and in the decision to submit the manuscript for publication.

References
ABE E, NICKEL T, BUTTERMANN GR, LEWIS JL, TRANSFELDT EE. The effect of spinal

instrumentation on lumbar intradiscal pressure. Tohoku J Exp Med. 1999; 187:237–47. [PubMed:
10458480]

ANDERSSON GB, ORTENGREN R, NACHEMSON A. Quantitative Studies of Back Loads in
Lifting. Spine (Phila Pa 1976). 1976; 1:178–85.

ANDERSSON GB, ORTENGREN R, NACHEMSON A. Intradiskal pressure, intra-abdominal
pressure and myoelectric back muscle activity related to posture and loading. Clin Orthop Relat
Res. 1977:156–64. [PubMed: 608269]

ARJMAND N, GAGNON D, PLAMONDON A, SHIRAZI-ADL A, LARIVIERE C. Comparison of
trunk muscle forces and spinal loads estimated by two biomechanical models. Clin Biomech
(Bristol, Avon). 2009; 24:533–41.

ARJMAND N, PLAMONDON A, SHIRAZI-ADL A, LARIVIERE C, PARNIANPOUR M.
Predictive equations to estimate spinal loads in symmetric lifting tasks. J Biomech. 2011; 44:84–91.
[PubMed: 20850750]

Wang et al. Page 7

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ARJMAND N, PLAMONDON A, SHIRAZI-ADL A, PARNIANPOUR M, LARIVIERE C.
Predictive equations for lumbar spine loads in load-dependent asymmetric one- and two-handed
lifting activities. Clin Biomech (Bristol, Avon). 2012; 27:537–44.

CHRISTOPHY M, FARUK SENAN NA, LOTZ JC, O’REILLY OM. A musculoskeletal model for
the lumbar spine. Biomech Model Mechanobiol. 2012; 11:19–34. [PubMed: 21318374]

DE ZEE M, HANSEN L, WONG C, RASMUSSEN J, SIMONSEN EB. A generic detailed rigid-body
lumbar spine model. J Biomech. 2007; 40:1219–27. [PubMed: 16901492]

EL OUAAID Z, ARJMAND N, SHIRAZI-ADL A, PARNIANPOUR M. A novel approach to
evaluate abdominal coactivities for optimal spinal stability and compression force in lifting. Comput
Methods Biomech Biomed Engin. 2009; 12:735–45. [PubMed: 19412827]

GOEL VK, GRAUER JN, PATEL T, BIYANI A, SAIRYO K, VISHNUBHOTLA S, MATYAS A,
COWGILL I, SHAW M, LONG R, DICK D, PANJABI MM, SERHAN H. Effects of charite
artificial disc on the implanted and adjacent spinal segments mechanics using a hybrid testing
protocol. Spine (Phila Pa 1976). 2005; 30:2755–64. [PubMed: 16371899]

GOEL VK, KONG W, HAN JS, WEINSTEIN JN, GILBERTSON LG. A combined finite element and
optimization investigation of lumbar spine mechanics with and without muscles. Spine (Phila Pa
1976). 1993; 18:1531–41. [PubMed: 8235826]

GOEL VK, MONROE BT, GILBERTSON LG, BRINCKMANN P. Interlaminar shear stresses and
laminae separation in a disc. Finite element analysis of the L3-L4 motion segment subjected to
axial compressive loads. Spine (Phila Pa 1976). 1995; 20:689–98. [PubMed: 7604345]

HAN JS, GOEL VK, AHN JY, WINTERBOTTOM J, MCGOWAN D, WEINSTEIN J, COOK T.
Loads in the spinal structures during lifting: development of a three-dimensional comprehensive
biomechanical model. Eur Spine J. 1995; 4:153–68. [PubMed: 7552650]

HAN KS, ROHLMANN A, ZANDER T, TAYLOR WR. Lumbar spinal loads vary with body height
and weight. Med Eng Phys. 2013; 35:969–77. [PubMed: 23040051]

KASRA M, SHIRAZI-ADL A, DROUIN G. Dynamics of human lumbar intervertebral joints.
Experimental and finite-element investigations. Spine (Phila Pa 1976). 1992; 17:93–102.
[PubMed: 1536019]

KIM K, KIM YH, LEE S. Investigation of optimal follower load path generated by trunk muscle
coordination. J Biomech. 2011; 44:1614–7. [PubMed: 21453921]

KINGMA I, FABER GS, VAN DIEEN JH. How to lift a box that is too large to fit between the knees.
Ergonomics. 2010; 53:1228–38. [PubMed: 20865606]

KUMAR N, JUDITH MR, KUMAR A, MISHRA V, ROBERT MC. Analysis of stress distribution in
lumbar interbody fusion. Spine (Phila Pa 1976). 2005; 30:1731–5. [PubMed: 16094274]

