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The study investigated the potential for obtaining more accurate spine joint reaction force (JRF) estimates
from musculoskeletal models by incorporating dynamic stereo X-ray imaging (DSX)-based in vivo lumbar
vertebral rotational and translational kinematics compared to generic, rhythm (RHY)-based kinematics,
while also observing the influence of accompanying inputs: intervertebral segment stiffness and neutral
state. A full-body OpenSim® musculoskeletal model, constructed by combining existing lower- and
upper-body models, was driven based on one volunteer’s (female; age 25; 60.8 kg; 176 cm) anthropomet-
rics and kinematics from a series of upright standing and straight-legged dynamic lifting tasks. The lum-
bar spine portion was modified in a step-wise manner to observe effects of: (1) RHY vs. DSX lumbar
kinematics; (2) No disc (bushing) stiffness (NBS); generic, linear bushing stiffness (LBS); subject-
specific nonlinear bushing stiffness (NLBS); (3) Upright standing (UP) vs. Supine (SUP) neutral state;
(4) Weight lifted: 4.5 kg vs. 13.6 kg. L4L5 JRF from 24 model variations based on combinations of afore-
mentioned parameters were compared. Rhythm-based kinematics without translational components
tends to over-predict JRF (31% and 39% for compression and shear, respectively) compared to DSX-
based kinematics. Additionally, differences due to accompanying passive stiffness and neutral state
choice combinations were even larger (>50%), indicating heightened demand on the quality of these
accompanying inputs. The study not only highlights model sensitivity to choices made regarding the
three primary inputs—kinematics, passive stiffness and neutral state— separately, but also how interac-
tions between these choices can result in significant variability in joint loading estimates.

© 2020 Elsevier Ltd. All rights reserved.
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Under conventional assumptions, three rotational degrees of
freedom (DOF) are sufficient for describing the kinematics of indi-

1. Introduction

Inverse dynamics-based multi-body musculoskeletal modeling
is a commonly deployed approach for assessing mechanical load-
ing within the lumbar spine. As with any modeling approach, the
accuracy of resulting load predictions is sensitive to the quality
of input parameters. Fundamental to modeling is the validity of
simplifying assumptions governing two key sets of input parame-
ters and their interaction: joint kinematics and passive tissue prop-
erties, particularly intervertebral disc (IVD) and ligament
stiffnesses.
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vidual intervertebral joints (IV]) comprising the lumbar spine;
translational DOF are either non-existent, or, at best, small enough
to only negligibly influence joint reaction force estimates (de Zee
et al., 2007; Han et al., 2013; Pearcy and Bogduk, 1988). Second,
individual IV] rotations can be satisfactorily interpolated from
the overall lumbar spinal rotations based on a fixed fractional dis-
tribution—lumbar spinal rhythm—throughout the entire range of a
given movement (Arjmand and Shirazi-Adl, 2005; Bazrgari et al.,
2008; Christophy et al., 2012; Tafazzol et al., 2014). Consequently,
IV] were routinely modelled in rigid body models as 3DOF spheri-
cal joints with their individual rotational contributions estimated
based on a presumed lumbar rhythm. Over the last decade, how-
ever, new in vivo 6DOF intervertebral kinematic data acquired
using technologies such as dynamic X-ray imaging have challenged
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these assumptions (Aiyangar et al., 2015; Aiyangar et al., 2014;
Breen and Breen, 2018; Dehghan-Hamani et al., 2019; Eskandari
et al.,, 2017; Xia et al., 2010; Zanjani-Pour et al., 2017).

The availability of in vivo subject-specific intervertebral kine-
matics presents a dilemma for modelers. On one hand, 6DOF kine-
matic datasets for individual V] based on direct vertebral motion
measurements theoretically present the opportunity to obtain more
accurate joint load estimates than was possible before. On the
other hand, increased complexity of these datasets can not only
lead to higher computational cost, but also impose a more strin-
gent penalty for any errors within these datasets, heightening the
demand on the accuracy of these parameters. For example, a recent
Monte Carlo simulation-based study reported that even small
translation component errors (0.1 — 0.3 mm) could induce large
variations in IV] force estimates (Eskandari et al., 2019).

IVD and ligament passive stiffness comprise the second key set
of inputs. Solving a musculoskeletal inverse dynamics problem
requires an accounting of the contribution of active (muscles)
and passive (e.g. IVD and ligaments) components supporting the
lumbar joint to properly satisfy the joint's measured generalized
displacements, velocities, and accelerations during a specific
movement. Passive reaction moments arising from IVD and liga-
ment deformations contribute to the total reaction moment, thus
altering the net moment contribution from the musculature and,
consequently, the forces across muscles and resultant joint reac-
tion forces (JRF). Hence, assumptions regarding representation of
the IVD and ligaments could significantly affect simulation results.
For instance, linear stiffness properties are often assumed
(Gardner-Morse and Stokes, 2004; Meng et al., 2015; Senteler
et al., 2018) for the inherently nonlinear IVD and ligaments
(Panjabi et al., 1994), although recent studies have attempted to
account for their nonlinearity (Ghezelbash et al., 2018). Further,
the corresponding in vivo joint initial or “neutral position” and,
consequently, the magnitudes of inherent pre-strain within these
structures are not always known, thus creating an additional
source of variability.

