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Abstract Development of a subject-specific computational
musculoskeletal trunk model (accounting for age, sex, body
weight and body height), estimation of muscle forces and
internal loads as well as subsequent validation by compar-
ison with measured intradiscal pressure in various lifting
tasks are novel, important and challenging. The objective
of the present study is twofold. First, it aims to update and
personalize the passive and active structures in an exist-
ing musculoskeletal kinematics-driven finite element model.
The scaling scheme used an existing imaging database and
biomechanical principles to adjust muscle geometries/cross-
sectional-areas and passive joint geometry/properties in
accordance with subjects’ sex, age, body weight and body
height. Second, using predictions of a detailed passive finite
element model of the ligamentous lumbar spine, a novel
nonlinear regression equation was proposed that relates the
intradiscal pressure (IDP) at the L4-L5 disc to its com-
pression force and intersegmental flexion rotation. Predicted
IDPs and muscle activities of the personalized models under
various tasks are found in good-to-excellent agreement with
reported measurements. Results indicate the importance of
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personal parameters when computing muscle forces and
spinal loads especially at larger trunk flexion angles as minor
changes in individual parameters yielded up to 30 % differ-
ences in spinal forces. For more accurate subject-specific
estimation of spinal loads and muscle activities, such a com-
prehensive trunk model should be used that accounts for
subject’s personalized features on active musculature and
passive spinal structure.

Keywords Musculoskeletal model - Trunk biomechanics -
Finite element - Subject specific - Intradiscal pressure -
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1 Introduction

The role of biomechanical factors in low back pain (da Costa
and Vieira 2010; Ferguson and Marras 1997; Heneweer et al.
2011) and disc degeneration (Adams and Roughley 2006)
has long been realized. Due to the invasive nature of in
vivo attempts to estimate spinal loads via intradiscal pres-
sure sensors (Nachemson 1960; Sato et al. 1999; Schultz et al.
1982; Wilke et al. 1999) and instrumented vertebral implants
(Dreischarf 2015; Rohlmann et al. 2013), musculoskeletal
biomechanical models have emerged as a essential, robust
and accurate alternative and complementary tools (Reeves
and Cholewicki 2003).

In comparison with the existing optimization-driven
(Christophy et al. 2012; De Zee et al. 2007; Khurelbaatar
et al. 2015), EMG-driven (Granata and Marras 1995; Jia
et al. 2011; van Dieén et al. 2003) and hybrid (Cholewicki
and McGill 1996; Gagnon et al. 2011; Mohammadi et al.
2015) trunk models, our kinematics-driven (KD) nonlinear
finite element (FE) musculoskeletal model of the trunk has
demonstrated its validity and predictive power in a broad
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range of applications from static (Arjmand and Shirazi-Adl
2006a; El-Rich et al. 2004) to dynamic (Bazrgari et al.
2008; Shahvarpour et al. 2015b) and stability analyses (Bazr-
gari and Shirazi-Adl 2007; Ouaaid et al. 2009; Shahvarpour
et al. 2015a). It takes account of nonlinear passive properties
of both ligamentous spine and muscles, muscle wrapping
(Arjmand et al. 2006), all translational degrees of freedom
(Ghezelbash et al. 2015; Meng et al. 2015), physiologi-
cal partitioning of gravity, inertia and damping at different
segments and satisfaction of equilibrium conditions at all
lumbar/thoracolumbar joints and directions (Arjmand et al.
2007). Moreover, it considers the stiffening role of com-
pressive forces on passive responses of motion segments
(Gardner-Morse and Stokes 2004; Shirazi-Adl 2006).

Due to anthropometric differences between individuals,
personalization or scaling schemes have been introduced in
some model studies. For instance, imaging techniques have
been used to reconstruct individual muscles geometry and
bony structures (Gerus 2013; Martelli et al. 2015; Valente
et al. 2015). This approach, though accurate, is however
time-consuming, expensive and semi-automated. Alterna-
tively, scaling factors (isotropic or anisotropic) have been
employed for model adaptation (Damsgaard et al. 2006; Delp
2007; Rasmussen et al. 2005). Though being fast and auto-
mated, the method is heuristic with simplifications that can
cause errors (Scheys et al. 2008). Using AnyBody Modelling
System (AMS) and the scaling technique, effect of changes
in body weight (BW: 50-120 kg) and body height (BH: 150—
200 cm) on spinal loads was investigated (Han et al. 2013).
Although spinal loads altered nearly linearly with changes
in both BW and BH but the effect of the former on response
was found to be much greater than that of the latter. In this
model study, linear scaling was used in the model geometry
and muscle cross-sectional areas. The corresponding effects
of personal factors on spinal passive properties were not
simulated. Recently, an optimization-based scaling method
for dynamic tasks that require motion capture measurements
have been proposed (Lund et al. 2015). Hajihosseinali et al.
(2015) developed an automated anisotropic scaling method
where the geometry (area and lever arm) of each muscle was
altered in accordance with imaging data sets (Anderson et al.
2012) while accounting for variations only in the subject’s
BW.Itisevident, hence, that acomprehensive, automated and
accurate image-based method has not yet been introduced
to personalize models. Moreover, existing scaling methods
overlook expected crucial alterations in spinal passive prop-
erties as well as moment arms of muscles and gravity load at
different levels as age, sex, BW and BH change.

