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a b s t r a c t 

Using a combined musculoskeletal and finite element (FE) approach, this study aimed to evaluate 

stability-based muscle forces in a spine with adolescent idiopathic scoliosis (AIS) as compared to a nor- 

mal spine; and subsequently, determine the effects of stress distribution on the growth plates (GPs) of the 

growing spine. For this purpose a nonlinear 3D FE model of one normal and one scoliotic thoracolumbar 

spine, consisting of GPs attached to rigid L1 to L4 vertebrae, were developed using computed tomogra- 

phy images coupled with a growth modulation using the Stokes’ model. Corresponding well with recent 

in-vivo and in-vitro studies, results of the models predicted intradiscal pressures at the L3-L4 and L4-L5 

levels of 0.32 and 0.38 MPa in the normal spine and 0.30 and 0.36 MPa in the scoliotic spine, respec- 

tively; and hydrostatic and octahedral shear stresses on the apical GP of 0.11 and 0.06 MPa, respectively. 

The reaction moments in the scoliotic model resulted in higher compression on the posteroconcave side 

of the GPs, which led to deformity progression as predicted by the Hueter–Volkmann theory. Moreover, 

the augmented baseline growth in the Stokes’ model magnified both the scoliotic spine height and Cobb 

angle growth rates. The presented stability-based approach can be used to predict the performance of 

rehabilitation strategies in the clinical management of AIS. 

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

Adolescent idiopathic scoliosis (AIS) is characterized by three-

dimensional axial rotation and lateral curvature of the spine, and

is the most common type of spine deformity in adolescents rang-

ing from age 10 to 18 years [1,2] . A medical follow-up every 4–6

months is suggested for AIS patients [3] . There have been a num-

ber of passive, i.e. devoid of muscles, finite element (FE) models

developed to simulate a growing spine with AIS [4–7] . For instance,
Abbreviations: AIS, Adolescent idiopathic scoliosis; FE, Finite element; NFE, Nor- 

mal finite element; SFE, Scoliotic finite element; MS, Musculoskeletal; PCSA, Physio- 

logical cross-sectional area; GP, Growth plate; IVD, Intervertebral disc; IDP, Intradis- 

cal pressure; CoR, Center of reaction; SD, Standard deviation; CT, Computed tomog- 

raphy; EOS, Electro Optical System; CAD, Computer-aided drawing; LGPT, Longis- 

simus thoracis pars thoracic; LGPL, Longissimus thoracis pars lumborum; ICPT, Ilio- 

costalis lumborum pars thoracic; ICPL, Iliocostalis lumborum pars lumborum; MFL, 

Multifidus lumborum; MFT, Multifidus thoracis; QL, Quadratus lumborum; IP, Iliop- 

soas; EO, External oblique; IO, Internal oblique; RA, Rectus abdominus. 
∗ Corresponding author. 

E-mail addresses: kamal@aut.ac.ir (Z. Kamal), grouhi@aut.ac.ir , 

grouhi@uottawa.ca (G. Rouhi), arjmand@sharif.edu (N. Arjmand), adeeb@ualberta.ca 

(S. Adeeb). 
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he effects of multi-axial stresses on deformation of spinal mo-

ion segments of an adolescent have been investigated using both

nergy-based and Stokes’ growth models [4] . Using a FE model of

he L5-S1 spondylolisthesis, a strong correlation has been found

etween pelvic incidence and shear/compression stresses in the

rowth plate (GP) and in the intervertebral disc (IVD) at the junc-

ion [5] . Another FE model of a scoliotic spine has been used to

nvestigate the effect of a proposed smart growing rod which can

e more easily adjusted to the determined optimum length during

rowth thus increasing the effectiveness of treatment [6] . A differ-

nt FE model able to recommend a range of distraction force to use

or optimal correction was used to investigate the optimal distrac-

ion force of the growing rod on the spine growth and curvatures

s well as the stresses on the rod and screws [7] . 