The current study investigated the potential for obtaining more
accurate joint reaction and muscle force estimates by incorporat-
ing detailed and realistic, dynamic stereo X-ray imaging (DSX)-
based 6DOF lumbar IV] kinematics. It elucidates methodological
aspects of incorporating these subject-specific lumbar kinematics
into an OpenSim®-based (Delp et al., 2007; Seth et al., 2018; Seth
et al., 2011; Sherman et al., 2013) full-body inverse dynamics-
based musculoskeletal model, while observing the influence of
accompanying input conditions (generic vs. subject-specific) and
their interactions on L4L5 loading patterns and corresponding
muscle forces during a set of sagittally symmetric dynamic lifting
tasks. The following questions were investigated:

1) How do JRF estimates obtained with DSX-based subject-
specific 6DOF IV] kinematics differ from those obtained with
pre-determined, generic rhythm-based rotational
kinematics?

2) How do joint passive stiffness (bushing) property assump-
tions [no bushing stiffness (NBS), generic linear bushing stiff-
ness (LBS) or subject-specific, nonlinear bushing stiffness
(NLBS)] influence JRF estimates?

3) What is the effect of the assumed initial, zero pre-strain or
“neutral” joint position (supine state vs. upright standing)?

2. Methods
2.1. Experimental data acquisition

The study utilizes a single volunteer’s data from a previously
published institutional review board (IRB)-approved study

(Aiyangar et al., 2015; Aiyangar et al., 2014) . The volunteer (fe-
male; age 25; 60.8 kg; 176 cm) had performed a series of upright
standing and straight-legged dynamic lifting tasks while holding
4.5 kg (101b), 9.1 kg (20 1b), and 13.6 kg (30 Ib). During the tasks,
the volunteer’s lumbar spine (L2-S1) was simultaneously imaged
in the sagittal and frontal planes by a DSX system (30 Hz, pulsed
exposure = 4 ms/frame, excitation voltage = 70-80 kV, current =
320-630 maA, effective radiation dose per dynamic trial < 0.6 mS
v) (Aiyangar et al., 2014) . Additionally, motion of the rest of the
body was acquired by capturing displacements of 30 reflective
markers placed on the participant’s body with an 8-camera Vicon
motion capture system, while two force plates (BERTEC, Columbus
OH, USA) measured ground reaction forces.

Three-dimensional (3D) bone models of each lumbar vertebra
were derived from high resolution computed tomography (CT)
scans (voxel size = 0.25 mm x 0.25 mm x 1.25 mm, effective radi-
ation dose < 12.3 mSv) of the participant’s lumbar spine in supine
position. Using a previously validated model-based tracking algo-
rithm (precision <= 0.2 mm and 0.26°), the instantaneous 3D posi-
tion and orientation of each vertebra were determined by
registering the 3D bone model to the two 2D radiographs at each
recorded frame (Lee, 2010). For further details, see (Aiyangar
et al., 2015, 2017; 2014).

2.2. Subject-Specific musculoskeletal model development

A generic full-body musculoskeletal model was constructed in
OpenSim by combining an existing lower- and upper-body model
(Arnold et al., 2010; Senteler et al., 2015). Maximum muscle stress
of each muscle was set to 100 N/cm? according to a recently pub-
lished thoracolumbar spine model (Bruno et al.,, 2015). Virtual
markers were added to the generic model to mimic those placed
on the volunteer during data acquisition. The generic model was
then scaled to the subject by maximizing correlation between vir-
tual markers and experimental marker positions during upright
standing using OpenSim'’s Scale tool as follows. First, body seg-
ments were scaled by size based on differences in location between
experimental markers and the model’s virtual markers. However,
scaling by size did not ensure that the model mass matched the
subject’s measured mass. Hence, the model was scaled once more
by mass to ensure that total model mass equaled measured mass.

Intervertebral lumbar motion was prescribed at each segment
from L2L3 to L5S1. At each level, the joint’s reference position
and orientation with respect to each adjacent vertebra - termed
the “neutral state” - was defined. The neutral state describes the
intervertebral configuration where passive forces and torques are
zero. Simulations were performed with two variations of the joint
neutral state - upright- and supine-relative. For the “upright-
relative” case, the DSX-measured upright standing, no external
weight L2-S1 configuration was the neutral state. For the
“supine-relative” case, the CT-measured supine L2-S1 configura-
tion defined the neutral state. Segmental joint centers of rotation
(COR) were defined to be approximately at the disc center, mainly
to facilitate comparison of results to those derived from previous
modeling studies using rhythm-based kinematic (Bruno et al.,
2015; Bruno et al., 2017; Senteler et al., 2015) (Fig. 1).

As the raw DSX data describing lumbar intervertebral motion
were in the form of body-fixed kinematics of the superior vertebral
body coordinate system (CS) with respect to the inferior vertebral
body CS, they were transformed to describe intervertebral motion
with respect to the neutral state about the newly defined CORs.
This transformation was performed for both the upright- and
supine-relative neutral state models to ensure identical lumbar
motion in space. By employing this methodology, the lumbar joints
were essentially modeled as 6DOF joints allowing three orthogonal
rotations about a moving COR capable of anterior-posterior (AP),
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Fig. 1. Two variations of the joint “neutral state”, where no forces or moments are present at the joint. The upright (a) and supine (b) neutral states represented the DSX-
measured and CT-measured kinematics while the subject assumed the upright standing () and supine (.p) position, respectively. The neutral state kinematics were defined
by a superior-inferior (SI) displacement (yyp Or Ysup), anterior-posterior (AP) displacement (Xup Or Xsup), and a flexion-extension (FE) angular displacement (@, or @syp)
between adjacent vertebrae. The joint centers from L2L3 to L4L5 were placed equidistant from- and orthogonally to each vertebra’s local X- (AP) axis, in order to locate the
joint center at the approximate geometric center of the disc. The relative orthogonal distances between the newly defined joint center and the local X-axes of L5 and S1
vertebrae were not equidistant, since the S1 coordinate system was placed at the superior surface of the sacrum, as opposed to the center of the vertebral body as done for the
L2 to L5 vertebrae. Appropriate adjustments were accordingly made. y,, and y,, represent the SI distance between vertebrae when no joint rotation is present. (c) The
neutral state definition serves as the reference state in which the DSX kinematics are described.

superior-inferior (SI), and medial-lateral (ML) translations.
Flexion-extension (FE), lateral bending (LB) and axial rotation
(AR) (appropriately transformed as described above) were pre-
scribed with respect to time based on the experimental dataset
(Aiyangar et al., 2015; Aiyangar et al., 2014). In OpenSim®, COR
translations are usually prescribed with respect to a generalized
coordinate. Hence the AP, SI, and ML translations were imple-
mented as coupled motions, and prescribed with respect to corre-
sponding instantaneous FE rotation instead of time (See Appendix
1 for details).