Moreover and due to the importance of validation of model
predictions and existence of in vivo data on the intradiscal
pressure (IDP) during various activities (Nachemson 1960;
Sato et al. 1999; Wilke et al. 2001), it is important to compare
estimated spinal compression forces to the corresponding
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IDP values measured in vivo. Shirazi-Adl and Drouin (1988)
reported the effect of the axial compression when combined
with some flexion moment on IDP at the L2-1.3 level, while
Dreischarf et al. (2013) proposed a correction factor when
estimating IDP from the compression force and L4-L5 disc
area. Despite earlier attempts and based on results of a vali-
dated lumbar spine model under single and combined sagittal
plane loading (Shirazi-Adl 2006), it is crucial to develop
a comprehensive nonlinear regression equation relating the
L4-L5 IDP not only to the compression force but the sagittal
rotation as well.

The objectives of this study are, therefore, set to update
and personalize, apply and validate the existing iterative
nonlinear KD-FE model as well as to develop a nonlinear
regression equation for compression force-sagittal rotation-
IDP relation. For the former, following improvements are
made: 1. The muscle architecture is extended, 2. A new tech-
nique of modelling rectus sheath and abdominal muscles is
developed, 3. An additional deformable intervertebral disc
(T11-T12) is added, and 4. A generic method to personal-
ize the model based on BW, BH, age and sex is introduced.
The presented method accounts for changes in both muscle
geometries (length, area and lever arm) and passive proper-
ties of joints. A nonlinear regression equation is subsequently
developed to estimate IDP as a function of the compression
and the sagittal intersegmental angle. Estimated compression
and muscle forces are validated by comparison with available
in vivo measurements (Arjmand et al. 2010; Ouaaid et al.
2013; Wilke et al. 2001).

2 Methods
2.1 Finite element model

A sagittally symmetric FE model of the spine (T1-S1), rep-
resenting bony structures and soft tissues, is reconstructed
in Abaqus (Simulia Inc., Providence, RI, USA). Original
nodal coordinates are used for the spinal geometry (Fig. 1)
(Kiefer et al. 1998; Shirazi-Adl et al. 2005). Nonlinear pas-
sive responses of seven lower motion segments (including
vertebrae, discs, facets and ligaments) are modelled by Tim-
oshenko beam elements with quadratic displacement fields.
In addition to T12-S1 motion segments with nonlinear pas-
sive properties (moment-curvature and force-strain) at three
physiological planes (Fig. 2) (Bazrgari 2008; Shirazi-Adl
1994a, 2006), the T11-T12 motion segment is also added
with passive properties based on those of the T12-L.1 motion
segment (Oxland et al. 1992) modulated according to their
respective disc area and height using conventional beam the-
ory. Furthermore, bending properties of the T11-T12 motion
segment are subsequently increased by 20 % to account for
the rib cage stiffness (Brasiliense et al. 2011; Watkins 2005).
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Fig. 1 A schematic depiction
of the a finite element model, b
muscle architecture in the
sagittal plane, ¢ muscle
architecture in the frontal plane,
d rectus sheath anatomy in the
sagittal plane, and e rectus
sheath load interaction in the
sagittal plane. /CPL Iliocostalis
pars lumborum, /CPT
iliocostalis pars thoracic, IP
iliopsoas, LGPL longissimus
pars lumborum, LGPT
longissimus pars thoracic, MF
multifidus, QL quadratus
lumborum, /O internal oblique,
EO external oblique, RA rectus
abdominis, Fgo force in the EO
upper most fascicle, Féo the
projection of Fgo onto the
rectus sheath, FELO the projection
of Fgo onto the direction normal
to the rectus sheath, Fip force in
the IO lowermost fascicle, FI”O
the projection of Fip onto the
rectus sheath, FIJ(-) the projection
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Deformable beam elements are shifted 4 mm posteriorly to
partially account for changes in the centre of rotation under
loads (Shirazi-Adl et al. 1986). Vertebrae and remaining
T1-T11 motion segments are modelled by rigid elements.
Trunk weight is distributed eccentrically and applied viarigid
links to corresponding vertebrae (Pearsall 1994); addition-
ally, weights of upper arms, lower arms and head are applied
at their centres of mass (De Leva 1996).

2.2 Muscle architecture and wrapping

The existing muscle architecture (Arjmand and Shirazi-Adl
2006b; El-Rich et al. 2004; Shirazi-Adl et al. 2005) is revised
for the current study. New global fascicles of the longis-
simus and iliocostalis are added due to the addition of the
T11-T12 motion segment (Stokes and Gardner-Morse 1999).
Muscle architecture of the quadratus lumborum and multi-
fidus is refined by the addition of local and inter-segmental
fascicles (Phillips et al. 2008; Stokes and Gardner-Morse
1999). The intersegmental spinalis muscle is also introduced
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(Delp et al. 2001; Gilroy 2008). Furthermore, the geometry
of abdominal muscles (rectus abdominis, internal oblique
and external oblique) is updated (Stokes and Gardner-Morse
1999) accounting for the geometry of the rib cage (Gayzik
et al. 2008). The new sagittally symmetric muscle architec-
ture includes 126 muscles (Fig. 1).

Muscles as deformable bodies develop contact forces with
surrounding tissues and change line of action when wrap
around vertebrae during trunk movements. This wrapping
contact phenomenon is simulated by an algorithm which
accounts both for the curved paths of the global extensor
muscles as well as their contact forces (Arjmand et al. 2006).

