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a b s t r a c t

Passive rotational stiffness of the osseo-ligamentous spine is an important input parameter for estimating
in-vivo spinal loading using musculoskeletal models. These data are typically acquired from cadaveric
testing. Increasingly, they are also estimated from subject-specific imaging-based finite element (FE)
models, which are typically built from CT/MR data obtained in supine position and employ pure rotation
kinematics. We explored the sensitivity of FE-based lumbar passive rotational stiffness to two aspects of
functional in-vivo kinematics: (a) passive strain changes from supine to upright standing position, and (b)
in-vivo coupled translation-rotation kinematics. We developed subject-specific FE models of four sub-
jects’ L4L5 segments from supine CT images. Sagittally symmetric flexion was simulated in two ways:
(i) pure flexion up to 12� under a 500 N follower load directly from the supine pose. (ii) First, a
displacement-based approach was implemented to attain the upright pose, as measured using
Dynamic Stereo X-ray (DSX) imaging. We then simulated in-vivo flexion using DSX imaging-derived kine-
matics. Datasets from weight-bearing motion with three different external weights [(4.5 kg), (9.1 kg),
(13.6 kg)] were used. Accounting for supine-upright motion generated compressive pre-loads � 468 N
(±188 N) and a ‘‘pre-torque” �2.5 Nm (±2.2 Nm), corresponding to 25% of the reaction moment at 10�
flexion (case (i)). Rotational stiffness estimates from DSX-based coupled translation-rotation kinematics
were substantially higher compared to pure flexion. Reaction Moments were almost 90% and 60% higher
at 5� and 10� of L4L5 flexion, respectively. Within-subject differences in rotational stiffness based on
external weight were small, although between-subject variations were large.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

A lumbar segment’s passive response is an important input
parameter for spine musculoskeletal models. The flexion-
extension stiffness is of particular importance, since flexion-
extension is one of the most widely studied in vivo movements.
These data are traditionally acquired from cadaveric testing
(Gardner-Morse and Stokes, 2004; Goel et al., 1987; Heuer et al.,
2007a; Panjabi et al., 1994; Stokes et al., 2002), wherein pure
moments are applied on a functional spinal unit (FSU) to elicit
rotation (Panjabi et al., 1994) in the presence of a superimposed,
compressive ’follower load’ (Patwardhan et al., 2003; Patwardhan
et al., 1999). The follower load putatively represents the body
weight acting axially on the spine during sitting or standing
(Andersson et al., 1984; Gardner-Morse and Stokes, 2004), thus
implicitly simulating coupled axial translational and rotational
characteristics. However, in most cases, the superimposed follower
load is of constant magnitude (Gardner-Morse and Stokes, 2004;
Heuer et al., 2007a), which may not represent in vivo conditions
(Beaucage-Gauvreau et al., 2019; Byrne et al., 2019 Kingma et al.,
2016; Shirazi-Adl and Parnianpour, 2000). Although the superim-
posed axial load magnitude strongly influences passive rotational
stiffness (Edwards et al., 1987; Gardner-morse and Stokes, 2003;
Panjabi et al., 1977), rotational stiffness data under varying fol-
lower loads are sparse (Gardner-Morse and Stokes, 2004) and
hence, seldom implemented in musculoskeletal models. Further,
these datasets are limited to linearized behavior (Gardner-Morse
and Stokes, 2004; Panjabi et al., 1976), hence may not represent
behavior over finite rotations (O’Reilly et al., 2009).

Using subject-specific imaging-based finite element (FE) mod-
els built from CT/MR images obtained in the supine position is
another increasingly common approach (Dreischarf et al., 2014;
a.com
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Liu et al., 2018; Naserkhaki and El-Rich, 2017). However, most
studies tend to replicate the same, non-physiological boundary
conditions of cadaver-based studies — pure rotational motion with
a superimposed, constant follower load starting from a supine
orientation.