Uncoupled stiffness matrices describing force- or moment-
displacement relationships between consecutive bodies were
defined at each joint from L2L3 to L5S1 for the linear (LBS) and
nonlinear (NLBS) models (Table 1). For LBS models, rotational
and translational stiffness constants were identical to those used
in a previous musculoskeletal model (Senteler et al., 2015). NLBS
model stiffness relationships were defined as spline functions
based on force-displacement relationships derived from a
displacement-controlled finite element (FE) study on the current
subject’s lumbar spine (Affolter, 2019) (Fig. 2)".

2.3. Kinematic and dynamic analyses

At each timeframe during the lifting motion, Inverse Kinematics
(IK) was performed on the model to determine the joint angles nec-
essary to achieve maximum correlation between the model’s vir-
tual marker set and the measured experimental surface marker
positions. However, L2-S1 kinematics were explicitly prescribed
based on DSX measurements and not allowed to be adjusted by
the IK algorithm during this process. The sacrum was assumed to
be rigidly attached to the pelvis. Since specific motion data for
T12-L2 were not measured, motion from L12 and upwards was
lumped with the thorax (C7-T12), which was assumed to be rigid
(Arjmand, 2006; de Zee et al., 2007; Raabe and Chaudhari, 2016;
Senteler et al., 2015). Pelvic motion (at the hip joint) itself was

! This work presented at the 3rd International Workshop on Spine Loading and
Deformation, Berlin, Germany July 2019 ("Estimating Lumbar Passive Stiffness
Behavior from Subject-Specific Finite Element Models and In Vivo 6DOF Kinematics"
Session 6: Spinal Loads, In Vivo Measurement and Modeling) and a manuscript has
been submitted to the corresponding ]. Biomechanics special issue.

based on surface marker data, as were motions at the remaining
joints such as shoulders, elbows, knees and ankles. This resulted
in a motion file describing dynamic motion of all joints within
the model during the entire lifting motion. Inverse Dynamics (ID)
was then performed to determine the generalized forces and
moments at each joint necessary to generate the IK-determined
full-body motion according to:

M(q)q+C(q,q)+G(q) =7

where: q,q,G = vectors of generalized positions, velocities, and
accelerations, respectively; M (q) = system mass matrix;
C(q,q) = Coriolis and centrifugal forces vector; G(q) = vector of grav-
itational forces, including any external forces; t = generalized forces
vector (to be calculated).

A Residual Reduction Algorithm (RRA) was implemented to min-
imize modeling and surface marker processing errors and ensure
consistency of model kinetics with measured ground reaction
forces. In case of high residual forces, the torso center of mass
and overall model mass were adjusted to keep residual forces at
an acceptable level (<=30 N).

Subsequently, Static Optimization (SO) was performed to com-
pute individual muscle at each time step. Muscle activation pat-
terns were constrained to minimize the sum of muscle activation
squared, which is approximately equivalent to minimizing total
muscle stress. Lastly, Joint Reactions Analysis (JRA) was imple-
mented to compute L4L5 JRF (See Appendix 3 for clarification on
bushing force calculations). The same pipeline of analyses was
implemented on 24 variations (Kinematics: 2 levels; Neutral state:
2 levels; Passive stiffness: 3 levels; Weight lifted: 2 levels;
2x2x3x2 = 24) of the subject-specific full-body model based on a
single volunteer’s dataset, wherein the following effects on L4L5
JRF and muscle forces were examined:

1) Lumbar kinematics: Generic, rhythmic (Rhy) vs. subject-
specific 6-DOF DSX-measured kinematics (DSX). Rhythmic
models consisted of no translational DOF. A constant ratio
of lumbar segmental flexion-extension (FE) motion with
respect to total L2-S1 FE motion was prescribed as done in
a previously validated lumbar spine kinematic model
(Senteler et al., 2018).
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Table 1
Uncoupled stiffness properties prescribed to each joint for both LBS and NLBS models.
Joint — Bushing type AP (N/m) SI (N/m) ML (N/m) LB (Nm/rad) AR (Nm/rad) FE (Nm/rad)
L23 - LBS 246,348 1783,989 135,000 64 268 37
L23 - NLBS Fig. 2a Fig. 2b 135,000 64 268 from Fig. 2c¢
L34 - LBS 148,855 1890,170 135,000 69 291 51
L34 - NLBS Fig. 2a Fig. 2b 135,000 69 291 from Fig. 2¢
L45 - LBS 85,714 1962,000 135,000 94 293 65
L45 - NLBS Fig. 2a Fig. 2b 135,000 94 293 from Fig. 2¢
L51 - LBS 386,511 1669,000 135,000 131 281 79
L51 - NLBS Fig. 2a Fig. 2b 135,000 131 281 from Fig. 2c¢
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Fig. 2. Nonlinear stiffness curves for (a) anterior-posterior translation, (b) superior-inferior translation, and (c) flexion-extension rotation. Positive values along the x-axis
correspond to anterior translation, superior translation, and extension of the superior vertebra with respect to the inferior vertebra for the AP translation, SI translation, and
FE rotation motions, respectively. Positive forces and moments correspond to the anterior, superior, and extension directions, and are representative of the loads experienced
by the inferior vertebra in the inferior vertebra coordinate system.
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2) Neutral state: Supine (sup)-relative vs. upright (up) interver-
tebral joint “neutral state”. This refers to whether the lum-
bar configuration at supine or upright standing position
was used to define joint positions and orientations where
no passive forces or moments are present (Fig. 1).