Since trunk muscles play a crucial role in the kinetics and sta-

ility of the spine [8,9] , a combined musculoskeletal (MS) and FE

odel of the scoliotic spine needs to be developed to study the ef-

ect of muscle activation/co-activation on the biomechanics of the

pine. The effect of muscle forces on L4-L5 load sharing has been

reviously investigated using a combined MS and FE model of a

ealthy individual [10] . In a study by Huynh and co-workers [11] ,
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uchenne muscular dystrophy was simulated by applying unilat-

ral trunk muscle weakness in a MS model of the growing spine.

heir FE model consisted of simple rigid masses connected by

eam and spring elements representing the intervertebral discs,

igaments, and facet joints [12] . MS models can be employed to es-

imate muscle forces, and then, with the addition of gravity loads,

hey can be used in a geometrically-detailed FE model of the spine

o determine stress distribution on passive tissues, and ultimately

o study the growth of the spinal column or some of its segments.

owever, stress distribution within a GP under muscle exertions

as not yet been investigated in a combined MS-FE model which

an integrate growth modulation in the GP of an AIS spine. 

In the current literature review, the center of reaction (CoR)

as defined to be the geometric center of IVD for a normal spine

12–14] , which can cause sagittaly-symmetric stress distribution in

he GP leading to normal vertebrae growth and consequently to a

ormal spine curve [15] . The asymmetric geometry of a scoliotic

pine relative to the sagittal plane causes the CoR to deviate from

he geometrical center, i.e. centroid of the IVDs. That, in turn, re-

ults in additional reaction moments on the IVDs. The off-centered

oR induces reaction moments on those vertebrae that are pos-

ulated to cause different bone growth rates due to non-uniform

tress distribution on the vertebral body. These non-uniform stress

istributions are predicted to lead to progression of the deformity

uring growth, in accordance with the Hueter–Volkmann theory

15] , which states that increased compression and tension on the

Ps reduces and accelerates the vertebral growth rate, respectively.

he goal of the treatments currently used for AIS deformity, e.g.

rowing rod, brace, and physiotherapy, is to generate a more uni-

orm stress distibution on the GPs until the patient reaches skele-

al maturity. Despite the great importance of the CoR position for

pine equilibrium, the effects of the asymmetric geometry of an

IS spine on the CoR and the growth rate in different sections of

he GPs remain poorly understood. Therefore, accurate estimation

f trunk muscle forces, reaction moments, the position of the CoR

n scoliotic vertebrae, and the associated stress distributions on the

Ps of scoliotic spines are needed for more accurate predictions of

he growth patterns of affected spines. 

The present study attempts to use a combined MS-FE mod-

ling approach to evaluate muscle forces and reaction moments

n a spine with AIS compared to a normal spine. These forces

nd moments would allow the determination of the stress distri-

ution within the GPs of the growing spine and, using a proper

rowth model, could predict growth patterns in healthy and scoli-

tic spines. In this study, nonlinear 3D FE models of normal and

coliotic thoracolumbar spines with GPs attached to the cranial

nd caudal surfaces of each rigid L1 to the L4 vertebrae were de-

eloped based on subject-specific upright position images. Mus-

le forces and reaction moments, estimated by the stability-based

S model, along with gravitational forces were prescribed to the

ubject-specific FE models to calculate the spine curvatures and

tress distributions within the GP for a growing spine of both a

ormal and a scoliotic adolescent. L3-L4 and L4-L5 intradiscal pres-

ures (IDPs) of the normal and scoliotic models, the shift of CoR

rom the IVD centroids, hydrostatic and octahedral shear stresses

n the apical GP, von Mises stress distribution within scoliotic GPs,

nd the growth velocities of the spine height, frontal scoliotic Cobb

nd lordosis angles were calculated based on an upright-standing

osture. Moreover, sensitivity analyses were performed to assess

he likely effects of varying different parameters in the Stokes’

odel on the vertebral growth rate and progression of curvatures. 

. Materials and method 

Two MS models of trunk muscles were established based on

he coordinates of the point of attachment of the muscle fascicles.
hereafter, muscle forces and reaction moments, calculated by the

S models, along with gravity loads were prescribed on subject-

pecific FE models to estimate stress distribution within the GPs

f the L1 to the L4 vertebrae. In the following, the details of the

E models are introduced followed by a description of the MS

odels. 

