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Two optimization-driven approaches were employed to develop kinematics-driven (KD) and stability-
based kinematics-driven (SKD) musculoskeletal models of an adult thoracolumbar to ascertain the sig-
nificance of spine stability in holding the upright-standing posture after muscular disuse atrophy. Both
models were used to estimate muscle forces of the trunk with intact and unilaterally reduced longissimus
thoracis pars thoracic (LGPT) and multifidus lumborum (MFL) muscles strength. A finite element model
of the L5-S1 segment of the same kinematics was also developed to compare the joint stresses predicted
by the KD and SKD models. Matching well with in vivo data, the SKD model predicted a 15% and 33%
reduction in contralateral muscle forces to the 95% debilitated LGPT and MFL muscles, respectively. In
contrast, the contralateral muscle force enhancement to the debilitated MFL muscle in the KD model was
in contradiction with in vivo data, implying that the KD model is incapable of correctly predicting the
muscular disorders. However, the similarity of both models’ predictions of intradiscal pressures and in-
tervertebral discs’ stresses, which matched well with in vivo data, does indicate the feasibility of the KD
model to investigate trunk muscle weakness effects on spinal loads, which could offer additional tools
for research in ergonomics. Nonetheless, SKD models can be employed for assessment of contralateral
muscle impotence in spinal neuromuscular disorders.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Weakening muscles by temporary muscular denervation is a
common therapeutic approach to improve unilateral spinal spas-
ticity, the most prevalently reported symptom for neuromuscu-
lar disorders of low-back paraspinal muscles [1,2]. Despite the
breakthrough advantages of functional immobilization of the focal
neurological lesion in spasticity disorders [3], some studies have

Abbreviations: BTX-A, Botulinum Toxin type A; IDP, Intradiscal pressure; MS,
Musculoskeletal; FE, Finite element; CT, Computed tomography; EOS, Electro op-
tical system; IVD, Intervertebral disc; AF, Annulus fibrosis; NP, Nucleus pulposus;
PCSA, Physiological cross-sectional area; KD, Kinematics-driven; SKD, Stability-based
kinematics-driven; CAD, Computer-aided drawing; ICPT, Iliocostalis lumborum pars
thoracic; LGPT, Longissimus thoracis pars thoracic; ICPL, Iliocostalis lumborum pars
lumborum; LGPL, Longissimus thoracis pars lumborum; MFL, Multifidus lumborum;
MFT, Multifidus thoracis; QL, Quadratus lumborum; IP, Iliopsoas; RA, Rectus ab-
dominus; 10, Internal oblique; EO, External oblique.
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reported that it might induce structural and mechanical muscle al-
terations [4] which can linger over time [3]. In addition, tempo-
rary muscular disuse atrophy in the spine may disrupt the balance
of spinal loads generated by recruited muscles and result in seg-
mental loss of stability [5,6]. Experiments on unilaterally focal Bo-
tulinum Toxin type A (BTX-A) injected rabbits have shown changes
in muscle mass, strength, and structure of the target muscle as
well as its contralateral hind limb [7]. The invasive, costly, and
restricted nature of in vivo and in vitro measurements [8,9] has
led to the emergence of musculoskeletal (MS) and passive (de-
void of muscles) finite element (FE) models which can be used
as viable complementary tools for noninvasive estimation of spinal
loads and muscle forces [10]. Huynh et al. simulated the unilateral
trunk muscle weakness in Duchenne muscular dystrophy using a
combined MS and FE model of the spine and found an increase in
abdominal muscles activation due to the unilaterally weakening of
the erector spinae muscles [11]. While a number of biomechanical
models have been employed to replicate the load carrying capac-
ity of the spine [12], the effect of muscle weakness on a combined
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MS-FE model of the upright spine from a stability point of view
has been nearly disregarded.