Although the simulated dynamics from cadaveric tests may not
be representative of in vivo conditions, they can serve as a fairly reli-
able calibration benchmark to optimize the material properties of the
individual structures and sub-structures of the ligaments and inter-
vertebral disk (IVD) needed to represent the FSU stiffness behavior
(Schmidt et al., 2007; Weisse et al., 2012). In principle, provided an
accurate 6DOF in vivo lumbar kinematics dataset were available, a
calibrated FE model could then be driven with these kinematics to
extract subject- and task-specific, FSU passive stiffness response.
This alternative approach implicitly accounts for the varying coupled
translational and rotational patterns occurring with the dominant
rotational motion in question providing a task-specific passive
response dataset, which is easily implementable in multi-body mus-
culoskeletal models. This approach has theoretically become feasible,
given the recent availability of directly measured in vivo lumbar ver-
tebral kinematics obtained with x-ray fluoroscopy (Eskandari et al.,
2017; Wu et al., 2014; Zanjani-Pour et al., 2018) and dynamic stereo
X-ray (DSX) imaging techniques (Aiyangar et al., 2015; Aiyangar
et al., 2014a). Indeed, variations of this approach have already been
explored in recent studies (Dehghan-Hamani et al., 2019;
Eskandari et al., 2017; Wang et al., 2014; Zanjani-Pour et al.,
2018), although they were limited to static postures.

The current, feasibility study aims to compare the predicted
flexion-extension stiffness responses of a lumbar FSU from the two
aforementioned FE approaches driven by: (i) generic, pure flexion
with a superimposed follower load, directly from the supine position,
and (ii) in vivo flexion based on subject-specific DSX kinematics
obtained during a dynamic lifting task. The study further explores
the sensitivity of FE-derived passive rotational stiffness to two
aspects of functional in-vivo kinematics related to case (ii): (a)
accounting for passive strain changes from supine to upright stand-
ing position, and (b) coupled translation-rotation kinematics.
2. Materials and methods

The work was based on four subjects’ data from a previous
study (Aiyangar et al., 2014a). Subject-specific imaging-based FE
Fig. 1. Schematic description of IVD mesh creation. left: simplified lamellar layup of a
assignment; right: two approaches for discretization of reinforcing fibres: discrete (top)
inside surface elements].
models of individual L4L5 FSUs were generated based on CT images
obtained in the supine state without external loading using a pre-
viously validated protocol (Weisse et al., 2012) with some modifi-
cations, as described below.
2.1. Mesh creation

The CT data were first segmented to isolate and create 3D ver-
tebral surfaces from volumetric voxel data in Mimics Innovation
Suite v15.0 (Materialise, Leuven, Belgium). The STL-files were then
exported to TrueGrid� (XYZ Scientific Applications, Inc., Livermore,
CA, USA), a mesh pre-processor, to create a 3D FE mesh of hexahe-
dral elements.

IVD geometry was based on adjacent vertebral endplate config-
uration obtained in the supine state, which served as the upper and
lower disk faces. The disk mesh was fitted into the wedge-shaped
space between two adjacent vertebrae using our previously devel-
oped protocol (Weisse et al., 2012). The protocol used mean values
for the disk bulge, anterior-posterior (AP) nucleus pulposus offset
and annulus radial thickness as a function of polar angle u
(Fig. 1, left). Thus, the IVD models were subject-specific with
respect to endplate curvature and disk height, but not with respect
to material properties, disk bulge and annulus fibre alignment.

The annulus comprised eight concentric layers meshed with 3D
hexahedral elements, which made up the ground substance. A
superimposed ’skin’ was defined on each of the outer faces of these
8 solid layers (Fig. 1). The skin was meshed with membrane ele-
ments sharing the same nodes as the 3D hexahedral elements.
Reinforcing fibre layers were embedded in the membrane layer.
Previous implementation of a similar approach (Shirazi-Adl,
1988; Shirazi-Adl et al., 1984) with a composite membrane formu-
lation was constrained to apply linear elastic material properties.
In the current work, ’REBAR reinforcing elements’ were applied
to a homogenous shell (Simulia, 2016)) (Fig. 1, right). The rebars
are considered analytically as a reinforcement of the membrane
elements to allow nonlinear material property assignment to the
anisotropic annulus layers.

Four lumbar ligaments were included in the models. Anterior
(ALL) and posterior (PLL) longitudinal ligaments were represented
with a 3D continuum mesh extruded from the vertebrae and IVD
faces. The ligamentum flavum (FL) was modeled as a connector
connecting the nodes from the lower end of L4 lamina to the upper
www.manaraa.com
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end of the L5 lamina. The supraspinous ligament (SSL) was mod-
eled as a connector with nodes selected such that the connector
was roughly tangential to the of L4 andL5 spinous processes. The
intertransverse ligaments mainly contribute to lateral bending
stiffness (Adams, 2006). (Zander et al., 2017) additionally showed
that, of the seven ligaments, only LF, SSL, ALL and PLL influenced
intra-diskal pressure (IDP), axial force and intervertebral rotations
during flexion-extension, while the remaining three had a negligi-
ble influence. Hence, the remaining three ligaments were not
modelled.