.1. Finite element models 

The computer-aided drawing (CAD) parts of bones were devel-

ped based on computed tomography (CT) images (0.6 mm slice

hickness) of a thoracolumbar of a child with AIS (11.5 years,

36.4 cm, 31 kg, lumbar lordosis and frontal Cobb angles of 26.2 °
nd 24.4 °, respectively, for the left-convex L1-L4 scoliosis curve

ith an apex at L2) using Mimics (Materialise, V10.01) in the

upine posture. Then, using Electro Optical System (EOS) imag-

ng software (EOS imaging Co., France, Stereo Radiographic Patient

maging) [22] , EOS images of the same scoliotic trunk were used to

e-align the CAD parts of the vertebrae to have similar inclinations

n the anatomical planes to the upright-standing position ( Fig. 1 ).

eformities of the upright scoliotic spine were considered in all

natomical planes ( Fig. 1 ). Since the bony structures of a lumbar

pine with a scoliotic Cobb angle less than 30 ° has no wedging

n the primary stages of deformity initiation [23] , the CAD parts

f bones of the scoliotic model were re-aligned using EOS images

f an adolescent with a normal healthy trunk (11years, 136.1 cm,

0.5 kg, and L1-L4 lumbar lordosis angle of 26 °) to create a normal

odel of the spine in an upright-standing position ( Fig. 1 ). This

tudy was approved by Shahid Sadooghi Hospital (Yazd, Iran) and

he informed consent was obtained from both subjects. 

Subsequently, growth plates, which were created parallel to the

uter surfaces of the caudal and cranial endplates of L1 to the

4 vertebrae [24] , were developed in Catia (Dassault Systèmes®,

élizy-Villacoublay, France, V5R20) ( Fig. 1 e). To analyze the sco-

iotic FE (SFE) and normal FE (NFE) models, the CAD parts of

he bones and the GPs were imported into computer-aided engi-

eering software (ABAQUS 6.10, ABAQUS Inc., Providence, RI, USA).

he GPs were modelled having three distinct parts: mineralized

orthotropic material), growth (orthotropic material), and load-

ensitive (isotropic material) with respective thicknesses of 0.3, 0.5,

nd 0.3 mm [4] . All bony structures and the entire thorax were as-

umed to be rigid [25–31] and were assigned the element type of

3D4. All areas of each GP were modeled with three-dimensional,

-nodal reduced integration hexahedron solid elements (C3D8R)

ith relative mapping between the FE model elements of load-

ensitive and growth areas of the GPs [4] ( Fig. 1 ). Since the only

unction of the bone elements in the current models was for visu-

lization of the bone surfaces and confirmation of correct soft tis-

ue attachments, all bony parts were considered fully-constrained

n static analyses ( Fig. 1 e). 

The reaction forces ( F CoR ) and reaction moments ( M 

CoR ) about

ach IVD centroid were estimated according to static equilibrium

 Fig. 1 e). Material properties of the GP components were extracted

rom the literature [24,32] ( Table 1 ). 

.2. Musculoskeletal models 

The attachment sites of muscle fascicles to the bones in the

E models were estimated based on parametric anatomical stud-

es of the musculoskeletal spine [16–21] ( Fig. 1 ). To simulate the

eometry of the MS model, MATLAB scripting (MATLAB® R2014b,

athworks Inc., Natick, MA, US) was employed to compute the co-

rdinates of muscle attachment positions in the FE models and

urve fitting centered at the vertebrae, which have a total of six

VDs (T12-L1 through L5-S1) each having three non-linear rota-

ional stiffness values [33] ( Fig. 2 ). The distributed gravitational
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Figure 1. (a) EOS images of the scoliotic spine, in which S, L, and H represents, respectively, the scoliosis frontal Cobb angle, lordosis angle, and height of L1-L4. (b) FE 

model of: normal and scoliotic thoracolumbar spine (trunk muscles are represented with dashed lines) in frontal view. (c) Model of L1 through L4 of the scoliotic spine 

in the transverse and sagittal planes. (d) Detailed model of the upper GP of a vertebra in the FE model showing the mineralized, growth, and load-sensitive areas, with 

their respective thicknesses of 0.3 mm, 0.5 mm, and 0.3 mm [4] . (e) Schematic depiction of reaction force ( F CoR ) on the CoR, which in the case of scoliosis is shifted about 

D CoR from the IVD centroid. The reaction moment ( M 

CoR ) is the product of F CoR multiplied by D CoR . Free body diagram of a vertebra, here L2 as an example, is illustrated in 

coronal and sagittal views with the reaction forces and moments about the spinal joints on cranial and caudal GPs. The unit vectors of n long , n ml , and n ap , respectively, are 

in the local longitudinal, mediolateral, and anteroposterior directions on the GP surface. The reaction moments about the center of IVD ( M 

CoR ) consist of the M 

ap , M 

ml , and 

M 

long , and the shift of CoR positions from the IVD center ( D CoR ) consist of the D ap , D ml , and D long , respectively, alongside the anteroposterior, mediolateral, and longitudinal 

directions at each level. 
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Table 1 

Mechanical properties of growth plate components used in the finite element models. 