(e)

2.3 Rectus sheath

Some fascicles of the internal and external obliques are
attached to the semilunar line (Brown et al. 2011; McGill
1996). According to the muscle architecture, the uppermost
fascicles of the external oblique and the lowermost fas-
cicles of the internal oblique are inserted into the rectus
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Fig. 2 Passive property curves
in a axial force (Shirazi-Adl
2006), b flexion moment 4
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sheaths (see Fig. 1). The rectus sheaths, modelled sepa-
rately on the left and the right side of RA, transfer tensile
forces of muscle fascicles attached to them directly to the
rib cage and pelvic bone. Forces of corresponding fasci-
cles (Fgo and Fip, Fig. 1) are projected onto the rectus
sheaths (FlgO and Fl‘l), Fig. 1), while remaining compo-
nents (FEL0 and Flé, Fig. 1) on both sides of rectus abdo-
minis partially cancel each other in symmetric lifts or are
assumed in general (symmetric and asymmetric lifts) to be
counterbalanced by forces in transverse abdominal muscle
(neglected in the current model) and intra-abdominal pres-
sure (IAP). Besides, the upper rectus sheaths can transfer
tension only; the projected force of the internal oblique
minus that of the external oblique on the rectus sheath must
be positive on each side pulling the rib cage downward
(Fio — Fro = 0).

2.4 Muscle force calculation

For each iteration, known measured segmental and pelvic
rotations (or equivalently angular velocities in dynamic
simulations), @w; where i € J := {T11,...,S1}, are itera-
tively prescribed into the FE model and associated required
moments are used as equality equilibrium equations when
estimating muscle forces (Eq. 1, see also the flowchart in
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Fig. 3). Due to redundancy, an optimization algorithm with
the cost function of quadratic sum of muscle stresses is used
(Arjmand and Shirazi-Adl 2006¢) with equilibrium equations
applied as equality constraints:

Z(r{—Oj) xf{:mj,

1

ey

where j € J; f lj is the force vector of a muscle fascicle which

is attached to the jth vertebra. r{ and O/ are position vectors
of the corresponding muscle force and jth vertebra, respec-
tively. Also, m/ is the required moment at jth level evaluated
iteratively by the nonlinear FE model. Besides, muscle forces
are constrained to be positive and greater than their passive
forces (Davis et al. 2003) and smaller than the sum of maxi-
mum active forces, 0.6 MPa x physiological cross-sectional
area (PCSA) (Winter 2009), plus the passive forces. In more
demanding activities simulated in this study such as tasks 3,
8 and 10-12 (Table 1), the maximum stress of 0.6 MPa was
increased to 1.0 MPa to avoid excessive constraint on some
muscle forces.

For the subsequent iterations, the updated muscle forces
are applied onto their vertebrae as additional penalty forces
and the analysis is repeated till convergence reached (no or
<1 % changes in muscle forces between two successive iter-
ations).
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- Sex, Age, BW and BH

- Gravity and External Loads
- Pelvic and Trunk Rotations

Adjusting:

- Muscle Architecture
- Passive Properties

- Vertebral Column

A

Nonlinear FE Model

Required Moments and
Forces Caused by
Prescribed Rotations

Updating
¢ Penalty Forces
A

Calculating Muscle Forces
by Using Instantaneous
Configuration, Equilibrium
and Optimization

Convergence

Yes

Final Spinal Configuration
and Loads

Fig. 3 The flowchart of the kinematics-driven, nonlinear FE muscu-
loskeletal model

2.5 Simulated tasks

The performance of the model is investigated in a number
of tasks and estimated spinal loads and muscle activities are
compared with corresponding measured IDPs and EMG data
when available. IDPs in relaxed upright standing, flexed pos-
tures, asymmetric lifting and lateral bending are compared
with in vivo measurements (Wilke et al. 2001). Furthermore,
measured EMG activities (Arjmand et al. 2010; Ouaaid et al.
2013) are compared with estimated muscle activities during
forward flexion and maximum voluntary exertions (MVEs)
in flexion, extension and twisting (see Table 1).

2.6 Prescribed rotations

To initially establish the upright standing posture under grav-
ity alone as the reference condition in all tasks, prescribed
rotations from the initial undeformed configuration are
obtained from the following optimization problem (Shirazi-
Adl et al. 2002):

Table 1 Description of all simulated tasks

No. Description

Standing relaxed posture with no load in hands

2 Standing posture while holding a 19.8kg close to the
body (Arjmand et al. 2011; Wilke et al. 2001)

3 Standing posture while holding a 19.8kg away from
the body (Arjmand et al. 2011; Wilke et al. 2001)

4 Trunk flexion at 50° with no load in hands (Arjmand
et al. 2011; Wilke et al. 2001)

5 Full trunk flexion (107.3°) with no load in hands
(Arjmand et al. 2011; Wilke et al. 2001)

6 Trunk flexion at 70° with 19.8kg load in hands
(Arjmand et al. 2011; Wilke et al. 2001)

7 Forward flexion from the upright posture at 10°
intervals (Arjmand et al. 2009, 2010)

8 One-handed asymmetric lifting of 19.8kg load
(Rajaee et al. 2015)

9 Trunk lateral bendings at 10° and 20° with no load in
hands (Wilke et al. 2001)

10 Maximum voluntary exertion (MVE) in extension
under 242 Nm? extension moment (Ouaaid et al.
2013)

11 Maximum voluntary exertion (MVE) in flexion
under 151 Nm? flexion moment (Ouaaid et al.
2013)

12 Maximum voluntary exertion (MVE) in torsion

under 78.3 Nm right axial torque with 21.1 right
lateral and 16.7 flexion moments (Arjmand et al.
2008)

#Mean measured moments of 12 subjects (Ouaaid et al. 2013)

m&nz ‘mi (Q)‘ ()

ied

where m is the required moment vectorand Q := {w,|o € J}.
The initial guess, €2p, is made manually, and upper and
lower bounds of the optimization problem are assumed to
be £5° of 2. The forgoing optimization problem is solved
for each subject after the scaling (see the following sec-
tion for scaling). In task 8, the trunk is rotated 5° towards
flexion in accordance with (Wilke et al. 2001), and in task
3, the following rotations are prescribed onto the unde-
formed initial posture (El-Rich and Shirazi-Adl 2005) in
accordance with (Wilke et al. 2001): —2.0° at T11, 4.0°
at T12, 10.9° at L1, 15.8°, at L2, 14.5° at L.3, 9.9° at L4
at, 4.9° at L5, and 4.9° at S1 where positive values are
extension.