2.2. Component material properties

Locally varying transversely isotropic material properties were
applied to the vertebral mesh elements based on CT-derived local
apparent density (Hounsfield units), resulting in a heterogeneous
and transversely isotropic Young’s modulus distribution
(Aiyangar et al., 2014b; Weisse et al., 2012). Facet joint contact
was ignored as there was no contact during flexion motions, as
shown in our recent work on mapping the in vivo facet joint kine-
matics from the same dataset (Byrne et al., 2018). Second, in the
pure-flexion-with-follower-load case, the models, based on CT
imaging datasets, did not show any facet contact during the range
of flexion simulated. Hence, in both cases, we did not include facet
contact definitions.

The nucleus pulposus was modelled as a fluid cavity in Abaqus/
Standard 6.14, i.e. only the surrounding surface was meshed with
surface elements. The cavity volume remained constant and the
cavity pressure was a function of external load and resulting annu-
lus deformation.

The annulus ground substance and superimposed membrane
layer were assigned the same hyperelastic material properties.
The reinforcing fibres (REBARS) were stiffer with nonlinear elastic-
ity, and their volume content in the membrane elements repre-
sented the fibre volume content in the underlying solid layer.

ALL and PLL ligaments were modelled with hyperelastic mate-
rial properties with Ogden 3rd order formulation (Table 1). The
connector behaviour of SSL and LF were extracted from force vs.
engineering strain curves (Chazal et al., 1985; Myklebust et al.,
1988; Nolte and Pingel, 1991; Pingel, 1991; Shirazi-Adl et al.,
1986). The slack length and stiffness were adjusted based on our
previous work (Weisse et al., 2012) to reproduce, as best as possi-
ble, overall passive FSU behaviour reported in past published stud-
ies for pure flexion without follower load (Heuer et al., 2007b;
Panjabi et al., 1994) and pure compression (Fagan et al., 2002;
Lin et al., 1978). The supine posture was the starting configuration
for these simulations. See Appendix A for additional detail on
adjusting ligament slack length and stiffness.

2.3. Analysis models of the FSU

The different FSU models were set up by assembling the meshes
of two adjacent vertebrae and the intermediate disk, and extending
the model with the required ligaments. A typical model is shown in
Table 1
Material parameters and references for the modelled ligaments.

Ligament Ogden 3rd order parameters

l1 a1 l2 a2 l3

D1 D2 D3

ALL 0.177 3.08 0.627 �13.86 �0.357
1.0 1.0 1.0

PLL 0.159 �1.126 0.77 �18.54 �0.39
1.0 1.0 1.0

SSL + LF Force vs. elongation curves derived from
Force-strain curves presented in cited publications.
Fig. 2. As all the models had been meshed in the same global refer-
ence frame of the CT-based supine posture, the assembly process
didn’t require any alignment or translation of parts. After combin-
ing the meshes, the assembly was oriented such that the L5 refer-
ence frame was aligned with the global coordinate system (white
arrows in Fig. 2). Two load cases of interest were analysed:

(1) Pure-flexion-with-follower-load:
The lower vertebra was fixed in space. A compressive, 500 N fol-

lower load was applied in the first step, with all rotational DOFs
unconstrained. But first, in order to determine the optimal follower
load direction such that no secondary bending or transverse dis-
placements were generated, the follower load direction was itera-
tively adjusted until flexion rotation in the upper vertebra was
almost zero (�0.1�). Subsequently, the FSU was flexed with a rota-
tion of 12� applied on the upper L4 vertebra. The constant 500 N
force continued to be applied as a follower load. The resulting reac-
tion moments and displacements were evaluated with respect to
the L5 reference frame (white in Fig. 2).

(2) Dynamic-Stereo X-ray (DSX) based in vivo kinematics:
Four successive steps were applied as follows:

1. Simulate motion from supine, CT-based position to the static,
upright DSX-based position without hand-held load. A linear,
static ramp was implemented.