Segmental instability due to temporary functional immobiliza-
tion of the spastic lesion most commonly occurs in the upper-
extremity flexor muscles [2]. The longissimus thoracis pars tho-
racic (LGPT) muscle has been introduced as the most effective
paraspinal muscle on spine stability in an upright-standing pos-
ture [13], which might be due to the bulk of stiffness provided by
large muscles [6]. Furthermore, the activity of small intrinsic mus-
cles is also necessary to maintain spine stability [6]. Among deep
fibers, the multifidus (MFL) muscle acts as a primary stabilizing
muscle in the spine [14]. In an experimental effort by Ward et al.
on the lumbar spines of eight cadavers, the MFL muscle function
was found to be crucial in the dynamic stabilization of the lum-
bar spine [15]. Therefore, weakened LGPT and MFL muscles can
be considered critical candidates in the investigation of the im-
portance of stability in a spine with unilaterally muscular disuse
atrophy.

The purpose of this study was to estimate muscle forces in an
adult thoracolumbar in an upright-standing position, and to com-
pare the effects of unilateral LGPT and MFL muscle weakness on
trunk muscle forces using a non-linear, 3D, six-joint kinematics-
driven (KD) model and a stability-based kinematics-driven (SKD)
MS model of an adult spine. Both models were also combined with
an FE model of the L5-S1 segment of the same kinematics. In
this work, it was hypothesized that introducing stability require-
ments into the optimization algorithm, i.e., an SKD model vs a KD
model, would provide a more realistic prediction of spinal muscle
forces, in the case of unilateral muscle weakening. To the best of
our knowledge, the effects of muscular disuse atrophy on spinal
muscle forces have not been investigated in a stability-based MS
model to date. Two analyses were used to investigate the validity
of the hypothesis made in this study:

1. Muscle forces, L3-L4 and L4-L5 intradiscal pressures (IDPs), the
relationship between loss of muscle strength and mass, and
changes in muscle forces due to the target muscle weakening
as well as the shear and compressive loads at T12-L1 thorough
L5-S1 levels were investigated using KD and SKD musculoskele-
tal models and compared with in vivo data [7,16-21].

2. By applying equivalent loads, estimated by both KD and SKD
musculoskeletal models, on the FE model of a spine, the von
Mises stress and IDP at the L5-S1 level were investigated in
models with intact and unilaterally weakened LGPT and MFL
muscles in an upright-standing posture.

2. Method
2.1. Musculoskeletal model of the trunk

A sagittally-symmetric, non-linear 3D, six-joint (T12-L1 through
L5-S1), musculoskeletal model was developed based on the ge-
ometry of a healthy male (52 years, 174.5 cm, and 68.4 kg) using
MATLAB scripting (MATLAB® R2014b, Mathworks Inc., Natick, MA,
US) to estimate muscle forces and eccentrically distributed gravity
loading in a neutral upright posture [22], which is the least stable
position of the spine [23]. The attachment sites of muscle fasci-
cles to the bones were speculated based on parametric anatomical
studies of a musculoskeletal spine [24-26] (Fig. 1). The entire tho-
rax and total of bony structures were assumed to be rigid, and all
six intervertebral discs were assumed to have non-linear rotational
stiffness in three directions [22]. The physiological cross-sectional
areas (PCSAs) of the muscles were extracted from the literature
[27].

2.2. Optimization procedures constrained to equilibrium and stability
requirements

Muscle forces in the upright-standing posture were estimated
using an optimization algorithm constrained to equilibrium and
stability conditions [22,28]. The moment equilibrium equations
were written in three directions at each level for six joints, i.e.,
T12-L1 through L5-S1 (Fig. 1). The joints’ centroids were assumed
as the geometric centers of the intervertebral discs (IVDs) [29]. Op-
timization formulations were used in Matlab (fmincon algorithm)
to minimize summation of the cubed muscle stresses and to re-
solve the redundancy problem in the system of equations, which
includes 92 unknown muscle forces but only 18 equilibrium equa-
tions, ie., 3 equilibrium equations at each level for six joints in
the global xyz coordinate system (Fig. 1). Two optimization algo-
rithms were written based on the kinematics-driven equilibrium
and simultaneous consideration of KD and stability requirements
(Equation (1)) to investigate the effects of unilateral muscle weak-
ness on muscle forces. Equation (1) was used to optimize the mus-
cle stresses in the MS model to meet equilibrium in the KD model
and stability-based equilibrium in the SKD model of the spine [22].
The KD model was solved using Equation (1) without consider-
ing the stability criterion. Hence, muscle forces were estimated us-
ing the optimization algorithms while still satisfying physiological
conditions on muscle forces.