In flexion (tasks 4-7 in Table 1), the lumbopelvic rhythm
is taken from in vivo measurements (Arjmand et al. 2009,
2010). The total T11-S1 rotation is then partitioned among
T11-L5 vertebrae with 6.0 % for T11-T12, 10.9 % for T12-
L1, 14.1 % for L1-L2, 13.2 % for L2-L3, 16.9 % for L3-14,
20.1% for L4-L5, and 18.7% for L5-S1 (Arjmand et al.
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2009, 2010; Gercek et al. 2008; Hajibozorgi and Arjmand
2016).

In lateral bending tasks (task 9 in Table 1), rotation pro-
portions for the T11-T12 down to the L5-S1 levels are set to
be 8.3, 2.8, 9.4, 18.3, 22.8, 25.6 and 12.8 %, respectively
(Gercek et al. 2008; Rozumalski et al. 2008; Shirazi-Adl
1994a). In accordance with (Paterson and Burn 2012), the
sacral lateral rotation varies linearly from 0° to 2° as the
trunk lateral rotation reaches 20° of lateral bending.

For extension and flexion MVE tasks, rotations of 9°
and —13° at the T11 and 16° and 13° at the S1 (posi-
tive: extension) are considered, respectively. These rotations
are subsequently partitioned between the vertebrae (T11-S1)
in accordance with aforementioned flexion rotation propor-
tions. It is to be noted that the earlier proposed rotations
(Ouaaid et al. 2013) were altered slightly when simulating
semi-seated posture in the current model.

2.7 Model scaling

Model scaling (personalization) is required since subjects
with different individual parameters, i.e., sex, age, BH and
BW, participated in various experimental studies (Arjmand
et al. 2009, 2010; Ouaaid et al. 2013; Wilke et al. 2001).
Biomechanical principles in conjunction with regression
equations derived from medical imaging databases (Ander-
son et al. 2012; Shi et al. 2014), are employed. Inputs of
regression equations are the subject’s personal parameters
(sex, age, BW and BH). To find the reference personal para-
meters that best match with the reported regression equations
(Anderson et al. 2012), a least absolute deviation (LAD)
problem is initially solved:

. it pModel  j-=sReg ‘
min Z( AP APYE (F)
ieM
4|t iR (F)D , 3)

where F is the personal parameter vector, F' = [sex, age, BH,
BW]; M is the set containing all muscle groups, M :=
{rectus abdominis, external oblique, . .., longissimus}. AP
and ‘ML denote average anterior—posterior and medio-lateral
distances of ith muscle (i € M) from vertebrae. Model
and Reg superscripts represent distances calculated in the
reference model from the muscle architecture (Fig. 2), and
distances obtained from regression equations (Anderson et al.
2012), respectively. Results of the optimization process is
sensitive to the lower bound of BH. Hence, 173 cm is assigned
as the lower bound of BH because it is not rational that spine
length to BH becomes larger than 0.27 (estimated based on
Keller et al. (2005).
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Afterwards, coordinates of the vertebrae, discs, head
and arms alter proportionally with changes in BH (e.g.,
(x, ¥, 2spine & BH/BHgef, where BHger is obtained from
Eq. 3). For the muscle architecture, z-coordinates (cranial-
caudal) remain proportional to BH (e.g., ZRectusAbdominis X
BH/BHRger). To adjust anterior—posterior and medio-lateral
distances as well as PCSAs, the regression equations (Ander-
son et al. 2012) are first normalized to their reference
counterparts (calculated from the reference personal para-
meters). Then, for the subject-specific model, the average
anterior—posterior distances from vertebrae normalized to the
reference values (Fig. 1) are adapted according to the normal-
ized regression equations. Similar process is performed for
medio-lateral distances and PCSAs.

Furthermore, we utilize the conventional beam theory to
alter passive joint properties (compression force-strain and
moment-curvature relations). Three beam (or disc) parame-
ters are used: 1- height, 2- area and 3- area moments. The
disc height is assumed to be commensurate with BH (disc
height « BH/BHRer) (Han et al. 2013), and the disc area is
changed in accordance with A/ARef, in which A is the max-
imum cross-sectional area of the rib cage in the transverse
plane for a given set of personal parameters (Shi et al. 2014);
and Ager is the maximum cross-sectional area of the rib cage
in the transverse plane for the reference personal parame-
ters (disc area ox A/ARer) (Shi et al. 2014). Additionally,
area moments are assumed to be proportional to the disc area
squared (area moments < (A/ ARef)z).