2. Simulate motion further to upright pose with hand-held load
(load-bearing upright pose). Three separate simulations for
each load case (4.5 kg, 9.1 kg, 13.6 kg) were implemented.

3. From static, load-bearing upright pose to end position of the
lifting task as a linear ramp. This step was necessary, as the
L4L5 configuration at the final, resting pose at the end of the
lifting task did not necessarily match the configuration of the
load-bearing upright pose, which was acquired separately.
The described analysis is a motion-driven linear ramp between
these postures.

4. Inverted extension (flexion) motion from the lifting task end
position to the lifting task start position. The experimental lift-
ing task was actually an extension motion (full-flexed position
to upright position). Since this was a quasi-static simulation
without accelerations or inertial effects, we assumed that the
direction of simulation should not affect force and moment
estimates.

Note: No additional follower load or any other external load
was applied to the FE model in this case. The term ‘‘hand-held
load” is meant to clarify the condition when kinematic measure-
ments were made.

The following outputs were extracted and compared:

1. Compressive reaction force from DSX kinematics-based supine-
to-upright motion was compared with the follower load of
500 N. The compressive reaction force is the reaction force
along the vertical axis of the L5 reference coordinate system
directly obtained as an output following FE simulation.
www.manaraa.com
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2. IDP and compressive reaction force were compared with pub-
lished in vivo IDP (Wilke et al., 2001).

3. Reaction moment vs. rotation curves from pure-flexion-with-
follower-load case were compared with corresponding curves
from the DSX-driven models. The reaction moment is an output
directly obtained following FE simulation at the L4 reference
point in the parent, L5 reference coordinate system.

4. Shear reaction forces from kinematic data-driven models. This
is the AP component of the reaction force at the defined refer-
ence point of L5 with respect to its reference frame and
obtained directly as an output following FE simulation.

3. Results

Simulating the transition from supine (CT orientation) to
upright (DSX kinematics) pose resulted in a mean compressive
reaction force of 468 N (±188 N) for the first three subjects
(Fig. 3, bottom). The corresponding mean (±S.D.) IDP value was
0.4 MPa (±0.1 MPa) (Fig. 3, top; Table 2). One subject (subject #
4) resulted in negative IDP (�0.05 MPa) and compressive reaction
force – a notable exception and a rather counter-intuitive result.
Simulating further from the upright, no-load state to the upright
configurations with hand-held load resulted in an increase in the
IDP and corresponding compressive reaction force, although sub-
ject #4 continued to be an exception in this regard. While the gen-
eral trend (for subjects 1–3) was an increasing IDP with increasing
hand-held load, as observed based on the averaged results, this
was not always the case. For example, IDP was highest in the
4.5 kg configuration for subject #2, and in the 9.1 kg configuration
for subject #3.

Predicted IDP values over the simulated continuous motion
exhibited substantial variability (Fig. 4). While three out of the four
subjects’ IDP generally displayed an increasing trend, IDP for sub-
ject #3 exhibited a counter-intuitive decrease by a factor of ~0.4
towards the end (flexed position) of the simulated motion com-
pared to the upright position.

The associated mean AP shear reaction force over the range of
motion was between 75 and 125 N (Fig. 5), which compares
favourably with those reported previously (Arshad et al., 2017).

Regarding rotational components, simulating pure flexion with
a constant, 500 N follower load resulted in a mean reaction
moment of 10 Nm (±4 Nm) at 10� flexion (Fig. 6). This matched
well with the flexion-extension stiffness (10 ± 2.4 Nm/� for this
case reported by (Gardner-Morse and Stokes, 2004), assuming lin-
earized stiffness. However the curves were, expectedly, nonlinear,
similar to previous studies (Heuer et al., 2007b; Naserkhaki et al.,
2016; Panjabi et al., 1994).

For DSX-based models, in addition to a compressive reaction
force, going from supine to upright standing also generated a
non-zero mean flexion moment of 2.5 Nm (±2.2 Nm). In contrast
to the compressive force, this ‘‘pre-torque” was relatively less sen-
sitive to the magnitude of hand-held load. While the nonlinear
curves obtained using DSX-based kinematics exhibited similar pat-
terns to the pure-flexion-with follower-load case, the passive
behaviour was substantially stiffer on average. Further, differences
due to weight lifted were much smaller compared to variability
across subjects.
4. Discussion

The study explored the feasibility of estimating a lumbar seg-
ment’s rotational (flexion-extension) passive stiffness behaviour
from FE models driven with subject-specific, in vivo coupled
rotation-translation kinematic data. While the models were based
www.manaraa.com



Fig. 3. Top: Intra-diskal pressure (IDP values) at upright position. Bottom: Compressive force generated at upright position. Error bars are standard deviations. Mean values
are based on average from subjects 1, 2 and 3 (Subject 4 is considered an outlier).