3) Intervertebral disc (bushing) stiffness: No bushing stiffness
(NBS) vs. linear bushing stiffness (LBS) vs. nonlinear bushing
stiffness (NLBS). LBS models utilized constant rotational and
translational stiffness values at the lumbar joints according
to those used in a previous study (Senteler et al., 2015). NLBS
models prescribed intervertebral force-displacement
relationships obtained from a concurrent displacement-
controlled finite element study utilizing the same, subject-
specific in vivo dataset (Affolter, 2019).

4) External load lifted: 10 Ib (4.5 kg) vs. 30 Ib (13.6 kg) load
lifted during the lifting task.

3. Results

JRF from the 24 model variations based on a single subject’s
dataset are compiled to illustrate the sensitivity to choices made

within the three primary input parameters: vertebral kinematics,
passive stiffness and neutral state (Fig. 3). Differences due to inter-
actions of choices made within the primary parameters are com-
piled in Tables 2-5. Additionally, absolute JRF for each model
variation are made available in Supplemental Materials (Fig. A2)
and (Tables A1, A2). Muscle forces estimates from the 24 model
variations are also compiled in Supplemental Materials (Fig. A3,
A4) and (Tables A3, A4), along with a description of results in
Appendix 2.

4. Joint reaction forces
4.1. DSX vs Generic, rhythmic kinematics

JRF estimates were generally lower in DSX-based models com-
pared to rhythm-based kinematics through most of the range of
motion (ROM). Peak differences over the entire ROM reached 31%
and 39% for compressive and shear JRF, respectively, when
calculated based on assessing the main effect of this input type
(Fig. 3a-b. Supplemental Figure A2a-d for absolute values). Sec-
ondly, assumptions with respect to passive stiffness properties

10 Ib (4.5 kg) 30 1b (13.6 kg)
40+ 40+
@
S
5 20 20
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Fig. 3. Percent difference in compressive and shear L45 net JRF at several instances of percent motion completion (%MC) during the 10 Ib and 30 1b lifts, where 0 ¥MC and
100%MC correspond to the flexed and upright posture of the subject, respectively. Results are presented with respect to the three main effects studied: DSX-based (DSX) vs.
rhythm-based (RHY) input kinematics (top), supine joint neutral state (SUP) vs. upright joint neutral state (UP) (middle), and linear bushings (LBS) vs. nonlinear bushings

(NLBS) vs. no bushings (NBS) (bottom).
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Table 2

Percent differences in compressive and shear JRF due to different vertebral kinematic input in models of varying stiffness properties and joint neutral state. Percent difference was
quantified as 100*(JRFqsx - JRFpy)/JRFpy. Values are shaded from largest decrease (red) to largest increase (blue), where no color indicates a 0% change.

Supine Upright
LBS NLBS NBS LBS NLBS NBS
%MC 10 30 10 30 10 30 10 30 10 30 10 30
0 4102 9.8 119 129 9.4 116 8.7 143 117 146 7.9 120
5 30 115 6.9 227 135 -18.4 126 285 -208 -305 210 -17.9 -14.4
g 55 219 12.9 -24.4 5.4 8.3 04 -307 6.0 316 9.0 121 6.8
g 70 6.6 10 -37.6 -13.0 312 -4.7 413 168 -49.6 2238 327 110
S 85 319 20.0 157 0.5 3.4 2.7 10.7 10.9 7.1 a7 2.1 9.0
100 304 07 5.4 3.8 11 21
0 -19.2 -26.6 -17.5 335 -13.4 408 -12.0 421 -20.1 -40.4 -18.4 -37.4
30 -27.9 -15.0 -36.2 214 -341 -29.9 -43.4 -37.5 -48.4 -38.1 427 -34.8
5 55 -5.9 333 [l 22 293 -52.0 33 | 850 | 02 -42.0 2.6
5 70 253 13.6 -293 9.5 -11.4 -15.0 -48.2 -19.2 -522 -34.4 -35.4 -26.0
ss | B 255 O | s | EEE 2o 178 S8 231 [UEEEN | 274
100 206 4.0 8.6 24.0 7.3 133
Table 3

Percent differences in compressive and shear JRF due to bushing stiffness properties in supine neutral state models of varying kinematic input. Percent difference was quantified as
100*(JRFfactor1 — JRFfactor2)/JRFfactora, Where “factor1” vs. “factor2” is the comparison being made. Values are shaded from largest decrease (red) to largest increase (blue), where no

color indicates a 0% change.