2.8 Intra-abdominal pressure

Intra-abdominal pressure (IAP) is simulated in MVE tasks
with concurrent activity in abdominal muscles. IAP is mod-
elled as a follower load normal to the diaphragm reaching 10
and 25kPa (Ouaaid et al. 2013), while the diaphragm area
is modified based on (Shi et al. 2014). The resultant force is
transmitted to the T11 via a rigid link with an anterior lever
arm of 5cm (Arjmand and Shirazi-Adl 2006b).

2.9 External loads

In tasks 1-7 (Table 1), positions of upper arms, lower arms,
head and the external load in hands are based on measure-
ments. For asymmetric lifting (task 8), the external load is
taken at 34 cm lateral and O cm anterior—posterior to the L5-
S1 disc (Rajaee et al. 2015). A concentrated force applied
at the T8 (task 10) or T6 (task 11) simulates MVE in exten-
sion or flexion, respectively (Ouaaid et al. 2013). In the task
12 (Table 1), 78.3 Nm right axial torque with 21.1 right lat-
eral and 16.7 flexion coupled moments are simultaneously
applied at the T9 (Arjmand et al. 2008; Ng et al. 2001, 2002).
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2.10 IDP estimation

A novel nonlinear regression equation for estimating IDP in
the model is developed in this study. Inputs of this model are
the compressive force (applied by a wrapping element) and
the intersegmental rotation (under various sagittal moments)
at the L4-L5 disc taken based on unpublished results (4
compressions levels at 16 intersegmental rotations each) of
a validated lumbar spine FE model (Shirazi-Adl 1994a,b;
Shirazi-Adl and Pamianpour 1993). The quadratic regres-
sion equation is developed relating model output (i.e., IDP)
to its inputs being compression force and sagittal rotation at
the L4-LS5 level.

2.11 Additional constraints

A set of constraints is introduced for task 11 (see Table 1) to
reduce excessively large required flexion moments at lumbar
levels (Bazrgari et al. 2009; Ouaaid et al. 2013):

> T = A @

[Z fiTll + Zfim] .tﬂ,z _ FSm, (4b)

where f iTl Vand f l.T]z denote muscle force vectors at the T11
and T12. tgllgl and t£11>2 are unit vectors pointing towards
anterior—posterior shear direction at the centre of T11 and
TI2. F ST " and F ST 12 represent required shear forces at the
T11 and T12 levels to diminish flexion moments at local lum-
bar levels (Bazrgari et al. 2009); minimal values of F ST M and
F ST 12 are found iteratively. In addition and based on recorded
EMG at antagonist muscles (Ouaaid et al. 2013), coactivation
of antagonist muscles at flexion and extension MVE tasks are
generated via additional constraints:

Z (rgn _ 0711) % f(f“ =my, 5)

acA

where A is the set including antagonist muscles attached to
the T11, and m 4 is the assumed antagonist moment generated
antagonist muscles. It is to be noted that due to the symmetry
in flexion and extension MVE tasks, only sagittal component
of Eq. 5 is considered in this study.

3 Results
3.1 IDP regression equation
Regression analysis using unpublished results of the detailed

FE model of the lumbar spine (Shirazi-Adl 2006) for the L4—
L5 motion segment yields the following quadratic equation:

o
g Detailed FE Model

=— Regression Equation

E Dreischarf et al. (2013)

o
o

= = Shirazi-Adl & Drouin (1988)

2.90 +
P=1.86 MPa
240 FrEOCOONE-0-6-0Q—6—ee oo g |
1.90 +
=
[aW)
S 140
[a™
2 P=0.62 MP
1 r=u. a
090 5 o o oo T G|
0.40 +
P=0 MPa
-0.10 ] : Sl = il
-2 0 2 4 6 8 10

Rotation (°)

Fig. 4 Estimated intradiscal pressures (IDPs) at the L4-L5 from the
detailed FE model (Shirazi-Adl 2006), regression equation (Eq. 6), pro-
posedrelation of (Dreischarfetal. 2013) (IDP = P /0.77), and proposed
curve of (Shirazi-Adl and Drouin 1988) (at the L2-1.3) under pure axial
force with the following colour code: blue (bottom) P = 0 MPa; red
P = 0.62MPa; grey P = 1.24 MPa; black (top) P = 1.86 MPa, where
P is the nominal pressure (compression/disc area) with the disc area of
1455 mm?

IDP (P, 0) = —1.556 x 1072 + 1.255P + 1.243 x 10726
+3.988 x 1072P2 — 1.212 x 1072 PO + 1.669
x 107362, (6)

where P (MPa) is the nominal pressure (compression/total
disc cross-sectional area) and 6 (°, positive in flexion) is
the intersegmental flexion rotation. The coefficient of deter-
mination, RZ, and root mean squared error (RMSE) of the
regression equation are, respectively, 0.999 and 0.025 MPa
showing the goodness of fit. It is noteworthy that we derived
the appropriate set of data (P, ) from (compression,f) by
considering the disc area of 1455 mm? (Shirazi-Adl 1994a).
Results of the detailed FE model (Shirazi-Adl 2006), Eq. 6,
Shirazi-Adl and Drouin (1988) under pure compression, and
Dreischarf et al. (2013) show differences that grow with the
applied compression and segmental rotation (Fig. 4). Here-
after, Eq. 6 is employed for IDP estimations.