Table 2
Subject body mass in kg and intra-diskal pressure (IDP) values in MPa at upright position for different hand-held loads. The mean, standard deviation and coefficient of variation
calculations are based on subjects 1, 2 and 3. For these purposes, subject 4 is considered an outlier.

Subject # Intra-diskal pressure (IDP) in upright stance with different hand-held Loads

Subject Mass (kg) 0 kg 4.54 kg 9.1 kg 13.6 kg
IDP (MPa) IDP (MPa) IDP (MPa) IDP (MPa)

1 84.2 0.5 0.58 1.02 1.57
2 74 0.45 0.56 1.27 0.81
3 60.8 0.23 0.68 0.44 0.56
4 67.4 �0.06 0.09 �0.20 0.14
Mean (1–3) 71.6 0.4 0.61 0.91 1.0
Standard Deviation (1–3) 11.7 0.14 0.06 0.43 0.53
Coefficient of Variation (1–3) 16% 35% 10% 46% 53%
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on subject-specific vertebral CT-geometry, the input kinematics
were based on 6DOF kinematics of the individual vertebrae
recorded using DSX imaging of an in vivo functional lifting task,
wherein the transition from supine to upright pose was addition-
ally considered. These results were compared to the corresponding
behaviour with an input of pure flexion under a constant follower
load, starting from a supine configuration.

While no comprehensive validation studies were performed for
the DSX kinematics-based simulations — there are very few studies
against which to benchmark our results — IDP in upright standing,
www.manaraa.com
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Fig. 5. Anterior-posterior shear forces (relative change from upright posture). Each curve represents the average of the four subjects tested. Error bars are standard deviations.
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and IDP and coupled shear over the DSX-based inverted extension
were compared against past studies (Arshad et al., 2017;
Gardner-Morse and Stokes, 2004; Sato et al., 1999; Takahashi
et al., 2006; Wilke et al., 2001). The results, which should be con-
sidered preliminary, highlight potential positives of using this
approach, but they also reveal some significant pitfalls.

On the positive side, and with regard to the main goal of
obtaining flexion-extension passive behaviour, the DSX
kinematics-based results differed from the pure-flexion-with-
follower-load results in two ways. First, going from supine to
upright not only generated a compressive reaction force, but also
a reaction moment. This ‘‘pre-torque” — approximately 25% of the
reaction moment attained at 10� flexion in the pure-flexion-with-
follower-load case (Fig. 6) — is not insubstantial. (Dehghan-
Hamani et al., 2019) recently noted that going from supine to
upright not only alters the translational kinematics, but also the
rotational kinematics. This ‘‘pre-torque” is a manifestation of
the altered rotational configuration. Furthermore, the mean reac-
tion moment was 3 Nm (±1.4 Nm) – approximately 90% – and
6 Nm (±3 Nm) – approximately 60% – larger at 5� and 10� flexion,
respectively. Thus, the in vivo passive flexion-extension response
with coupled rotation-translation kinematics can be much stiffer
than that estimated based on pure flexion, even with a superim-
posed follower load.
www.manaraa.com



Fig. 6. Average reaction moment vs. flexion rotation curves for the two cases tested. The reaction moment is an output directly obtained following FE simulation at the L4
reference point in the parent, L5 reference coordinate system. (a) Pure flexion with follower load (mean_flexion) and (b) Dynamic-Stereo X-ray (DSX) based in vivo Kinematic
dataset (mean_DSX). Error bars are standard deviations. Three linear curves represent equivalent reaction moment-flexion relationship based on stiffness values reported by
Gardner-Morse et al. 2004 for three different follower loads: 0 N (NO_Follower_Load); 250 N (250N_Follower_Load) and 500 N (500 N Follower Load).
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Further on the positive side, momentarily leaving aside the
rather counter-intuitive negative IDP results from subject #4, IDP

estimates (x
�
= 0.4 MPa, Range: 0.23–0.5 MPa) in the upright pose

without load compare quite favourably to previous, experimentally
recorded in vivo values [0.49 MPa, single subject (Wilke et al.,

2001); x
�
= 0.35 MPa (Takahashi et al., 2006); and x

�
= 0.5 MPa,

Range: 0.22–0.75 MPa (Sato et al., 1999)]. This more-or-less held
true for the upright pose with hand-held load as well: mean IDP
for the largest hand-held load case was larger than the correspond-
ing no-load case value by a factor of 2.5 (±0.7), which is reasonable
compared to the increase reported by Wilke et al. (~2.1x).