DSX RHY
LBS vs NBS NLBS vs NBS NLBS vs LBS LBS vs NBS NLBS vs NBS NLBS vs LBS
%MC 10 30 10 30 10 30 10 30 10 30 10 30
0 0.1 4.0 0.8 28 0.9 -1.2 0.8 2.0 37 44 28 23
5 30 15.6 13.8 36 7.7 104 53 6.6 6.8 9.4 8.9 26 2.0
g 55 0.1 311 18 238 18 5.6 17.4 16.6 19.1 17.9 14 11
g 70 | PEEN 208 131 122 [N 36 242 25 24.9 229 0.5 03
S 85 813 530 580 275  -128  -167 422 309 413 302 0.6 0.5
100 | (22N 68.2 -24.4 613 58.0 21
0 -3.0 27.9 11 16.1 2.0 9.2 3.9 3.2 3.9 34 0.0 0.2
30 191 335 6.0 241 110 71 8.9 10.2 9.6 108 0.6 0.5
5 55 485 323 6.3 346 284 18 197 208 208 218 0.9 0.8
& 70 | 836 | | 716 4.0 371 [ 434 201 299 285 303 28.8 0.3 0.2
85 587 381 548 429 24 35 575 407 569 400 0.4 04
100 | [HE043N 73.7 -15.0 839 81.3 -1.4

and the neutral state modulated these differences (Table 2. Abso-
lute values in Supplemental Materials Tables A1 & A2) with differ-
ences reaching almost 50% in some instances.

4.2. Passive stiffness properties

LBS- and NLBS model-based compressive and shear JRF esti-
mates were consistently larger than NBS model predictions, with
differences increasing substantially towards the end of the lifting
task, respectively (Fig. 3e-f. See Supplemental Figure A2i-I for abso-
lute values). Overall, differences between LBS and NLBS models
were smaller compared to corresponding differences with NBS
models outputs, particularly in the rhythm-based kinematic mod-
els (Tables 3, 4). Secondly, differences between the LBS and NLBS
model JRF estimates were smaller in the rhythm-based kinematic
models compared to the DSX-based models.

4.3. Supine vs upright neutral state
The main effect of neutral state was the smallest of the three pri-

mary input factors (Fig. 3c-d): peak difference in shear JRF esti-
mates was 16% or less. However, there were strong interactions

with the choice of kinematic input and bushing type. Peak differ-
ences in shear JRF increased to 30% with rhythm-based kinematic
input and were even larger in DSX-based models with LBS bush-
ings (Table 5).

4.4, Intervertebral input kinematics

Differences in intervertebral kinematics at the upright and
supine positions - as captured by DSX and CT, respectively - led
to slight differences in upright- and supine-relative input kinemat-
ics. Flexion-extension (FE) kinematics at the L4L5 were shifted
approximately two degrees (more negative) when described with
respect to the upright position compared to the supine position
(Fig. 4).

5. Discussion

The current study elaborated the steps implemented for incor-
porating 6DOF subject-specific kinematics and passive stiffness
properties into a full-body OpenSim® musculoskeletal model.
While no specific validation studies were conducted, estimated
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Table 4

Percent differences in compressive and shear JRF due to bushing stiffness properties in upright neutral state models of varying kinematic input. Percent difference was quantified as
100*(JRFfactor1 — JRFfactor2)/JRFfactora, Where “factor1” vs. “factor2” is the comparison being made. Values are shaded from largest decrease (red) to largest increase (blue), where no

color indicates a 0% change.

DSX RHY
LBS vs NBS NLBS vs NBS NLBS vs LBS LBS vs NBS NLBS vs NBS NLBS vs LBS

%MC 10 30 10 30 10 30 10 30 10 30 10 30
0 0.7 -0.1 0.0 1.7 -0.7 1.8 1.6 2.5 4.3 4.8 2.7 2.2
§ 30 -0.7 3.7 -1.4 5.3 -0.7 1.5 13.9 12.0 16.5 14.1 2.3 1.8
ﬁ 55 -0.6 24.4 -0.8 21.6 -0.2 -2.3 26.0 234 27.5 24.5 1.2 0.9
E‘ 70 16.0 17.6 -0.2 9.3 -14.0 -7.1 329 25.8 33.2 26.0 0.2 0.2
S 85 58.6 34.4 52.1 26.0 -4.1 -6.2 46.4 32.0 45.0 31.1 -0.9 -0.7

100 73.1 61.2 -6.9 63.2 59.5 -2.3
0 13.5 -3.8 33 -0.7 -9.0 33 5.2 4.0 5.4 43 0.2 0.3
30 13.1 9.4 3.9 9.2 -8.1 -0.2 14.5 14.1 15.5 15.0 0.8 0.8
§ 55 7.2 27.5 13 24.0 -5.5 -2.7 29.5 26.5 30.6 27.5 0.9 0.7
& 70 12.0 42.4 35 15.7 -7.6 -18.8 39.6 30.4 39.8 30.5 0.2 0.1
85 50.0 30.3 55.8 30.0 3.9 -0.2 62.3 39.1 61.2 38.3 -0.7 -0.6

Table 5

Percent differences in compressive and shear JRF due to joint neutral state in models of varying kinematic input and stiffness properties. Percent difference was quantified as 100*
(JRFsup — JRFp)/JRFyp. Values are shaded from largest decrease (red) to largest increase (blue), where no color indicates a 0% change.

DSX RHY
LBS NLBS NBS LBS NLBS NBS
%MC 10 30 10 30 10 30 10 30 10 30 10 30
0 0.7 42 08 11 0.1 01 10 1.0 11 038 18 04
§ 30 163 9.6 5.0 2.2 0.1 0.1 5.9 6.8 5.7 6.6 05 2.2
g 55 0.9 5.2 0.8 17 0.2 01 -105  -124  -103 123 3.9 7.3
g 70 | G 104 14.2 27 0.7 01 7.9 9.1 7.7 9.0 -15 6.6
S 85 143 5.0 3.9 6.7 0.0 7.8 41 2.9 3.8 2.8 1.2 21
100 295 5.2 0.8 31 3.3 43
0 145 168 4.1 27 0.1 122 69 7.8 7.1 8.0 5.7 7.1
30 43 9.1 10 16 09  -106  -181  -198  -183 200  -139  -169
5 55 38.8 5.3 5.2 0.9 0.2 87 202 |39 201 |38 233 276
& 70 | O 33 9.9 16 9.4 143 | -258 | -265 257 | 264 202 | -254
85 6.7 7.4 0.2 -14.4 0.9 221 151 119 -149 117 -125  -1238
100 -1.0 1.2 14 18 19 5.8

L4L5 JRF magnitudes were within bounds reported by previous
studies examining lumbar flexion or lifting tasks (Arshad et al.,
2017; Beaucage-Gauvreau et al., 2019; Eskandari et al., 2017;
Kingma et al., 2016). Maximum compressive and shear loads ran-
ged from approximately 2400 N - 3300 N and 475 N - 1000 N,
respectively, across all model variations.