3.2 Upright neutral standing posture
Solving the optimization of required moments (Eq. 2) to set

the upright neutral standing posture under gravity for four dif-
ferent personal parameters that are used in this study leads to
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Table 2 Computed rotations (from undeformed geometry to construct
the spinal configuration under gravity in the upright standing, positive
values: extension) from the optimization of moments (Eq. 3) for 4 dif-
ferent personal parameters used in this study

Personal parameters

Sex Male Male Male Male
Age 30 25 45 52
BH 1.80 1.78 1.74 1.75
BW 73 73 72 68
Rotations (°)
T11 -7.52 —7.69 —7.68 —17.65
T12 —4.71 —4.70 —4.79 —4.80
L1 —0.93 —0.80 —1.09 —1.16
L2 2.55 2.29 2.49 242
L3 5.01 5.12 5.21 5.10
L4 6.77 6.80 6.78 6.90
L5 8.04 8.00 8.09 8.22
S1 9.59 10.04 9.65 9.70

sagittal rotations (from the initial unloaded geometry) pre-
sented in Table 2 using the reference personal parameters
(Eq. 3) as sex=male, age=41.8year, BH=173.0cm, and
BW=75.1kg.

3.3 Validation
For the simulated tasks, the correlation coefficient and

RMSE between measured (Wilke et al. 2001) and estimated
IDPs (Fig. 5) are 0.984 and 0.14 MPa, respectively, demon-

o 0 o O

[ T | F

ol [T

ANy

strating satisfactory IDP predictions both pattern-wise and
magnitude-wise. In forward flexion (task 7), estimated activ-
ities of global longissimus and iliocostalis muscles follow
trends similar to the measured EMG signals (Arjmand et al.
2010) (Fig. 6a) and showing flexion relaxation phenomenon.
The substantial drop in active force components accompany
reverse trends in passive forces of these global extensor mus-
cles as trunk flexion reaches its peak of 107° (Fig. 6b). At this
full flexion, curved trajectory and large wrapping forces at
different levels are computed in both global extensor muscles
(Fig. 6¢).

Good agreement is also found in MVE tasks in exten-
sion under 242 Nm (Fig. 7a) and in flexion under 151 Nm
(Fig. 7b) when comparing estimations of the model (person-
alized based on averaged parameters of all 12 subjects) versus
mean of recorded EMG in 12 male subjects (with the aver-
age age, BW and BH of 25 years, 72.98 kg and 177.67 cm) for
superficial back and abdominal muscles (Ouaaid et al. 2013).
Applied IAPs, antagonistic coactivation moments (Eq. 5)
and shear forces (Eq. 4) as well as correlation coefficients
between estimated and measured muscle activities for MVE
tasks are listed in Table 3. Additionally and under the refer-
ence upright posture, good agreements are noted in estimated
muscle activities versus measured ones (Ng et al. 2001) on
right (Fig. 8a) and left (Fig. 8b) sides for MVE in torsion.

3.4 Effects of personal parameters

The effect of changes in personalized parameters of subjects
in earlier works (Arjmand et al. 2010; Ouaaid et al. 2013;
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Fig. 5 Measured intradiscal pressure (IDP) (Wilke et al. 2001) versus
calculated IDPs of the model at the L4-L5 level; the model is person-
alized here to match the personal parameters of the subject participated
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in the in vivo study of Wilke et al. (2001): sex =male, age =45 years,
BW=72kg and BH=173.9cm
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Fig. 6 a Comparison between —0— LGPT-Left & Right (Model) =~ ——LGPT (Tota) ~——ICPT (Total)
estimated activities (i.e., force —o—ICPT-Left & Right (Model) —-—LGPT (Passive) —-—ICPT (Passive)
divided by 0.6 MPa times —— LGPT-Right (EMG) . .
PCSA) of right and left o ICPT-nght (EMG) — — LGPT (ACthC) — — ICPT (ACthe)

longissimus pars thoracic
(LGPT) and iliocostalis pars
thoracic (ICPT) muscles with 251
normalized measured EMG
signals (Arjmand et al. 2010);
b computed passive, active and
total forces of ICPT and LGPT
for each side during forward
flexion; ¢ muscle wrapping for
LGPT and ICPT at full-flexion
with generated contact forces.

Activity (%)

— — LGPT-Left (EMG)
— — ICPT-Left (EMG)

Force (N)

Model parameters fitting the
subject in measurements:

sex =male, age =52 years, (a) (b) Flexion Angle (°)
BW =68.4kg and z z
Z
BH=174.5cm e * - ~ Z
o =]
g/ =
N
T11
S1
(¢) -O-Vertebral Column —ICPT —LGPT
120 @ TENG Ng et al. 2002; Wilke et al. 2001) that are simulated here
100 k O1: 0 kPa, 0 Nm in thi§ s.tudy on compr'ession anFl shear forces a.t the L4-L5
< BIL 0 kPa, 10 Nm level is investigated (Fig. 9) during forward flexion (task 7).
3; | EIII: 0 kPa, 20 Nm Despite relatively small differences especially in BW (68—
T 60 81V: 10 kPa, 10 Nm 73kg range) and BH (1.75-1.80m range), relatively large
E) 20 BV: 10 kPa, 20 Nm differences are computed at larger flexion angles reaching
peak differences of 21 % in compression and 30 % in shear.
20 |
0 . | 4 Discussion
LGPT ICPT MF RA EO 10
120 (b) This study aimed to (1) markedly improve and personalize an
100 raEMG existing trunk KD-FE musculoskeletal model and (2) develop

O1: 0 kPa, 0 Nm
BII: 0 kPa, 15 Nm
BIII: 0 kPa,30 Nm
1V: 25 kPa, 15 Nm
BV: 25 kPa, 30 Nm