The corresponding mean compressive reaction force, obtained
from the FE simulation driven purely with kinematic inputs with-
out including any representation of external loads or subject body
weight, was remarkably similar to the 500 N follower load applied
in in-vitro testing and FE models, and assumed to represent com-
bined muscle and gravity loads in the upright position
(Andersson et al., 1984; Azari et al., 2018; Gardner-Morse and
Stokes, 2004). Although inter-subject variability was substantial,
the variability was well within the range reported in previous
in vivo measurements (Sato et al., 1999). Similarly, albeit with a
couple of exceptional instances, the general trend of increasing
compressive reaction force for upright standing with progressively
larger hand-held loads (0–4.5–9.1–13.6 kg) provides further confi-
dence for this approach.

Predicted IDP values over the simulated continuous motion,
however, did not always follow the expected trend – a monotonic
increase in IDP with flexion (Wilke et al. 2001). Overall, IDP
increased by a factor of 2.6 (±1.6) on average over the range of sim-
ulated flexion (inverted extension) motion, compared to a factor of
2.3 reported by (Wilke et al., 2001) for a stoop lift. This comparison
is reasonable, as the lifting task was basically a stoop lift, i.e. with-
out knee-bending and starting from ~75� trunk-flexed pose
(Aiyangar et al., 2014a). Nevertheless, the patterns and magnitude
of increase over the motion varied substantially across subjects.

Finally, coupled AP shear reaction forces were also within range
of previously reported values (Arshad et al., 2017; Ghezelbash
et al., 2016).
On the other hand, the two unexpected results for IDP — nega-
tive IDP (�0.05 MPa) for subject #4 in upright standing and IDP
decreasing by a factor of ~0.4 for subject #3 during continuous
motion — raise valid concerns regarding the robustness of this
approach. The following points need to be considered.

First, a zero initial stress state (null IDP) was assumed for the
supine position, although studies have shown that IVDs exhibit a
non-zero pressure of ~0.1 MPa (Wilke et al., 1999). Second, two sep-
arate imaging modalities were used to obtain L4-L5 FSU configura-
tions in the supine and upright positions: CT imaging (resolution 0.
25 mm � 0.25 mm � 1.25 mm reconstructed to 0.25 mm3 voxels)
and DSX imaging (accuracy � 0.26�; 0.2 mm) for supine and upright
configurations, respectively. Thus one must reckon with a potential
cumulative error between 0.2 and 0.4 mm, at least, in estimating
supine-to-upright transition. Third, axial compressive stiffness esti-
mates of L4L5 FSUs lie between 2000 and 2500 N/mm (Fagan et al.,
2002; Gardner-Morse and Stokes, 2004; Senteler et al., 2015). Hence
axial force and corresponding IDP estimates can be quite sensitive to
small errors in axial displacement. (Dehghan-Hamani et al., 2019)
recently showed that just altering axial displacement by ±0.1 mm
changed IDP by ~0.2 MPa. By contrast, stiffness estimates in shear
direction are between 10 and 25% of axial stiffness (Dehghan-
Hamani et al., 2019; Gardner-Morse and Stokes, 2004; Senteler
et al., 2015), implying force outputs would be correspondingly much
less sensitive to AP translational errors of similar magnitude. Further,
(Dehghan-Hamani et al., 2019) additionally showed that IDP was
even less sensitive to rotation errors: ± 3� error (>10x rotational accu-
racy of DSX system) altered IDP by less than 10%. Thus, a cumulative
error of 0.2 mm in estimating the axial displacement between the
two positions could potentially completely erase the IDP expected
in the upright stance, while AP shear and presumably the flexion
reaction moment would likely be much less affected. In the particular
case of subject #4, IDP for all four cases of upright standing were
much closer to zero (Fig. 3, Table 2), which suggests the dominant
common underlying cause of low IDP was likely an erroneous under-
estimation of IVD height in CT-derived supine configuration.