Various parts of growth plate Young and shear moduli of elasticity (MPa) Poisson’s ratio (v) Ref. 

E m E n E l G nl G ml G mn 

Load-sensitive area 23.8 23.8 23.8 10.6 10.6 10.6 0.4 [32] 

Growth area 401 767 1157 24 24 20.4 0.12 [24] 

Mineralized area 401 767 1157 24 24 20.4 0.12 [25] 

Note that m, n , and l , respectively, are alongside the mediolateral, anteroposterior, and longitudinal directions at 

each level. 

Figure 2. Musculoskeletal models of: (a) a normal; and (b) a scoliotic thoracolumbar spines in the upright-standing posture, in both sagittal and coronal views with center 

of gravity loads represented as the white circular points in front of the vertebral column. The black squares and red circles in the vertebral column are the position of 

vertebrae and IVDs, respectively, which were assumed as their geometric centroids [12–14] . Ninety-two bilateral distinct wires were made in the FE models to simulate 

muscle fascicles ( Figure 1 d). Sixty-two bilateral fascicles of local muscles were attached to 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 thoracic spine and cage, including global back muscles (LGPT: longissimus thoracis pars thoracic; and ICPT: iliocostalis lumborum pars thoracic), and 

global abdominal muscles (IO: internal oblique; EO: external oblique; and RA: rectus abdominus) [33] . (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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oads at each level, applied eccentrically to the MS model, and

uscles’ physiological cross-sectional areas (PCSA) were used by

caling the magnitudes of the in-vivo measurements represented

n the literature [34–38] ( Fig. 2 ). 

Muscle forces and reaction moments were estimated in the

pright-standing posture using an optimization algorithm which

as constrained to equilibrium and stability conditions [33,39] .
he moment equilibrium equations were formulated by taking the

oR into account. Equation (1 ) was used to optimize the muscle

tresses and reaction moments in the MS model to meet the sta-

ility condition in a scoliotic spine [39] . To address the redundancy

n the system of equations, which includes 110 unknowns (92

uscle forces and 18 reaction moments) but only 18 equilibrium

quations, i.e. 3 equality equations at each level for 6 joints, an



50 Z. Kamal, G. Rouhi and N. Arjmand et al. / Medical Engineering and Physics 64 (2019) 46–55 

a

b

-9.5%
+3%

0

10

20

30

40

50

60

Su
m

 o
f a

ll 
m

us
cl

e 
fo

ce
s a

t 
ea

ch
 si

de
 (N

)

NFE

SFE (Concave)

SFE (Convex)

2

2

-27 -34

-14

2

2

4
11

27

0

5

10

15

20

LGPT ICPT LGPL ICPL MFL

M
us

cl
e 

fo
rc

es
 (N

) NFE SFE (Concave) SFE (Convex)

-51 -27
-43 -3

4

-1
14 8

-22
-3

1
-1

0

5

10

15

20

MFT QL IP EO IO RA

M
us

cl
e 

fo
rc

es
 (N

)

Figure 3. (a) Sum of all muscle forces in NFE and SFE models (N), and (b) individual muscle forces (N) of pediatric normal and scoliotic models of spine on each side of the 

spine, with the change percentage in the muscle forces over the FE models on each bar. The complete names of the muscles were appeared in Figure 2 . 

Table 2 

Reaction moments (M 

CoR ) and the shift of the CoR from the IVD 

centroids (D CoR ) in local coordinates at each level in the SFE 

model. The directions were appeared in Figure 1 . 