Although comparatively more modest, previous modeling stud-
ies investigating effects of ignoring translations have reported sim-
ilar trends as in the current study. For example, (Ghezelbash et al.,
2015) reported a low-to-moderate effect of ignoring translational
DOF on JRF predictions (~15% for compression and ~36% for shear)
in a custom-developed nonlinear finite element-based model of
the lumbar spine (Arjmand and Shirazi-Adl, 2005, 2006). Deploying
a force-dependent-kinematics (FDK) approach with an OpenSim®-
based upper trunk model (Bruno et al., 2015; Meng et al., 2015)
showed a modest reduction in compressive force estimates with
coupled stiffness models for the intervertebral bushings; the esti-
mates were much more sensitive to rotational stiffness values than

translational stiffnesses. (Arshad et al., 2017) demonstrated mod-
est (7%) reductions in compressive force estimates at L4L5 when
translational stiffnesses (and, implicitly, translational DOF) were
incorporated into an AnyBody®-based model (de Zee et al., 2007)
with an FDK approach. (Bruno et al., 2017) demonstrated the sen-
sitivity of predicted forces to assumed spinal curvature. Incorpo-
rating CT-derived subject-specific spinal curvatures resulted in a
median difference of approximately 15% in computed compressive
forces at the L3 level compared to a generic, scaled model based on
subject’s height and weight, when simulating a 40° flexed posture
with a 10 kg weight. This parameter is analogous to the neutral
state parameter in our study. Somewhat similar to the current
study, (Eskandari et al., 2017) drove their spine model with single
plane fluoroscopy-based kinematics, with CT-based supine posture
as the initial, unloaded state and compared results to a generic,
rhythm-based kinematics-driven model. However, that study only
reported modest differences (<15%) in compression force estimates
over several static postures, although relatively larger differences
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Fig. 4. (a) and (c) display the L4L5 flexion-extension (FE) rotational and translational motions for the 10 Ib trial, while (b) and (d) display the FE rotational and translational
motions for the 30 Ib trial, respectively. Positive values correspond to extension, superior, and anterior directions. FE rotations varied with respect to the joint's neutral state

and kinematic input, while SI and AP translations were zero for rhythmic models.

in local lumbar muscle forces were found. The aforementioned
works were all based on inverse static models, with most limited
to investigating specific, single poses.

Building on these past studies, the current study demonstrates
how, compared to generic inputs, subject-specific kinematics,
intervertebral disc stiffness, and joint neutral state definition can
alter model estimates of net joint reaction loads and muscle forces
in the lumbar spine during a functional, dynamic task.

Interestingly, compressive force estimates from the current,
inverse dynamics-based study were not substantially different
from those of the above-mentioned inverse static analyses. How-
ever, estimated shear forces (up to ~1000 N) were several times lar-
ger than (Eskandari et al, 2017), (Arshad et al., 2017) and
(Bruno et al., 2017), who reported shear forces in the range of
50 N - 150 N. (Dehghan-Hamani et al., 2019) reported a slightly
wider range of L4L5 shear forces (42 N - 342 N) in five subjects at
a trunk (T12) flexion angle of ~46° using inverse static analysis;
however corresponding compressive force estimates (~890 N -
1390 N) were comparatively lower. The current study’s shear JRF
are closer in magnitude and range to recent inverse dynamics-
based analyses of lifting tasks (~650 N - 1600 N) (Beaucage-
Gauvreau et al., 2019; Kingma et al., 2016). Inverse dynamics
analyses account for additional contributions to the net joint
moments from acceleration and inertial effects, which are ignored
in inverse static analyses. This appears to exert a much stronger
influence on shear force estimates than on compressive forces.

In general, implementing 6DOF DSX-based kinematics pre-
dicted lower JRF compared to a generic, rhythm-based distribution
of lumbar segmental motion without translational DOF through
approximately two-thirds of the ROM, with equal or slightly higher
JRF in the final third. This result is consistent with a previous mus-
culoskeletal modeling study, which showed that the optimal COR
location for minimizing JRF may vary for each instantaneous flexed
position of the lumbar spine (Senteler et al., 2018). A preceding
analysis of instantaneous CORs using the finite helical axis method
also showed that these CORs migrated over the range of the lifting
motion (Aiyangar et al., 2017). Since rhythm-based models had no

translations, the fixed joint CORs could have additionally con-
strained the model, resulting in larger JRF estimates.