80

Activity (%)
3

2

LGPT

ICPT  MF RA EO 10

Fig. 7 Calculated muscle activities at MVE tasks a under 242Nm
extension moment (average of 12 subjects) for different values of intra-
abdominal pressure (IAP) (0 and 10kPa) and antagonist moment (0, 10
and 20 Nm), Table 3, and b under 151 Nm flexion moment (average of
12 subjects) for different values of IAP (0 and 25kPa) and antagonist
moment (0, 15 and 30 Nm), Table 3, versus normalized EMG (Ouaaid
et al. 2013). Model parameters fitting mean of subjects: sex =male,
age =25years, BW=72.98kg and BH=177.67cm

a nonlinear regression equation to estimate IDP at the L4—
L5 level as a function of its segmental compression force
and sagittal rotation. The T11-T12 segment was added as a
deformable body, the muscle architecture was updated with
additional uni- and bi-articular muscles and a new model
for the rectus sheath, and finally a novel automated scaling
method was incorporated to personalize the entire model as
subject sex, age, BW and BH change. This scaling framework
modifies muscles geometry (i.e., length, area and lever arms),
bony structures and passive joint properties. The personal-
ized model was applied to a number of tasks and satisfactory
agreement was found between predicted spinal IDPs and
muscle activities with corresponding in vivo measurements
(Arjmand et al. 2010; Ouaaid et al. 2013; Ng et al. 2002;
Wilke et al. 2001).
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Table 3 Considered IAPs and

.. .. 1 11 111 v \

antagonistic coactivation

moment's as well as computed Extension MVE task

correlation coefficients between

mean of estimated muscle IAP (kPa) 0 0 0 10 10

activities (Fig. 7) and measured Co-activation moment (Nm) 0 10 20 10 20

EMG (for 12 subjects (Ouaaid Correlation coefficient 0.99 0.98 0.96 0.98 0.97

et al. 2013)] and applied shear Flexion MVE task

forces (Eq. 4) in MVE tasks exion tas
IAP (kPa) 0 0 0 25 25
Co-activation moment (Nm) 0 15 30 15 30
Correlation coefficient 0.86 0.85 0.87 0.81 0.79
FIM/FI2 (N) 641/486 688/NA? 657/NA 288/NA 356/NA

4 Not applied

Model  ®Ngetal. (2001)

ICPT (b)

MF

EO

10

100 80 60 40 20 O 0 20 40 60

80 100

Activity (%) Activity (%)

Fig. 8 Estimated muscle activities for the MVE task in torsion at
upright standing versus measured EMG signals on a left and b right
sides under 78.3Nm right axial torque along with 21.1Nm right
lateral moment and 16.7Nm flexion moment (Ng et al. 2001). Fas-
cicles with the maximum activity are reported for abdominal muscles.
Model parameters used: sex =male, age =30years, BW =73.00kg and
BH=179.90cm

4.1 Limitations and methodological issues

Since the model is driven by kinematics at different T11-S1
levels, the accuracy of measurements with motion capture
camera systems and skin markers (due to the unavoid-
able inter skin-vertebrae and inter marker-skin movements)
and subsequent partitioning of relative trunk-pelvis rotations
among intervening T11-S1 levels remain of concern (Arj-
mand et al. 2010; Arjmand and Shirazi-Adl 2006a; El-Rich
et al. 2004). To be consistent with our pervious publications,
we assumed maximum muscle stresses were 0.6 MPa despite
using 1.0 MPa for demanding tasks. Stiffening the bending
properties of the T11-T12 motion segment by 20% was
assumed based on cadaver studies on the whole (Watkins
2005) and upper (Brasiliense et al. 2011) thoracic spine as
well as the consideration of a floating rib at this level. While
IAP was simulated with a normal load to the diaphragm, the
detailed mechanism relating the generated pressure to activ-
ity in surrounding abdominal muscles was not considered
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Fig. 9 Predicted local a compression and b shear forces at the L4-L5
disc for four different personal parameters used in this study

(Arjmand and Shirazi-Adl 2006b). Likely effects of inter-
subject changes in initial spinal alignment and lordosis on
results were neglected. Despite other imaging studies that
report personalized moment arms and PCSAs (Chaffin et al.
1990; Jorgensen et al. 2001; Seo et al. 2003; Wood et al.
1996), we used here the data sets of Anderson et al. (2012) as
they are comprehensive (100 females and males), not limited
to the lumbar region and provide required regression equa-
tions accounting for sex, age, BH and BW; nevertheless, the
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R? value is low for some of the reported regression equations.
Utilizing the conventional beam theory as the scaling rule
for passive joint properties, though plausible, involves some
approximations. It is to be noted that a detailed FE model of
the spine can address this scaling issue, nonetheless, the com-
putational burden would be significant. In personalization
of the model, disc heights were assumed to change propor-
tionally to the BH. Although no study has yet investigated
the correlation between BH and disc heights, experimental
(Dimitriadis 2011) and modelling (Han et al. 2013) studies
indirectly support our relation. Despite studies suggesting the
effect of obesity (that can be interpreted as BW) (Lidar 2012;
Urquhart 2014) and ageing (Videman et al. 2014) on disc
heights, we did not adjust disc heights as BW and age vary.
For BW, however and due to associated increase in compres-
sion on discs, disc heights reduce more in heavier subjects.
In older subjects, ageing causes disc height loss (Videman
et al. 2014) which should yield lower BH. Since we adjust
disc heights with BH, the model accounts though indirectly
for ageing effects on disc heights. Disc areas were assumed
to vary proportional to the area of the rib cage since no study
has quantified the effects of changes in BH and BW on disc
areas. Furthermore, in the development of the IDP regression
equations, although the compression was normalized to the
disc total cross-sectional area but this latter was constant in
corresponding analyses. The disc total area and individual
nucleus and annulus areas could play a role. Finally future
sensitivity analyses should shed light on the relative effect of
changes in various individual parameters on model predic-
tions.