Level M 

CoR (N.mm) D CoR (mm) 

M 

CoR 
ml 

M 

CoR 
long 

M 

CoR 
ap D CoR 

ml 
D CoR 

long 
D CoR 

ap 

T12-L1 0.0 75.3 101.6 −0.7 0.0 0.0 

L1-L2 −71.9 83.4 356.7 −1.0 0.0 −0.2 

L2-L3 −158.5 116.8 653.7 −3.5 0.0 −0.8 

L3-L4 −71.9 74.8 238.2 −1.2 0.0 −0.4 

L4-L5 −30.4 64.1 60.3 −0.3 0.0 −0.2 

L5-S1 0.0 49.6 33.0 −0.2 0.0 0.0 
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optimization algorithm was used in Matlab to minimize summa-

tion of the cubed muscle stresses and reaction moments. Equilib-

rium equations were written at six levels, i.e. T12-S1, to calculate

muscle forces and reaction moments in the global xyz coordinate
ystem ( Fig. 1 ). 

in 

(
92 ∑ 

m =1 

(
F m 
A m 

)n + Const. 

(
6 ∑ 

i =1 

∣∣M 

CoR 
xi 

∣∣n + 

6 ∑ 

i =1 

∣∣M 

CoR 
yi 

∣∣n + 

6 ∑ 

i =1 

∣∣M 

CoR 
zi 

∣∣n 

))

ub ject to : 

{ ∑ 

M 

total 
i 

= M 

CoR 
i 

i = 1 , 2 , . . . , 18 

eig ( Hessian ) > 0 

F passi v e ≤ F m 

≤ σmax . A m 

+ F passi v e m = 1 , . . . , 92 

(1)

Equation (1 ) includes unknown individual forces for each mus-

le ( F m 

), the muscle PCSA ( A m 

), summation of all moments ( M 

total )

nd unknown reaction moments ( M 

CoR ) at each joint about the

enter of the IVD in three directions, the passive force components

 F passive ), the eigen-values of the Hessain matrix of the potential

nergy, eig (Hessian), and maximum allowable muscle stress ( σ max )

hich was assumed to be 0.6 MPa [33] . To investigate the stress

istribution within the GPs, the reaction forces (approximated as

ector summation of the muscle and gravitational forces at each
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of L2 in NFE and SFE models; and (Bottom) Mean and standard deviation (SD) of the von Mises stress at each GP of the NFE and SFE models. 
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S  
evel) as well as the reaction moments about the IVD centroids

ere applied on the load-sensitive areas of the cranial and cau-

al GPs of the fully-fixed L1 to L4 ( Fig. 1 e) as distributed pressures

nd shear stresses. Since the CoRs in the normal model were as-

umed to be at the IVD centroid [12–14] , reaction moments about

he IVD centroids in Equation (1 ) were used only in the case of

he scoliotic model. The Matlab algorithm ensured that the results

f the muscle forces and reaction moments were the global, rather

han local, minimizers of the objective function shown in Equation

1 ). 

.3. Modeling bone growth and growth modulation 

Measurements taken at monthly-intervals over a one year pe-

iod were used to assess the deformity progression in the current

tudy. Since bone growth is a long-term process, an average of

aily-nightly loads [40] was assumed to be the mechanical stimu-

us on the spine. For the sake of simplification, daily loads included

ravitational loads and muscle forces in an upright-standing posi-

ion. Based on a ratio of nightly load to daily load (W night /W day ) of

bout 0.35 [40] , the average load on the spinal vertebrae was cal-

ulated using Equation (2) and applied on the FE models at each

rowth iteration. 

 a v e = 

2 

3 

W day + 

1 

3 

W night = 78 . 3 % W day (2)

Stokes’ model [41] (Eq. (3)) , supported by in-vivo experimental

ata and evidence [42–45] , was used to simulate the bone growth
 e  
n this study. 

ε l = �G l (1 + βσl ) (3)

here the l -axis represents the longitudinal direction along the

ertebral main axis and perpendicular to the growth plate. In

quation (3) , the resulting growth strain increment �εl (month 

−1 )

as expressed as the contribution of the baseline (physiologi-

al) longitudinal growth increment, �G l (month 

−1 ), which was

dapted from the reported lumbar vertebrae growth rate of

.1 mm/year [11] and a mechanically modulated growth incre-

ent, �G l βσ l (month 

−1 ). The 2nd term was evaluated based

n the internal mechanical stimulus, σ l (MPa), and the sensi-

ivity factor, β (MPa −1 ) of bone tissue to that stimulus [41] .

o calibrate the current growth model with the Stokes’ model

he parameters of the growth equation, Equation (3) , were ad-

usted up until the average growth rate sensitivity to the stress

as about 17.1%. This was done by adding the longitudinal stress

Stress = 0.1 MPa , in two separate scenarios of distraction and

ompression, to the spinal loads on the vertebrae [42] ( Eq. (4) ).

ensit i v it y = 

�( Growth − Rate ) 
(

micron 
day 

)
�St ress ( MP a ) 

(4)

here �(Growth − Rate) is the growth rate increment obtained by

dding the �Stress to the stresses on the GPs. 