92

min{ »" (%)n

m=1
Y Mo — o i=1,2,....18

subject to: { Fpgssive < Fin < Omax - Am + Foassive m=1,...,92
eig(Hessian) > 0 Stability requirement

(1)

Equation (1) includes the unknown individual forces for each
muscle (Fp); the muscle PCSA (Ap); the summation of all mo-
ments (M) at each joint about the IVD centroid in three di-
rections; the passive force components (Fysive), assumed to be
zero in the upright-standing position [22]; the maximum allow-
able muscle stress (o max), considered to be 0.6 MPa [22]; and the
eigenvalues of the Hessian matrix of the potential energy, eig (Hes-
sian), used as a stability criterion in the SKD model. The poten-
tial energy in the Hessian matrix of energy was determined from
the passive torsional stiffness of the spine in an upright posture,
muscle stiffness, and muscle forces [22,29] (Eq. (1)). Except for the
stability criterion, the rest of the conditions of Equation (1) were
similar in the KD and SKD models. To assure the results of mus-
cle forces obtained by the optimization procedures were the global
minimum, muscle forces were estimated using a genetic algorithm
in MATLAB Optimization Toolbox™ (genetic algorithm), and com-
pared with the results of muscle forces obtained by the KD and
SKD constrained optimization procedures. Moreover, to ensure that
muscle stresses did not exceed their physiological limits [22], mus-
cle fiber stresses were computed by dividing the force over the
PCSA of each muscle. Furthermore, knowing that the eigenvalues
should be positive in order to be in a stable configuration [6], the
eigenvalues of the Hessian matrix of the potential energy obtained
by the KD model were also evaluated and analyzed.

In addition, as a means of replicating loading conditions in vivo
the equivalent forces at the geometrical centers of T12-L1 through
L5-S1 IVDs were approximated as a vector summation of muscle
forces estimated by the MS models as well as the gravity loads
at each level. The resultant equivalent loads were then divided
over the disc areas at each level to estimate compressive and
shear stresses on the T12-L1 through L5-S1 IVDs, as well as the
intradiscal pressures at the L3-L4 through L5-S1 levels. In this
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Fig. 1. The musculoskeletal (MS) model of the trunk in an upright-standing posture, in both sagittal and coronal views, with the center of gravity loads represented as
white circular points in front of the vertebral column. The grey squares and red circles in the vertebral column are the position of vertebrae and intervertebral discs (IVDs),
respectively, and were assumed as their geometric centroids [22]. Ninety-two bilateral distinct fascicles were used to simulate the muscles of the trunk. Sixty-two bilateral
fascicles of local muscles were attached to the lumbar vertebrae (LGPL: longissimus thoracis pars lumborum; ICPL: iliocostalis lumborum pars lumborum; MFL: multifidus
lumborum; MFT: multifidus thoracis; QL: quadratus lumborum; and IP: iliopsoas), and thirty bilateral fascicles of global muscles were connected to the thoracic spine and
cage, including global back muscles (LGPT: longissimus thoracis pars thoracic and ICPT: iliocostalis lumborum pars thoracic), and global abdominal muscles (I0: internal
oblique; EO: external oblique; and RA: rectus abdominus) [22]. The global xyz directions are shown in both sagittal and coronal views.

study, the compressive stresses predicted by the MS models, with
a correction factor of 0.66 [27], were considered as the IDP at each
level [22].

2.3. Weakening procedures of muscles

In order to be able to make a comparison between the out-
comes of this study simulations and in vivo experimental data on
the loss of strength in the BTX-A injected muscles of rabbits [7],
the PCSAs of target LGPT and MFL muscles were gradually reduced
by a reduction percentage of 0.5% to assign similar magnitudes of
88%, 89%, and 95% reduction in the target muscle forces to match
the magnitudes of loss of strength in the rabbits [7]. The change
in the muscle’s PCSA was supposed to be proportional to the
change in the muscle mass, assuming a constant muscle density
and length.