LEDET EH, TYMESON MP, DIRISIO DJ, COHEN B, UHL RL. Direct real-time measurement of in
vivo forces in the lumbar spine. Spine J. 2005; 5:85–94. [PubMed: 15653089]

LI G, WANG S, PASSIAS P, XIA Q, WOOD K. Segmental in vivo vertebral motion during functional
human lumbar spine activities. Eur Spine J. 2009; 18:1013–21. [PubMed: 19301040]

NACHEMSON AL. Disc pressure measurements. Spine (Phila Pa 1976). 1981; 6:93–7. [PubMed:
7209680]

NACHEMSON AL, EVANS JH. Some mechanical properties of the third human lumbar interlaminar
ligament (ligamentum flavum). J Biomech. 1968; 1:211–20. [PubMed: 16329292]

NATARAJAN RN, WILLIAMS JR, ANDERSSON GB. Modeling changes in intervertebral disc
mechanics with degeneration. J Bone Joint Surg Am. 2006; 88(Suppl 2):36–40. [PubMed:
16595441]

PARK WM, WANG S, KIM YH, WOOD KB, SIM JA, LI G. Effect of the intra-abdominal pressure
and the center of segmental body mass on the lumbar spine mechanics - a computational
parametric study. J Biomech Eng. 2012; 134:011009. [PubMed: 22482664]

PATWARDHAN AG, HAVEY RM, MEADE KP, LEE B, DUNLAP B. A follower load increases the
load-carrying capacity of the lumbar spine in compression. Spine (Phila Pa 1976). 1999; 24:1003–
9. [PubMed: 10332793]

PEARCY MJ. Stereo radiography of lumbar spine motion. Acta Orthop Scand Suppl. 1985; 212:1–45.
[PubMed: 3859987]

Wang et al. Page 8

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



POLGA DJ, BEAUBIEN BP, KALLEMEIER PM, SCHELLHAS KP, LEW WD, BUTTERMANN
GR, WOOD KB. Measurement of in vivo intradiscal pressure in healthy thoracic intervertebral
discs. Spine (Phila Pa 1976). 2004; 29:1320–4. [PubMed: 15187632]

POLIKEIT A, FERGUSON SJ, NOLTE LP, ORR TE. Factors influencing stresses in the lumbar spine
after the insertion of intervertebral cages: finite element analysis. Eur Spine J. 2003; 12:413–20.
[PubMed: 12955610]

ROHLMANN A, GRAICHEN F, WEBER U, BERGMANN G. 2000 Volvo Award winner in
biomechanical studies: Monitoring in vivo implant loads with a telemeterized internal spinal
fixation device. Spine (Phila Pa 1976). 2000; 25:2981–6. [PubMed: 11145808]

ROHLMANN A, NELLER S, CLAES L, BERGMANN G, WILKE HJ. Influence of a follower load
on intradiscal pressure and intersegmental rotation of the lumbar spine. Spine (Phila Pa 1976).
2001; 26:E557–61. [PubMed: 11740371]

ROHLMANN A, ZANDER T, BERGMANN G. Effect of total disc replacement with ProDisc on
intersegmental rotation of the lumbar spine. Spine (Phila Pa 1976). 2005; 30:738–43. [PubMed:
15803074]

ROHLMANN A, ZANDER T, RAO M, BERGMANN G. Applying a follower load delivers realistic
results for simulating standing. J Biomech. 2009a; 42:1520–6. [PubMed: 19433325]

ROHLMANN A, ZANDER T, RAO M, BERGMANN G. Realistic loading conditions for upper body
bending. J Biomech. 2009b; 42:884–90. [PubMed: 19268291]

ROHLMANN A, ZANDER T, SCHMIDT H, WILKE HJ, BERGMANN G. Analysis of the influence
of disc degeneration on the mechanical behaviour of a lumbar motion segment using the finite
element method. J Biomech. 2006; 39:2484–90. [PubMed: 16198356]

SHIRAZI-ADL A. Strain in fibers of a lumbar disc. Analysis of the role of lifting in producing disc
prolapse. Spine (Phila Pa 1976). 1989; 14:96–103. [PubMed: 2913676]

SHIRAZI-ADL A. Biomechanics of the lumbar spine in sagittal/lateral moments. Spine (Phila Pa
1976). 1994a; 19:2407–14. [PubMed: 7846593]

SHIRAZI-ADL A. Nonlinear stress analysis of the whole lumbar spine in torsion--mechanics of facet
articulation. J Biomech. 1994b; 27:289–99. [PubMed: 8051189]

SHIRAZI-ADL A. Analysis of large compression loads on lumbar spine in flexion and in torsion using
a novel wrapping element. J Biomech. 2006; 39:267–75. [PubMed: 16321628]