The second counter-intuitive result was the decreasing IDP

(x
�

= 0.57 to 0.33 MPa) for subject #3 over the continuously
www.manaraa.com
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simulated motion. To the authors’ knowledge, only one other study
explicitly accounting for 6DOF biplane fluoroscopy based kinemat-
ics used a similar approach and reported lower IDP estimates in the
flexed pose compared to upright (Wang et al., 2014). Unfortunately
an explanation for their observation was missing. While accuracy
limits of the imaging modalities could also partly explain the
decrease in our study, they do not fully explain the decrease over
the range of motion, which comprises data captured over 60
frames and two seconds (Aiyangar et al., 2014a). This implies,
and we speculate, that there was likely an additional bias in
(over)estimating IVD height, however small, in flexed configura-
tion compared to the upright configuration. Again, while these
small errors clearly significantly affect IDP estimates, resulting in
counter-intuitive decreases in IDP from upright to flexed stance,
the AP shear estimates or the flexion-extension reaction moment
are likely much less sensitive.

Nevertheless, these two counter-intuitive results, together,
highlight potential pitfalls of this approach. Results from a recent
Monte Carlo-based simulation study (Eskandari et al., 2019) appear
to confirm the ‘‘hypersensitivity” of IDP predictions to errors in
image-based kinematics. For instance, the study reported large
coefficients of variation (CV) in IDP estimates in relaxed upright
standing — between 30%–77% and 74%–148% from their passive
FE and musculoskeletal model-based simulations respectively —
from relatively small, translation errors between 0.1 and 0.3 mm
induced into the models, which were constructed from a single
subject’s CT images. In comparison, CVs of IDP estimates from
the current study are lower — 10%–53% —, of which at least 16%
could be attributed to the variability between subjects (Table 2).
Thus, these initial results with this approach show promise. Never-
theless, the works of Eskandari et al., Dehghan-Hamani et al. and
particularly the counter-intuitive IDP results from the current
study suggest caution in adopting this approach.

Other limitations include the following. First, the initial IVD
bulge in supine position was assumed and not explicitly based
on subject-specific imaging. Although the soft tissue component
passive properties of the FSU were adjusted to reproduce overall
flexion behaviour reported in cadaveric- and associated FE studies
(Heuer et al., 2007b; Panjabi et al., 1994; Schmidt et al., 2006),
these are, self-evidently, not subject-specific properties. The small
sample size — single FSU each from four subjects — is another lim-
itation. However, this initial study was mainly designed to explore
the feasibility of this approach. We intend to continue to apply this
approach to a larger available dataset comprising more subjects
and more segment levels (L2-S1), to investigate if the counter-
intuitive results seen in this study are simply outliers or if they
are more widely prevalent, thus limiting the potential benefits of
this approach due to the high sensitivity to axial translations.
Finally, the intended main result—the flexion-extension passive
behaviour— indicated a stiffer response for the subject- and task-
specific DSX kinematics-based input compared to the pure-
flexion-with-follower load case. It remains to be seen how strongly
this difference influences joint loading estimates obtained from
multi-body musculoskeletal models incorporating these proper-
ties, which is also the focus of a follow-up future study.
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Appendix A. Calibration of ligament properties

Ligament properties were calibrated in order to reproduce pas-
sive flexion behavior of the L4-L5 FSU reported by in-vitro cadav-
eric studies (Heuer et al., 2007a, 2007b; Panjabi et al., 1994) in
the current FE model. Calibration of ligament properties was initi-
ated after IVD material properties were optimized based on the
work of (Schmidt et al., 2006) and reported in detail in our previous
publication (Weisse et al., 2012). Fig. A1, below, shows the final,
optimized behavior of a representative L4-L5 IVD without liga-
ments and facets in comparison with the IVD passive behavior
reported by (Schmidt et al., 2006).

In general, the ligament load-deformation curves in tension
bear a sigmoidal shape (Chazal et al., 1985) (Fig. A2) – an initial
nonlinear, concave zone, followed by a linear portion eventually
culminating in a final downward-shaped nonlinear zone when
the ligament experiences mechanical failure. The first two zones
were considered for optimizing ligament properties. The first zone,
wherein the ligament exhibits a finite amount of deformation with
little increase in reaction force was modeled using an exponential
form (Nolte et al., 1990) as follows:

y ¼ PðeKx � 1Þ: Where y = ligament force; x = ligament deforma-
tion; P, K are constants to be determined.