2.4. Finite element model of L5-S1
A sagittally-symmetric passive FE model of the L5-S1 segment

was developed to compare the effect of the KD and SKD mus-
culoskeletal models’ predictions on stress distribution within the

basement joint, i.e., the L5-S1 segment. The main reason for choos-
ing the L5-S1 segment was that all muscle fascicles, and there-
fore all muscle forces, are present at this level (Fig. 1). The equiv-
alent forces at the geometrical center of L5-S1 IVD, estimated by
MS models, were then used in the FE model. The computer-aided
drawing (CAD) parts of the basement vertebrae, i.e., L5 and sacrum
bones, were developed based on computed tomography (CT) im-
ages (0.6 mm slice thickness) of an adult thoracolumbar with the
same kinematics in the supine posture using Mimics (Material-
ize, V10.01). Additionally, using Electro Optical System (EOS) imag-
ing software (EOS imaging Co., France, Stereo Radiographic Patient
Imaging), EOS images of the same trunk were used to re-align
the CAD parts of the vertebrae to have similar inclinations in the
anatomical planes to the upright-standing position (Fig. 2). In order
to assure that the selected lumbar spine was in a balanced state,
values of the sagittal alignment parameters of the curvature, ie.,
lumbar lordosis, sacral slope, and pelvic incidence (Fig. 2(a)), were
checked and found to be in the normal ranges for each parame-
ter as reported in the literature [30-33]. The institutional Ethics
Committee approval and informed consent of the subject were ob-
tained. Subsequently, the L5-S1 IVD, consisting of an annulus fi-
brosis (AF) and a nucleus pulposus (NP), were developed in Catia
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Fig. 2. (a) CT image of a normal spine in the sagittal plane, in which LL, SS, and PI represent the lumbar lordosis, sacral slope, and pelvic incidence, respectively. (b) Model
of the lumbosacral spine in the global xyz coordinate system showing the FE model of the L5-S1 motion segment with the concentrated equivalent forces (FE) on the upper
surface of L5 in local directions. ML, AX, and PA stand for local mediolateral, axial, and posteroanterior directions at each level, respectively. (c) FE models of the annulus
fibrosis (AF) and nucleus pulposus (NP) of the L5-S1 intervertebral disc (IVD), and (d) the rebar embedded by membrane elements.

(Dassault Systémes®, Vélizy-Villacoublay, France, V5R20) (Fig. 2).
To analyze the model, the CAD parts of the bones and IVD were
imported into computer-aided engineering software (ABAQUS 6.10,
ABAQUS Inc., Providence, RI, USA). All bony structures were as-
sumed to be rigid [22], with an element type of R3D4. The ma-
terial of the IVD was assumed to be hyperelastic (Mooney-Rivlin),
with a C10 and CO1 of 0.18 MPa and 0.045 MPa, respectively, for AF
[34] with an element type of C3D10, and 0.12 MPa and 0.030 MPa,
respectively, for NP [35] with an element type of C3D10H. The
annular fibers were simulated with rebar elements (modulus of
elasticity and Poisson’s ratio of 500 MPa and 0.45, respectively,
with a crosswise pattern at 4+30°) [36], which were distributed
in the concentric lamellae embedded with membrane elements in
AF [37] (Fig. 2). Sensitivity analysis was performed by increasing
the number of elements to make sure that mesh size had no ef-
fect on the model outputs which resulted in 1840 and 2160 ele-
ments for AF and NP, respectively. The ligaments were modeled as
sets of wires by axial nonlinear tension-only connector elements
[38]. The ligaments included in the models were the anterior lon-
gitudinal, posterior longitudinal, capsular, flaval, and interspinous
[37] (Fig. 2(b)). The sacrum was considered fully-constrained in the
static analyses (Fig. 2(b)). Muscle forces, found by the MS models,
and the gravity load at the L5-S1 level, used by scaling the mag-
nitudes of the in vivo measurements [24], were prescribed into the

subject-specific FE model as concentrated forces (Fig. 2(b)) to esti-
mate stress distribution within L5-S1 IVD.

3. Results
3.1. Muscle forces of the KD and SKD models

Forces of abdominal and back muscles, introduced in Figure 1,
determined by the KD and SKD models can be found in Figure 3.
Also seen in Figure 3, and dissimilar to the KD model, the introduc-
tion of the stability criterion in the optimization algorithm results
in abdominal muscles activation in the SKD model.