Based on an experimentally determined range of

.4 ∼1.71 MPa −1 for the sensitivity coefficient ( β) [41,42,46] and

.2 ∼1.2 mm/year for the baseline growth ( G l ) [6,47,48] in the

tokes’ model, sensitivity analyses were performed to assess the

ffects of β and G on the growth rates of the vertebrae and spine
l 
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Figure 5. Predicted one-year growth rate of: (Top) the height (HR), in mm/year; (Middle) the scoliosis Cobb angle (SR); and (Bottom) the lordosis angle (LR), in deg./year, of 

the growing L1-L4 NFE compared to SFE model with different sensitivity coefficients, β , over the different values of baseline longitudinal growth, G l , in the Stokes’ model. 
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curvatures. To do so, different values of 0.5, 1, and 1.5 MPa −1 

were chosen for the sensitivity coefficient ( β) to compare with

different baseline growth ( G l ) values of 0.5, 0.8, and 1.1 mm/year

in the Stokes’ model [41] . Simulation of each iteration of the

spine growth consisted of four consecutive steps: applying forces,

measuring stresses in each element of the growth plates, calcu-

lating growth, and updating the geometry [4] . The Cobb angle,

lordosis angle, and vertebral height of L1-L4 were calculated in

each iteration. 

3. Results 

Asymmetric geometry of the scoliotic spine in the sagittal plane

can cause asymmetry in the muscle forces, which in turn can put

greater compression on one side leading to deformity progression.
esults of this study showed that the sum of the muscle forces on

he convex side of the scoliotic spine is greater than that of the

oncave side ( Fig. 3 a). The normalized difference shown on each

ar ( Fig. 3 a) was calculated using Equation (5) , in which A1 and

2 represent the sum of magnitudes of the forces of all muscles

n each side of the NFE and SFE models, respectively: 

ormalized difference = ( A2 − A1 ) / ( A1 ) ( % ) (5)

By dividing the vector summation of the gravity and muscle

orces over the disc area at each level [49] , with a correction fac-

or of 0.66 [49] , the intradiscal pressures at the L3-L4 and L4-L5

evels were found, respectively, to be ∼0.32 and 0.38 MPa in the

ormal FE model and 0.30 and 0.36 MPa in the scoliotic FE model.

ean and standard deviation of the hydrostatic and octahedral

hear stresses ( S ave ± SD ) in the apical GP, i.e. the caudal GP of the

pex L2, were found, respectively, to be ∼0.11 ± 0.05 and 0.05 ±
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s  
.03 MPa in the NFE and ∼0.11 ± 0.06 and 0.06 ± 0.04 MPa in the

FE model. 

The CoRs shifted from the IVD centroids to the posteroconcave

ide in the SFE model ( Table 2 ). The longitudinal shift of the CoR

as negligible at all levels. 

The FE analysis of the normal and scoliotic L1-L4 model under

uscle forces, reaction moments, and gravity loads showed that

he greatest difference between the stress levels in the concave and

onvex sides occurred in the apical GP in the SFE model, with a

aximum SD of 7.3% ( Fig. 4 ). 

Using the Stokes’ model with a sensitivity coefficient β of

 MPa −1 and baseline physiological growth G l of 1.1 mm/year [4] ,

he total growth rates of scoliotic L1, L2, L3, and L4 were found

o be ∼12.9, 12.6, 16.4, and 17.0 mm/year, respectively. These were

lmost similar for the normal and scoliotic models. A positive cor-

eleation was found between the scoliotic spine height and Cobb

ngle growth rates for different values of the baseline growth and

ensitivity coefficient of the Stokes’ model ( Fig. 5 ). 