The linear region is modeled as ¼ k x� lOð Þ: where k = linear stiff-
ness; lO = x-intercept obtained by extending the linear portion of the
curve down to the abscissa (Fig. A2).

An initial assumption took the total deformation of the nonlin-
ear, exponential part to be 1.66 lO, with an initial value of 1 mm for
lO. The junction point, A, is the point where the value of the slopes
of the nonlinear, exponential curve and the linear portion are
equal. This was used to solve for the constants, P and K, in Matlab
(Mathworks Inc., Natick, MA, USA), based on the equations shown
below.

slope ðlinear portionÞ ¼ k; Diagonal ¼ 2
3
lo

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

q
; d

¼ Deformation at }A}; f ¼ Force at }A}

x coordinate of point A ¼ lo þ 2
3
lo; y coordinate of A ¼ f

¼ k � 2
3
lo

y ¼ P eKx � 1
� �! K ¼ ln y

P þ 1
� �
x

Taking the first derivative of ‘‘y” with respect to ‘‘x”, we get;
dy
dx ¼ PKeKx

This is also the slope of the load-deformation curve. The value of
this slope at x = ‘‘d” is ‘‘k”, the stiffness of the linear portion of the
curve:

dy dð Þ
dx

¼ k ¼ P
ln f

P þ 1
d

 !
f
P
þ 1

� �

The equation is used to solve for ‘‘P” and ‘‘K” in Matlab.
This initial assumption still resulted in a very stiff behavior of

the ligaments and, consequently, the FSU in flexion as compared
to (Heuer et al., 2007a, 2007b). Hence, in order to introduce more
compliance to the ligaments, particularly to the Ligamentum
www.manaraa.com
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Fig. A1. Comparison of FE model passive flexion-extension behavior of the FSU without ligaments and facet joint contact from the current study with those reported by
Schmidt et al., 2006. The curve represents the passive behavior of the FE model used in the current study after optimizing the IVD material properties.

Fig. A2. (a) Schematic of load-deformation curve for a spinal ligament exhibiting the sigmoidal shape [from (Chazal et al., 1985)]. Figure also shows the estimation of ‘‘lO”
based on extending the linear portion of the curve down to the x-axis (b).
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Flavum (LF) and the Supraspinous ligament (SSL), we increased the
value of lO and also added an additional ‘‘slack” zone to the initial
part of the curve wherein the ligaments undergo a finite deforma-
tion without developing any reaction force, as shown below in
Fig. A3. This was based on results reported by (Shirazi-Adl et al.,
1986), wherein the slack lengths were much greater than the
1 mm used in initially in this study. The ‘‘slack” zone (part where
elongation of ligament generates no force) was set to 70% of lO.
The exponential zone then extended from 0.7 lO to 1.2 lO, from
where the linear zone extended further. This change is illustrated
below. The equation used to find K and P were also adjusted
accordingly, as below. (os = 0.7 lO)

K ¼ ln y
P þ 1
� �
x� os

; 0 ¼ P
ln f

P þ 1
� �
d� os

0
@

1
A f

P
þ 1

� �
� k
lO was iteratively adjusted until a good match was achieved
between the simulated flexion behavior and the benchmarked in-
vitro behavior reported by (Heuer et al., 2007a, 2007b). lO for LF
and SSL were set between 3 mm and 5 mm for the various subjects’
FSUs modeled in the current study. Given that, according to (Nolte
and Pingel, 1991; Shirazi-Adl et al., 1986), the neutral zone of SSL
and LF can extend up to 30% of strain, and that average lengths
for LF and SSL have been reported as 22 mm and 30 mm respec-
tively, the final values for lO appear reasonable. The shape of the
ligament load-deformation curves were modified until the overall
FSU behavior lay within the range reported by Heuer et al., 2007,
and Panjabi et al., 1994. Fig. A4 below shows the improvement in
matching flexion behavior of the L4-L5 FSU of one of the subjects
from the current study with the in-vitro flexion behavior reported
by Heuer et al., 2007a, 2007b.
www.manaraa.com
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