3.1.1. Target and contralateral muscle forces of the weakened models

Results of the SKD model showed loss of strength in the
contralateral muscles to both target weakened LGPT and MFL
muscles; but in contrast, the contralateral MFL muscle force
increased by weakening the target muscle in the KD model
(Fig. 4). Figure 4 shows the changes on each bar calculated us-
ing Equation (2), where Fjpqr and Fiyeqrened represent the forces of
muscles on each side of the spine with intact and weakened mus-
cles, respectively:

Change (%) — Fweakened - Fintac[ (%) (2)

Fintact
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Fig. 3. Muscle forces determined by the kinematics-driven (KD) and stability-based kinematics-driven (SKD) musculoskeletal models.
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3.1.2. Muscular contributions

In order to investigate the effects of unilateral muscle weakness
on the force of the rest of the individual muscles, based on the
experimental data of the loss of strength in rabbits’ BTX-A injected
muscles [7], the case of 95% reduction in MFL and LGPT muscle
forces was investigated and the results of the simulation can be
seen in Figure 5.

Percentage of change, defined by Equation (2), in the force of
each muscle at the basement, i.e., the L5-S1 level, where all muscle
fascicles are present, due to a 95% reduction in the target muscle
force in the KD and SKD musculoskeletal models can be found in
Figure 6.

The maximum stress in the muscle fibers, with intact mus-
cles, predicted by the KD and SKD musculoskeletal models were
0.08 and 0.10 MPa, respectively. After unilaterally muscle weaken-
ing, the maximum muscle fiber stress in the KD and SKD muscu-
loskeletal models changed to 0.05 and 0.06 MPa, respectively, in
the models with a weakened MFL muscle, and 0.06 and 0.07 MPa
in the models with a weakened LGPT muscle.

With regard to the eigenvalues associated with the Hessian ma-
trix for the KD and SKD musculoskeletal models, it was found that,
in both cases of intact and weakened muscles, the smallest eigen-
values of the Hessian matrices associated with the KD model were
all negative as opposed to those of the SKD model which were
all positive due to the constraint considered in the optimization
process.

3.2. Equivalent loads and IDPs in the MS and FE models

The equivalent forces at the geometrical centers of T12-L1
through L5-S1 IVDs were determined as a vector summation of
the gravity loads along with the muscle forces, estimated by MS
models, at each level (Fig. 7).

By finding the resultant equivalent forces caused by the vector
summation of gravity and muscle forces over the disc area at each
level, the compressive and shear stresses on T12-L1 through L5-S1
IVDs predicted by KD and SKD musculoskeletal models with intact
muscles (Fig. 7) were compared to another study [39] on normal
subjects (Fig. 8). The compressive stresses at the L3-L4 and L4-L5
levels, predicted by the MS models and with a correction factor
of 0.66 [27], were considered as the IDPs and compared with in
vivo data from the same levels of an upright spine [16-21] (Fig. 8).
The IDPs at the L3-L4 and L4-L5 levels of the SKD models were
found to be 27.1% and 24.2% greater than those of the KD mod-
els, respectively. Moreover, the IDPs at the L3-L4 and L4-L5 levels
were found to be similar in the models with intact and weakened
muscles.

By applying the equivalent forces, estimated by KD and SKD
musculoskeletal models (Fig. 7), on the FE model of the L5-S1 IVD,
the maximum stresses were found to appear in the outermost pos-
terior layers of the annulus fibrosis for all six models of the spine
(Fig. 9).

The stress distribution and IDPs in the FE model of the L5-S1
segment were found to be similar in both models with intact and
weakened muscles (Fig. 9). The IDP at the L5-S1 level of the SKD
model predicted by the FE (Fig. 9) and MS (Fig. 8) models was
found to be 20.9% and 21.2% greater than those of the KD model,
respectively.

3.3. Loss of target muscle mass and strength

The correlation between reduction in mass and strength of the
target weakened muscles of both KD and SKD musculoskeletal
models compared with the experimental data on BTX-A injected
lower extremities of rabbits [7] can be seen in Figure 10.