. Discussion and conclusions 

This study used a combination of musculoskeletal and finite

lement modeling to evaluate the stability-based muscle forces

n a spine with adolescent idiopathic scoliosis compared to a

ormal spine, as well as to determine the effects of stress dis-

ribution within the growth plates of the growing spine under

uscle exertions, reaction moments, and gravity loads. For this

urpose nonlinear 3D FE models of the upright thoracolumbar

pine of a scoliotic individual, consisting of cranial and caudal GPs

ttached to rigid L1 to L4 segments, were developed using CT im-

ges. The reaction forces, approximated as vector summation of

he muscle and gravitational forces at each level, and the reac-

ion moments about the IVD centroids were applied on the GPs

f the fully-fixed L1 to L4, as an alternative to the in-vivo loading

ondition, to investigate the stress distribution within the GPs. Re-

ults of the present work showed the compatibility of the novel

tability-constrained biomechanical trunk model to estimate mus-

le forces and reaction moments of an AIS spine, while integrat-

ng vertebral growth and growth modulation. Moreover, a sensi-

ivity analysis was conducted on the effects of different values of

he baseline physiological growth and sensitivity coefficient in the

tokes’ model, i.e. G l and β in Equation (3) , on the growth pattern

f the scoliotic spine. 

Results of the scoliotic model ( Fig. 3 ) showed that the cumula-

ive force of the convex-side of the muscles was greater, on av-

rage by about 12.5%, than that of the contralateral muscles in

greement with the literature [50,51] , with the greatest increase

n the convex-side multifidus lumborum (MFL) force, i.e. by about

7% ( Fig. 3 b). Greater contraction of the convex-side para-spinal

uscles ( Fig. 3 b) was consistent with previously reported greater

lectromyography activation of these muscles [52,53] , indicating

heir important role in keeping the stability-based model of the

IS spine in equilibrium [54,55] . Moreover, it was also found that

he maximum reaction moment can be found in the apical level

f the SFE model ( Table 2 ), where the farthest position of the off-

entered CoR from the IVD centroid is located. The longitudinal re-

ction moment ( Table 2 ) can induce an abnormal axial rotation in

he AIS spine towards the concavity, which is a symptom that can

dentify idiopathic scoliosis [56,57] . It is also in agreement with the

eported effect of the greater overall force of the convex-side mus-

les ( Fig. 3 a) on compelling the posterior parts of vertebral bodies’

otation towards the concave side [8,58] . 

In order to indirectly check the validity of the combined MS-FE

odels, the predicted muscle forces and reaction moments found

n this study along with gravity loads were applied on each level

f the fully-constrained L1-L4 FE models to estimate the intradis-
al pressures. The IDPs at the L3-L4 and L4-L5 levels were, re-

pectively, ∼0.32 and 0.38 MPa in the normal FE model and 0.30

nd 0.36 MPa in the scoliotic FE model, which are in satisfac-

ory agreement with the in-vivo data in normal subjects ranging

rom 0.35–0.54 MPa [59–61] in the L4-L5 level and 0.27–0.33 MPa

62,63] in the L3-L4 level. Moreover, the mean and standard devia-

ion of the hydrostatic and octahedral shear stresses in the caudal

P of apex L2 were found, respectively, to be ∼0.11 ± 0.05 and

.05 ± 0.03 MPa in the NFE and ∼0.11 ± 0.06 and 0.06 ± 0.04 MPa

n the SFE model, which were in agreement with another study

64] and comparable with the previously reported in-vitro exper-

mental data of 0.31 and 0.03 MPa for hydrostatic and octahedral

hear stresses in GP, respectively [13] . 

The greatest von Mises stress occurred in the apical GP of the

FE model ( Fig. 4 ), with a maximum SD of 7.3% from the average

on Mises stress in the same tissue. This observation reaffirmed

he association between the maximum reaction moment and the

reatest shift of the CoR away from the IVD centroid at the apex

evel ( Table 2 ). The greater stress level on the posteroconcave side

f the GPs ( Fig. 4 ), due to the shift of the CoRs towards the same

ide ( Table 2 ), can confine the bone growth rate in that region, and

n turn can promote increasing spine deformity in accordance with

he Hueter–Volkmann theory as well as anterior spinal overgrowth

n AIS consistent with the literature [65,66] . 