SHIRAZI-ADL A, AHMED AM, SHRIVASTAVA SC. A finite element study of a lumbar motion
segment subjected to pure sagittal plane moments. J Biomech. 1986; 19:331–50. [PubMed:
3711133]

SHIRAZI-ADL A, EL-RICH M, POP DG, PARNIANPOUR M. Spinal muscle forces, internal loads
and stability in standing under various postures and loads--application of kinematics-based
algorithm. Eur Spine J. 2005; 14:381–92. [PubMed: 15452703]

SHIRAZI-ADL SA, SHRIVASTAVA SC, AHMED AM. Stress analysis of the lumbar disc-body unit
in compression. A three-dimensional nonlinear finite element study. Spine (Phila Pa 1976). 1984;
9:120–34. [PubMed: 6233710]

SMIT TH, ODGAARD A, SCHNEIDER E. Structure and function of vertebral trabecular bone. Spine
(Phila Pa 1976). 1997; 22:2823–33. [PubMed: 9431618]

WANG S, PARK WM, GADIKOTA HR, MIAO J, KIM YH, WOOD KB, LI G. A combined
numerical and experimental technique for estimation of the forces and moments in the lumbar
intervertebral disc. Comput Methods Biomech Biomed Engin. 2012

WANG S, PASSIAS P, LI G, WOOD K. Measurement of vertebral kinematics using noninvasive
image matching method-validation and application. Spine (Phila Pa 1976). 2008; 33:E355–61.
[PubMed: 18469683]

WANG S, XIA Q, PASSIAS P, WOOD K, LI G. Measurement of geometric deformation of lumbar
intervertebral discs under in-vivo weightbearing condition. J Biomech. 2009; 42:705–11.
[PubMed: 19268946]

WILKE HJ, NEEF P, CAIMI M, HOOGLAND T, CLAES LE. New in vivo measurements of
pressures in the intervertebral disc in daily life. Spine (Phila Pa 1976). 1999; 24:755–62. [PubMed:
10222525]

Wang et al. Page 9

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



WOLDTVEDT DJ, WOMACK W, GADOMSKI BC, SCHULDT D, PUTTLITZ CM. Finite element
lumbar spine facet contact parameter predictions are affected by the cartilage thickness distribution
and initial joint gap size. J Biomech Eng. 2011; 133:061009. [PubMed: 21744929]

Wang et al. Page 10

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1.
Weight lifting flexion-extension activity by holding 15lb dumbbells. a) Flexion; b) up-right
standing; and c) maximal extension positions
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Fig 2.
a) Determination of the 6 DOF kinematics of the disc endplates. b) Application of
displacement boundary conditions in FE disc model
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Fig 3.
Intradiscal pressure during weight-lifting flexion-extension activity
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Fig 4.
a) Anterior (−) Posterior (+) shear force, b) Compressive (−) force, and c) Flexion (+)
Extension (−) moment during weight-lifting flexion-extension activity
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Table 1

Material properties used in FE disc models

Type of element
Elastic

modulus
(MPa)

Poisson’s
ratio

Nucleus pulposus * Hydraulic fluid element - -

Annulus ground
matrix **

Neo-Hookean  Hexahedral
solid
element C10=0.348, D1=0.3

- -

Annulus fibres ***
Tension only
elastic truss
element

Layers 1,2 550 0.3

Layers 3,4 495 0.3

Layers 5,6 421.5 0.3

Layers 7,8 357.5 0.3

      Endplates    Rigid shell element - -

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

**
Rohlmann, et al. 2006

***
Shirazi-Adl, et al. 1984, Goel, et al. 1995, Smit, et al. 1997, Polikeit, et al. 2003

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 16

Table 2

6DOF kinematic input boundary conditions

Translation (mm) Rotation (deg)

left(+)
right(−)

posterior(+)
anterior(−)

proximal(+)
distal (−)

flexion(+)
extension(−)

left(+)
right(−) bend

left(+)
right(−) twist

Subject #1

flexion 1.39 −0.50 −0.80 2.49 −0.89 2.08

upright 1.09 0.44 −1.43 0.52 −0.52 1.11

extension −0.45 −0.20 −0.71 −2.58 0.13 −1.00

Subject #2

flexion 0.58 −1.68 −0.38 0.19 1.12 0.94

upright 0.40 −0.05 −1.68 −0.25 1.89 0.07

extension −0.77 −0.90 −0.58 −1.86 0.54 −0.51

Subject #3

flexion −0.38 −2.16 −0.42 −0.17 0.83 0.88

upright 0.16 −0.39 −1.47 −1.84 0.93 1.13

extension −0.07 −0.69 −0.68 −3.59 1.18 0.30

Average

flexion 0.53 −1.45 −0.53 0.84 0.36 1.30

upright 0.55 0.00 −1.53 −0.52 0.77 0.77

extension −0.43 −0.60 −0.65 −2.68 0.62 −0.40
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