4. Discussion

The effect of temporary muscle weakening, as a common treat-
ment to improve unilateral spinal spasticity in neuromuscular dis-
orders [1,2], has not been numerically investigated on upright
spine stability to date. The aim of this study was to evaluate
muscle forces in a spine with intact and unilaterally debilitated
muscles using a kinematics-driven and stability-based kinematics-
driven musculoskeletal model of a healthy adult male spine. It was
hypothesized that employing stability requirements in the opti-
mization algorithm, ie., an SKD model vs a KD model, would pro-
vide an indispensable tool to deliver a more realistic prediction
of the unilateral muscle weakness effects on overall spinal mus-
cle forces. To test the hypothesis, longissimus thoracis pars tho-
racic and multifidus lumborum muscles, as the muscles with the
greatest impact on spine stability [13-15], were selected to be
unilaterally weakened. KD and SKD musculoskeletal models were
then used to estimate the muscle forces of the trunk with intact
and unilaterally debilitated LGPT and MFL muscle strength. The
equivalent forces at the geometrical centers of T12-L1 through L5-
S1 intervertebral discs were approximated as a vector summation
of muscle forces estimated by musculoskeletal models along with
gravity loads at each level. The resultant equivalent loads (as an
alternative to in vivo loads) were then divided over the disc areas
at each level to estimate the compressive and shear stresses on
T12-L1 through L5-S1 IVDs. In this study, the compressive stresses
predicted by the MS models, with a correction factor of 0.66 [27],
were considered as the intradiscal pressures at these levels [22].
In order to compare the effect of the KD and SKD model predic-
tions on the stress distribution within the L5-S1 IVD where all
muscle fascicles are present, a passive subject-specific FE model of
the L5-S1 segment was developed and analyzed under the equiva-
lent loads at the same level. The more compatible results of the
stability-based model, regarding the contralateral muscle impo-
tence to the weakened muscles, matched the in vivo data [7] better
than those of the KD model (Figs. 3 and 4). This reaffirms the valid-
ity of the study hypothesis which highlighted the necessity of in-
cluding stability requirements in spine equilibrium equalities when
investigating neuromuscular disorders. Moreover, the approximate
similarity of the equivalent forces (Fig. 7) as well as the stress dis-
tribution on T12-L1 through L5-S1 IVDs (Figs. 8 and 9), as deter-
mined by both KD and SKD models, indicate the KD model’s capa-
bility to investigate the effect of trunk muscle weakness on spinal
loads.

4.1. Muscular contributions in the musculoskeletal models

In comparison to the SKD model, the KD model of the spine
assigned less force to the back muscles assuming only equilibrium
requirements in the optimization algorithm and ignoring abdomi-
nal muscles activation. This shows that it provides insufficient stiff-
ness to remain in a stable configuration (Fig. 3). Furthermore, the
KD model predicted an increase in the contralateral MFL muscle
force to the target weakened muscle to retain a spine with unilat-
erally weakened muscles in its equilibrium position (Fig. 4), which
is inconsistent with the in vivo data [7]. In contrast, results of the
SKD model showed a loss of strength in the contralateral mus-
cles to both weakened LGPT and MFL muscles (Fig. 4), which is in
agreement with the in vivo experimental data on unilaterally BTX-
A injected rabbits [7]. The reason for the contradiction between
the KD and SKD models lies in the distinct roles of the abdominal
muscles and the consequent adjustment of their activation in the
SKD model due to the inclusion of the spinal stability requirement.
More precisely, introducing a stability criterion into the optimiza-
tion algorithm resulted in a counterbalancing of the abdominal
and back muscles activation in a spine with unilaterally weakened
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Fig. 5. Muscle forces of: (a) KD and (b) SKD musculoskeletal models assuming a 95% reduction in the force of the right MFL (Top a and b) and the right LGPT (Bottom a
and b) muscles. The complete names of the muscles appear in Figure 1.
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muscles, which makes the SKD model capable of anticipating more
realistic behavior of spinal muscles after unilateral muscle weak-
ening. On the other hand, contralateral muscle force enhancement,
predicted by the KD model, resembled the behavior of the con-
tralateral muscles to strengthened muscles [40], and implied that
the KD model was incapability of delineating the relevant assess-
ment of contralateral muscle impotence in spinal neuromuscular
disorders.