The effects of bushing stiffness on lumbar loads were highly
dependent on the model’s kinematic input. Surprisingly, inclusion
of bushing stiffnesses (LBS or NLBS) led to larger net JRF estimates
than those calculated from NBS models, particularly in the final
third of the ROM. There are two possible explanations for these
seemingly counter-intuitive results. First, the L4L5 segment was
in a flexed orientation in the first half of the motion, transitioning
to an extended orientation in the final third (Fig. 4). This is signif-
icant for models implementing rotational stiffnesses, as the reac-
tion moment of an extended joint will act in the flexion
direction, placing an additional moment, which the muscles must
account for to achieve the desired kinematics. Second, non-
sagittal components of the 6DOF motion seemed to generate larger
muscle forces consequently resulting in increased joint reaction
forces overall. We tested this notion by creating an additional
LBS model (LBSsag) with sagittal-only kinematics and stiffnesses
- extension rotation, anterior-posterior and superior-inferior
translations. Differences in JRF between LBSsag and NBS models
occurred exactly as expected: compared to LBSsag, JRF in NBS mod-
els were larger during the first half of the lift (flexed segmental ori-
entation), and smaller during the final third (extended segmental
orientation). However, including lateral bending, axial rotation,
and medial-lateral translation DOF and stiffnesses (LBS model)
resulted in an additional increase in JRF at the joint throughout
the lifting motion (Fig. 5). Thus, even small non-sagittal rotational
and translational motions seemed to require greater muscle forces
to stabilize the non-sagittal external moments. The combined
effect of these two factors resulted in a small increase in the LBS/
NLBS model-based JRF estimates compared to NBS in the first half
of the motion, which was exacerbated in the final third. Addition-
ally, this behavior may also have contributed to confounding the
general observation of lower forces in the DSX-based models com-
pared to the rhythm-based ones in the final third of the ROM.

Overall, although model outputs were least sensitive to the neu-
tral position, effects were magnified with specific combinations of



R.M. Byrne et al./Journal of Biomechanics 102 (2020) 109659 9

(a) SI JRF
0—
Z 1000
N
o
o
o
© -20009
-3000
0
(b)
800
— 600
Z
A
8 400
S
o
e
200-
0 T T T T 1
0 20 40 60 80 100

%MC

Fig. 5. Superior-inferior joint reaction forces in 3 models throughout the lifting
motion, with respect to percent motion completion (%MC). Anterior-posterior joint
reaction forces in 3 models throughout the lifting motion, with respect to percent
motion completion (%MC). NBS = No Bushing Stiffness; LBSs,; = Linear Bushing
Stiffness (only sagittal plan stiffness and DOF); LBS = Linear Bushing Stiffness.

passive stiffness and kinematic input (whether subject-specific or
generic). These results demonstrate the need for further character-
ization of the pre-stressed state of the intervertebral joint.

While much effort was put into incorporating accurate in vivo
data, there remain a few limitations within the musculoskeletal
models used in this study. First, the current study focuses on a sin-
gle subject’s data. While the results from this study cannot be con-
sidered representative of a population, they were useful in laying
out the study’s methodology and demonstrating the effects of -
and interactions between - the studied parameters. Second,
intra-abdominal pressure, which has been shown to affect load
estimates in the lumbar spine, was not included in this study.
However, this is a parameter which will be included in future stud-
ies on a larger sample size to better represent in vivo conditions.
Further, ligaments were not explicitly modeled; instead, the pas-
sive stiffness properties included in the model were meant to rep-
resent the entire passive joint structure. Lastly, as the focus of the
current study was on the portion of the lumbar spine measured by
DSX, individual segmental motions T12-L1 and between the
sacrum and pelvis were neglected.

The study not only highlights model sensitivity to choices made
regarding the three primary input parameters—kinematics, passive
stiffness and neutral state— separately, but also how the interac-
tions between each of these choices can result in significant vari-
ability in joint loading estimates over the entire range of a given
dynamic task. The results provide some evidence that inclusion
of translational joint motion could lead to reduced compressive
and shear JRF during flexion/extension of the lumbar spine. How-
ever, a more “accurate” dataset for one of the inputs (e.g. segmen-
tal kinematics) might also heighten the demand for accuracy of the
accompanying input variables such as passive stiffness properties
and presumed joint neutral position.
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Appendix 1. - Transformation of intervertebral kinematics

Body-fixed DSX transformation of superior vertebra with
respect to inferior vertebra:

b'd X Ty
YVI=RRR|NYy|+|T,
4 z T,
0
However, the location of the vertebral origin is |0 |, so the
0

position of the superior vertebra origin after transformation is
simply

b'd T«

yi=1T

4 T,

The raw DSX-derived data described intervertebral motion by
ordered body-fixed rotations of the superior vertebral body coordi-
nate system with respect to the inferior vertebral body coordinate
system. However, in our OpenSim model we have modeled the
lumbar joints such that the superior vertebral body rotates about
a joint center between adjacent vertebrae, as opposed to its own
vertebral coordinate system during Euler body-fixed rotations. Fur-
thermore, we have added an anterior-posterior (AP) translation
and flexion-extension (FE) rotation between adjacent vertebrae.
Due to the change in joint representation, prescribing the same
exact values of rotations and translations to the joint would result
in different spatial locations and orientations of the superior verte-
bra with respect to the inferior vertebra. Therefore, we must
account for this when prescribing joint motion so that we can ori-
ent and position the vertebrae identically in space to that mea-
sured by DSX.

Accounting for the difference in angular orientation is rather
straightforward. Regardless of whether a body is rotating about
its own coordinate system axes or those of another coordinate sys-
tem, if the coordinate systems are angularly oriented identically
the resulting angular orientation after rotational transformation
of the body will remain the same; only the position of the body
in space will differ. For our modeled joints, the only angular orien-
tation adjusted when defining the neutral state of the joint is the
FE rotation. Since FE rotation is the first ordered body-centered
rotation in the DSX-derived data, applying the appropriate amount
of FE rotation from the neutral state about the joint center - in this
case, the DSX-derived FE rotation plus the opposite FE rotation pre-
sent at the neutral state - will orient the superior vertebral coordi-
nate axes exactly as the DSX-derived body-fixed FE rotation would
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Fig. A1. Due to a different representation of intervertebral kinematics between DSX and our OpenSim model joints, an additional FE rotation and translational vector was
added when prescribing joint kinematics. (a) DSX kinematics were described by ordered body-fixed rotations, with flexion-extension (FE) being the first of the three angle
rotations, followed by a body-fixed transformation vector. (b) In our model of the lumbar joint, the neutral state definition introduces an angular offset between adjacent
vertebra of the magnitude (¢). An FE rotation of -¢ + Rx is applied to align the coordinate axes of the superior vertebra as they would be oriented after a body-fixed FE rotation
via the DSX data. Thereafter, the AR and LB rotations are prescribed to the OpenSim joint. (c) After accounting for the joint’s position in the neutral state, and the displacement
of the superior vertebra in space due to the prescribed rotations, one can solve for the prescribed translation (Tjc) necessary to place the superior vertebra in the exact location

as measured by DSX.