Based on experimentally determined ranges [41,42,46–48] , a

omplementary sensitivity analysis of the baseline physiological

rowth, G l , (0.5–1.1 mm/year), and the sensitivity factor, β , (0.5–

.5 MPa −1 ) in the Stokes’ model, it was shown that these parame-

ers have significant effects on the growth rate and curvature pro-

ression of the spine ( Fig. 5 ). The positive correleation between

he scoliotic spine height and Cobb angle growth rates ( Fig. 5 )

s in agreement with the reported clinical effects of rapid spine

rowth on spine curvatures [67–70] . While increasing G l ampli-

ed both the baseline and mechanically modulated growth rates

btained by the Stokes’ model, the augmented β intensified only

he effect of the mechanical stresses on the GP. While this led to

n increase in the angle of curvatures of the spine and a reduc-

ion in the vertebral growth ( Fig. 5 ), they both still remained in

he physiological ranges [71] . The augmented baseline growth in

he Stokes’ model mostly increased the growth rates of the spine

eight and Cobb angle ( Fig. 5 ); however, it decreased the lordo-

is angle with a slow continuous trend in agreement with another

tudy [72] . Using Stokes’ model [41] Equation (3) with a sensitiv-

ty coefficient, β , of 1 MPa −1 and baseline physiological growth, G l ,

f 1.1 mm/year [4] , the total growth rates of L1-L4 were found to

e 12.6–17.0 mm/year, which were in agreement with the values

f 6–32 mm/year at each spinal growth plate [48,73] . No signifi-

ant difference was seen between the spine height growth rate of

he normal and AIS models ( Fig. 5 ), which is in agreement with

he literature [70] . The produced coronal deviation in the normal

rowing spine ( Fig. 5 ) reinforced the hypothesis which states that a

rimary disorder in the spine is a key factor in the AIS progression

74] , and is consistent with the mild trunk asymmetries observed

n healthy adolescents in school screening [75–78] . 

Due to the lack of data in the current literature, the scoliotic

odel in this study was validated against a normal spine. Noting

he capability of the Stokes’ model [41] to predict bone longitu-

inal growth [14] , the transverse growth of bone and consequent

ertebral physiological cross-sectional area changes were not taken

nto account in this work. The growth of muscles was indirectly

ccounted for by changing their attachment sites during growth,

s suggested in the literature [79] . In addition, the gravitational

oads and PCSA of the muscles were used by scaling the magni-

udes of the in-vivo measurements represented in the literature

34-38] . Moreover, assuming that the deformity in AIS is mostly as-

ociated with the disturbed endochondral growth of the vertebral
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body rather than that of the posterior elements [66,80] , the growth

of the posterior elements was not considered here either. It should

be noted that besides biomechanical stimuli there are many other

factors, such as neurological, evolutionary, genetic, environmental,

and hormonal factors [81–84] , at play and effective in the develop-

ment of spine deformity. However, in the current study the growth

of the scoliotic spine was investigated by only biomechanical fac-

tors. 

In conclusion, two staggered FE-MS models of one normal and

one scoliotic trunk, each coupled with a growth modulation, were

investigated using a stability-based optimization approach in or-

der to predict the growth rates of the vertebrae height and spine

curvatures using different parameter values in the Stokes’ growth

model [41] . The approach presented in this study might be used to

investigate the effects of long-term strengthening of the muscles

and alignment correction exercises in order to devise more effec-

tive plans for conservative clinical therapies, such as exercise ther-

apy or bracing, for patients with AIS. Due to the rib’s protection

and thus the semi-rigid behavior of the thoracic cage, the growth

of the lumbar vertebrae should be more influenced by muscle ex-

ertions than that of the thoracic spine. Moreover, the lumbar spine

is more exposed to the risk of loss of stability than the thoracic

spine [85] and thus has a greater potential of deformity progres-

sion than the thorax [86] . These notions may encourage one to

conclude that despite the reportedly more severe evolution of tho-

racic scoliosis [87] , the lumbar spine rather than the thoracic spine

might be a better candidate to investigate the effects of muscular

therapies on scoliotic spine stability. It is hoped that the stability-

based model of the AIS spine presented here can be employed to

increase our understanding of the complex mechanisms involved

in scoliotic progression, and to help researchers in their investiga-

tions of the performance of therapeutic devices, such as growing

rods, to improve the design of preventive rehabilitation strategies

for the clinical management of AIS. 
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