As can be seen in Figures 5 and 6, weakening of MFL and LGPT
muscles in the SKD model caused smart changes in the overall
force of the abdominal muscles to counterbalance the moments
caused by the different contribution of the back muscles, which
highlights the importance of antagonistic (abdominal) muscles ac-
tivation in the upright spine stable position. The greater changes
that occurred in the back muscle forces of the KD model, in con-
trast to the SKD model (see Figs. 5 and 6), can be explained by

taking spine stiffness into account, which in the absence of abdom-
inal muscles activation was provided by assigning greater changes
to the contralateral back muscle forces in the KD model. In con-
trast, counterbalancing back and abdominal muscles activation af-
ter unilateral muscle weakening resulted in a smaller reduction in
the muscle forces in the SKD model than in the KD model, and the
subsequent stability of the SKD model (see Figs. 5 and 6). Further-
more, the maximum muscle fiber stress predicted by the KD and
SKD models with intact and unilaterally weakened muscles var-
ied only between 0.05 and 0.10 MPa, which does not exceed the
maximum allowable muscle stress of 0.2-1.0 MPa [22,41]. Eigen-
values of the Hessian matrix of the KD model’s potential energy
were also evaluated to show the importance of introducing a sta-
bility criterion into the optimization algorithm of a spine with uni-
lateral muscle weakness. Irrespective of if the muscles were in-
tact or weakened, the smallest eigenvalue of the system of the KD
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and LGPT muscle (Bottom). Note that ML, AX, and PA directions appear in Figure 2. All forces are given in N.

model was negative, which shows that the KD model’s predictions
do not meet the spine stability requirement. On the other hand,
as expected due to the requirement imposed on Equation (1), i.e.,
eig(Hessian) > 0, all eigenvalues of the SKD model were positive,
which indicates that the unilateral muscle weakening did not dis-
rupt spine stability. Accordingly, one can conclude that the KD
model, as opposed to the SKD model, does not have the capabil-
ity to anticipate realistic behavior of spinal muscles, for instance
after unilateral muscle weakening, due to the lack of a stability
requirement.

4.2. Effect of unilateral muscle weakening on the equivalent loads
and IDPs

In order to indirectly check the validity of the combined MS-
FE models, the equivalent shear and compressive loads were es-
timated at the geometrical centers of T12-L1 through L5-S1 IVDs
(Fig. 7) and applied on each level as an alternative to the muscle
force components and gravity loads to evaluate the IDPs (Fig. 9).
The resultant shear and compressive loads at T12-L1 through L5-
S1 levels (Fig. 7) were found to be in the physiological ranges of
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ultimate shear [42] and compressive strength [43], respectively.
The compressive stresses, with a correction factor of 0.66 [27] and
which were considered as IDPs [22,27], at the L3-L4 and L4-L5
levels were found by MS models to be ~0.24 and 0.28 MPa, re-
spectively, in the KD model and 0.33 and 0.37 MPa, respectively,
in the SKD model. These were similar for models with both intact
and weakened muscles. Despite the similarity of equivalent forces
in both MS models, the SKD model’s IDPs at the L3-L4 and L4-
L5 level agreed better with normal subject’s in vivo data at the
same levels than the KD model’s IDPs at the L3-14 and L4-L5
level (Fig. 8). This supports the necessity of introducing a stability
criterion into the optimization algorithm.

The FE models of L5-S1 IVD predicted greater stresses under
muscle forces estimated by SKD musculoskeletal models (Fig. 9)
than muscles forces estimated by KD musculoskeletal models, this
may be due to the greater equivalent loads in these models (Fig. 7).
Furthermore, all six FE models of the spine predicted greater stress
magnitude in the outermost posterior layers of the annulus fibro-
sis compared to other regions (Fig. 9), which agreed with results
reported in the literature [39]. The SKD model’s IDP at the L5-S1
level predicted by the FE and MS models was found to be 20.9%
and 23.9%, respectively, greater than those of the KD model, which
might be due to greater forces provided by back and abdominal
muscles activation in the stability-based model (Figs. 3 and 5).
In general, the approximate similarity of the equivalent loads
(Fig. 7) and IDPs at the L3-L4 through L5-S1 levels (Figs. 8
and 9) as determined by both KD and SKD models implies that the
KD model is capable of investigating the effects of trunk muscle
weakness on spinal loads, which could provide an additional scope
for biomechanical modeling applications in the ergonomics field
[44].