(Fig. A1). Thereafter, the values of AR and LB as measured by DSX
can be directly prescribed about the joint center to match the
angular orientation of the superior vertebra in space measured
by DSX. However, as previously stated, since the OpenSim joint is
rotating about a joint center and not its own anatomical axes,
the superior vertebra will not be positioned correctly.

To place the superior vertebra of the L2L3 to L4L5 joints in the
same respective position in space in OpenSim, but with respect to
the joint center, an additional translational vector must be applied

(jo):

X T, 0 0 0 Ticx
Y |=|Ty| =RRR|SI/2| +|SI/2 | + 0 + | Ticy
z T, 0 0 AP offset Tjc,

Solving the expression for the joint center translational vector
leads to:

Tie T, 0 0 0
Ticy | = |Ty | —RRyRc|SI/2| — |SI/2 | — 0
Tjc_, T, 0 0 AP _offset

For the L5S1 joint, the process is identical except that the dis-
tance between the joint center and the inferior and superior verte-
bral centres is SI/5 and 4*SI/5, respectively.

T; T, 0 0 0
Ti| = | Ty | —=RRRe|4%SI/5| — | SI/5| — 0
T; T, 0 0 AP_offset

Appendix 2. - Muscle forces

Peak MF, LT, IL, and abdominal muscle forces reached 840 N,
1400 N, 1100 N, and 630 N, respectively, during the lifting tasks.
While variation in the grouping of muscle fascicles complicates
comparison across studies, muscle forces appeared to be within
range of those calculated by previous studies (Arshad et al,
2017; Eskandari et al., 2017).

DSX vs rhythmic kinematics

Predicted muscle forces in models with DSX input kinematics
showed uniquely different trends compared to models with a
rhythmic kinematics distribution (Fig. A3, A4). The most striking
differences were observed in the abdominal muscles, as the inclu-
sion of DSX kinematics led to much larger muscle forces at specific
instances of L2-S1 extension in the 10 1b and 30 1b lifts. This obser-
vation was consistent across all bushing stiffness types and held
true regardless of the neutral state of the model (Tables A3, A4).
In general, multifidus (MF) and Longissimus Thoracis (LT) forces
substantially increased due to the inclusion of DSX kinematics,
while Iliocostalis Lumborum (IL) forces decreased (Fig. a3c-d;
Tables A3, A4).

Passive stiffness properties

Effects of passive stiffness properties varied across muscle
groups. While only subtle differences in MF, LT, and IL forces were
observed in models with rhythmic kinematics, a substantial
increase in abdominal forces occurred with the inclusion of LBS
or NLBS bushings. However, differences between LBS and NLBS
models were negligible. In models with DSX kinematic input, dif-
ferences due to passive stiffness varied throughout the lifting
motion. For example, LBS models with the supine neutral state dis-
played larger IL forces compared to NLBS and NBS models at 70%
MC during the 10 Ib lift; however such differences were mitigated
with the upright neutral state (Tables A3, A4). In general, it was dif-
ficult to pinpoint consistent trends due to variation of bushing
stiffness properties in DSX models. Closer to the upright position,
models with bushing forces included tended to predict higher MF
and ABD forces compared to NBS models (Fig. Ade-f; Tables A3,
A4).

Supine vs upright neutral state
Neutral state had a minimal effect on MF and LT muscle forces.

However, differences in ABD and IL forces due to neutral state were
considerable, particularly during the latter half of the lifting
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motion. Similar to the effects on JRF, the sensitivity of model out-
puts to neutral state depended strongly on the type of kinematic
input. Relative to DSX models, changes in muscle forces due to
neutral state were minimally affected in rhythmic models (Tables
A3, A4).

Appendix 3. Bushing - Force calculations

This section presents a brief clarification on bushing (IVD) force
calculations and their incorporation into net JRF calculations in the
Joint Reaction Analysis (JRA) step in OpenSim®. Joint Reactions Anal-
ysis in OpenSim, is a post hoc calculation, which determines the
resultant forces and moments carried by all un-modeled joint struc-
tures required to produce the specified joint kinematics. Thus, the
decision to either include or exclude certain structural components
of the joint within the model will directly affect the resultant loads
calculated by JRA. In a purely rigid body dynamics analysis of the
lumbar joint — where no passive soft tissue structures are modeled
(NBS model) - these forces, referred to as net joint reaction forces,
collectively represent the total load to be resisted by all passive
structures within that joint. In this study, we have also explicitly
modeled passive disc (and ligament) stiffness by prescribing either
linear (LBS) or nonlinear (NLBS) bushing-based force-kinematic
relationships at the joint. Under this scenario, the modeled bushing
structure generated resisting forces are already subtracted to pro-
vide net JRF output. Hence this value will not represent the total
load acting at that particular joint. In order to obtain the total JRF
in LBS and NLBS models and allow comparison with the corre-
sponding the NBS model output, we must add the modeled passive
(bushing) forces back to the net JRF output.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiomech.2020.109659.
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