4.2 Data analysis and interpretation

Comparing estimated IDPs of a musculoskeletal model with
measurements is frequently used for validation (Bruno et al.
2015; Han et al. 2012; Mohammadi et al. 2015; Rajaee et al.
2015; Senteler et al. 2016). Although some studies (Dreis-
charf et al. 2013; Shirazi-Adl and Drouin 1988) provided a
tool for such estimations, none explicitly incorporated the
effect of intersegmental rotations, 6. Due to this simplifica-
tion, those relations predict identical IDP for different values
of 6 (Fig. 4). For instance, under pure moment with no axial
force, no IDP is hence estimated in direct contrast to measure-
ments and predictions. Furthermore, the effect of 6 on the IDP
is found to depend on the compression force as it diminishes
at larger axial forces (Fig. 4). Consequently, the interseg-
mental angle may be neglected with little loss of accuracy
only at much larger compression forces. It is noteworthy that
Shirazi-Adl and Drouin (1988) carried out simulations only
on an L2-L.3 motion segment. The FE model of (Shirazi-Adl
2006) has smaller disc area (1455 mm?2) but larger nucleus
area (653 mm?) in comparison with those of (Dreischarf et al.
2013) (1480 mm? and 624 mm?).

Validation of model predictions were performed under
numerous tasks for which either IDP was available or surface
EMG were collected in earlier studies. In addition, the con-
siderations of forward flexion postures on the one hand and
MVE tasks on the other were deliberately made to investigate
the relative accuracy of both passive and active components
in the model under diverse sets of large loads and movements.
Results overall demonstrated satisfactory agreements in esti-
mated IDP and hence associated muscle forces and spinal
compression, flexion relaxation under large forward flexion
angles, maximum strength in different planes, wrapping of
global extensor muscles and activities of antagonist muscles.
Some differences can be due to technical EMG issues such as
electrode placement and crosstalk (Soderberg and Knutson
2000; Tiirker 1993) or the model limitations.

Detailed finite element studies of spinal motion seg-
ments (Meijer et al. 2011; Natarajan and Andersson 1999;
Niemeyer et al. 2012) and intervertebral discs (Cappetti et al.
2015) have demonstrated the substantial role of both disc
height and disc area in joint passive responses. Hence, to
scale passive properties, we employed here the conventional
beam theory that also yields results in general agreement
with those based on the parametric FE model studies of the
L3-L4 motion segment (Natarajan and Andersson 1999).
According to the proposed scaling scheme, variations in both
disc height and disc area affect passive segmental stiffness.
As an example, in comparison with the reference properties
(Fig. 2), angular and linear (axial) segmental stiffness val-
ues of a male subject with BMI = 25 kg/m? (the reference
value) decreases by ~ 5 % and 6 % at shorter BH = 160 cm
but increases by ~ 8% and 9% at taller BH = 190 cm,
respectively.

The developed scaling method employed regression equa-
tions reported in imaging studies (Anderson et al. 2012; Shi
et al. 2014) and biomechanical principles to modify the mus-
culature and passive joint properties in the subject-specific
models. The regression equations can present mean values for
acohort of subjects with the same sex, age, BW and BH. With
these regression equations employed in our scaling, a cohort-
specific trunk model is therefore generated in this work. In
this study and for meaningful comparisons, we personalized
the model for each simulation in accordance with the reported
personal parameters of in vivo studies. Finally as a prelimi-
nary study to investigate the effect of changes in age, sex, BW
and BH on results, forward flexion of four different subjects
were considered (Fig. 9). Despite relatively small changes
in these parameters (i.e., 68—73 kg for BW, 1.74—1.80 cm for
BH and 25-52years for age), relatively large differences in
spinal forces were estimated especially at larger trunk flexion
angles. Maximum increases of 21 % (410 N) in compression
and 30 % (72N) in shear forces were found when the sub-
ject BH and BW increased only slightly from 1.75m and
68 kg, respectively, to 1.80m and 73 kg revealing the impor-
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tance of the scaling. Utilizing a scaling algorithm along with
the musculoskeletal modelling is therefore recommended in
order to estimate more accurate results for individuals in a
general population. Future studies will consider additional
cases covering a comprehensive population with focus on
the relative effect of greater changes in age, BW or BH when
considered alone or combined.

In summary, we have presented a comprehensive person-
alized musculoskeletal trunk model and a novel regression
equation relating IDP to normalized compression and sagittal
rotation at the L4-L5 level. The model is an updated ver-
sion of an existing one by adding a flexible level (T11-T12),
extending muscle architecture and introducing the scaling
concept. The described scaling framework modified mus-
cles geometry and bony structures. Instead of personalizing
solely geometric features, the scaling scheme altered pas-
sive joint properties as well for the first time. Moreover, by
employing a detail FE model of the lumbar spine, we pro-
posed a regression equation to estimate IDP at the L4-L5
disc as a function of the compression and the intersegmental
angle. Predicted results were found in satisfactory agreement
with reported IDP and surface EMG data under a number of
tasks. Due to marked effects of personal parameters (e.g.,
stature, body weight) on results of musculoskeletal models,
future model studies should incorporate comprehensive scal-
ing techniques for more accurate estimation of spinal forces
and muscle activity.
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