4.3. Correlation between loss of target muscle mass and strength

Consistent with the early stages of muscle weakening in BTX-
A injected rabbits [7], both KD and SKD models predicted a posi-
tive correlation between loss of strength and mass for both weak-
ened LGPT and MFL muscles (Fig. 10). A similar loss of muscle
mass and strength trend was found between the unilaterally weak-
ened LGPT and MFL muscles in this study (Fig. 10) and the BTX-

A injected rabbits’ vastus lateralis muscle [7], which is the most
effective quadriceps muscle in providing stability in the upright
position [45]. In contradiction to this study’s predictions, the de-
scending trend of rectus femoris and vastus medialis muscles in
the later stages of BTX-A injections might be due to the associ-
ation between repeated BTX-A injections, muscle disuse atrophy,
and loss of weakened muscle characteristics [7].

4.4. Limitations

Due to the paucity of in vivo data in the current literature, the
results of this study were compared with the experimental data
on unilaterally BTX-A injected rabbits’ hind limbs [7] (Fig. 10), de-
spite the limited capability of animal studies to predict chemical
drug effects on humans [46] and the difference in the stable po-
sition of animal and human spines [47]. Results of the SKD model
showed a fairly good agreement with the experimental data on an-
imals [7] and humans [16-21], implying that introducing stability
criterion into the optimization algorithm made it feasible for MS
models to predict spinal loads (Fig. 8) and the contralateral muscle
impotence to the weakened muscles (Figs. 4-6). The greater loss in
the contralateral muscle strength of repeated BTX-A injected rab-
bits [7] than that found in the current study suggests that muscle
disuse atrophy may deteriorate both weakened and contralateral
muscles characteristics. In other words, aggravation of contralat-
eral attributes, ignored in the current study, may lead to a number
of physiological changes in skeletal muscle function [48], and thus
a greater loss in the contralateral muscles forces. Another discrep-
ancy between this work and a previous study [7] goes back to the
ways these two studies looked at the problem, i.e., a numerical in-
vestigation versus an experimental animal study [7]. In addition,
due to the insignificant effect of ignoring the translational degrees
of freedom on the accuracy of estimating spinal loads and stabil-
ity in musculoskeletal models [49], only the rotational degrees of
freedom were included in the analyses of this study. It should be
noted that the human central nervous system strategy for chang-
ing muscle activity patterns to stabilize the spine beyond its crit-
ical buckling condition remains incompletely understood [50]. In
order to overcome some of the shortcomings of this work, future
theoretical and electromyographic studies should be made taking
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into account the physiological effects of muscle disuse atrophy and
loss of characteristics of both weakened and contralateral muscles
in their human models.

5. Conclusion

In this study, the effects of unilateral weakening of the LGPT
and MFL muscles on overall muscle forces were investigated in an
adult thoracolumbar using a non-linear, 3D, six-joint kinematics-
driven and a stability-based kinematics-driven MS model com-
bined with a passive FE model of the spine. Both SKD and KD mod-
els could predict back muscle activities (Fig. 3) and IDPs (Fig. 9) in
agreement with the literature [16-21]. Nonetheless, in contrast to
the KD model, the SKD model provided a more realistic assessment
for contralateral muscle impotence (Figs. 4 and 9) and IDPs (Fig. 8)
implying that the SKD model has a stronger capability to investi-
gate focal muscular disorders. However, the approximate similar-
ity of predicted equivalent loads (Fig. 7) and lumbosacral discs’
stresses (Figs. 8 and 9) by both models illustrated the feasibility of
using the KD model to investigate the effect of trunk muscle weak-
ness on spinal loads, which could provide a new scope for biome-
chanical modeling applications in the field of ergonomics [44].
Due to the limitations of non-invasive procedures to assess the ef-
fects of unilateral muscle weakening on spine biomechanics [51],
it is hoped that the current stability-based kinematics-driven ap-
proach will be able to enhance our insight into the complex mech-
anisms behind muscles activation in the upright-standing posture
as well as shed some light on the effects of muscular weakness on
osteoarthritis.
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