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Abstract Inadequate understanding of risk factors
involved in the progression of idiopathic scoliosis restrains
initial treatment to observation until the deformity shows
signs of significant aggravation. The purpose of this anal-
ysis is to explore whether the concave—convex biases
associated with scoliosis (local degeneration of the inter-
vertebral discs, nucleus migration, and local increase in
trabecular bone-mineral density of vertebral bodies) may
be identified as progressive risk factors. Finite element
models of a 26° right thoracic scoliotic spine were con-
structed based on experimental and clinical observations
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that included growth dynamics governed by mechanical
stimulus. Stress distribution over the vertebral growth
plates, progression of Cobb angles, and vertebral wedging
were explored in models with and without the biases of
concave—convex properties. The inclusion of the bias of
concave—convex properties within the model both
augmented the asymmetrical loading of the vertebral
growth plates by up to 37% and further amplified the
progression of Cobb angles and vertebral wedging by as
much as 5.9° and 0.8°, respectively. Concave—convex
biases are factors that influence the progression of scoliotic
curves. Quantifying these parameters in a patient with
scoliosis may further provide a better clinical assessment of
the risk of progression.

Keywords Scoliosis - Growth modulation -
Hemiepiphysiodesis - Finite element model

Introduction

Scoliosis is a musculoskeletal deformity defined by a lat-
eral and rotational curvature of the spine. This affects 3—
4% of the population of which 80% are idiopathic. There
are several theories that attempt to describe its etiology,
however no individual or exclusive cause has yet to emerge
from this ongoing investigation. Notwithstanding, it is
generally accepted that an important factor in the pro-
gression of such deformity is founded on the Hueter—
Volkmann principle [19]. This principle distinguishes how
non physiological loading of epiphyseal plates will modify
regular growth patterns. When extended to the patho-
mechanism of scoliosis, it essentially defines how
asymmetric loading of the vertebral bodies leads to the
progression of the deformity. This phenomenon is further
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supported by the frequent clinical observation of local
vertebral deformations in the form of wedging within
scoliotic spines [3, 26, 39]. The dynamics responsible for
such alteration has been verified by several authors and has
been quantified through the process of in vivo experi-
mentation on various species [34]. The resulting growth/
force relationships have then been integrated into finite
element models in order to forecast progression of selected
spinal configurations [33, 38]. The predictive ability of
these simulations highlights the importance of maintaining
physiological loading conditions within the spine during
pubertal growth.

Although spinal loads are induced by muscular activity,
body weight, and subject dynamics, the morphology and
mechanical properties of tissues surrounding the vertebral
growth plates nonetheless manipulate local stress distribu-
tion. More specifically, the health of the intervertebral disc,
the migration of the nucleus pulposus, and the trabecular
bone mineral density (BMD) have each been identified as
factors involved in local stress elevations [11, 14, 18].
Adams et al. have shown that a degenerated disc becomes the
main source of load transfer against the adjacent endplate
(formerly the growth plate in immature vertebra) [1]. Also,
they have demonstrated that damaged trabecular arcades
lead to high stress concentrations in the apposing annulus [2].
Keller et al., among others, have shown a close correlation
between intervertebral disc degeneration and underlying
trabecular BMD [15]. Degenerated discs and increased tra-
becular BMD undergo an increase in mechanical modulus [9,
21]. These mechanical biases may then generate local
increase in the stress levels of the surrounding growth plate.
Such concept of stress shielding, due to altered mechanical
properties, has been recognized to play a role in the etiology
of posttraumatic osteoarthritis of knee articular cartilage
[13]. This is propagated by a local increase in BMD, which
allows for a greater load support and thus the associated
increased rate of cartilage wear. Within the spinal column,
the described concave—convex biases are known to cause
elevated risk levels of failure in endplates [25] but their role
in the progression of idiopathic scoliosis has never been
explored.

The geometric configuration of a scoliotic spine entails
remodeling of both the discs and the trabecular bone due to
unbalanced loading between the concave and convex sides
of the curve. Elevated levels of BMD have been quantified
to occur in the concave side of the curvature when com-
pared against measurements taken from the convex side
[31]. The annulus of adolescent scoliotic spines have been
reported to show signs of degeneration on the concave
portions [10, 37]. Also, an offset of the geometric centre of
mass in vertebral bodies, due to altered BMD, was corre-
lated to the degree of nucleus migration in adolescents with
idiopathic scoliosis [28, 29].

The objective of this article is to test the hypothesis that
the lateral concave—convex biases of scoliotic spines play a
role in the progression of the deformity by altering stress
distribution over the growth plates.

Materials and methods

The geometry of two finite element models (FEM) was
constructed on the bases of patient specific characteristics
obtained from a stereo-radiographic reconstruction tech-
nique, which provided 3D coordinates of 17 points per
vertebra [4]. The patient under consideration had a right
thoracic curve of 26° Cobb (apex at T7) with a normal
sagittal profile. The resulting FEM consisted of approxi-
mately 35,000 elements governed by linear elastic
behaviour (Fig. 1). The models were composed of seven-
teen anterior vertebral bodies from T1 to L5 and 16
intervertebral discs, while including nine anatomical par-
titions with material properties that reflect findings from
published studies (Table 1). These partitions include: the
cortical shell; two trabecular portions dividing lateral
concave and convex sections; two divisions for the annulus
fibrosus, also with a concave—convex division; nucleus
pulposus; and the vertebral growth plates constructed in
three sections, as previously explored [36]. In this study,
the zones of the vertebral growth plates were constructed in
three sections, namely a sensitive zone, a newly formed
bone layer, and a transition zone. The sensitive zone
includes the physiological reserve, proliferative and upper
hypertrophic regions of the growth plate. The newly
formed bone area includes the lower hypertrophic region in
which bone calcification occurs. The rate at which local
bone growth occurs in this section is governed by the stress
levels experienced in the above sensitive layer [30]. The
transition region links the above sensitive and newly
formed bone regions to the underlying trabecular bone and
its cortical shell (Fig. 1). The applied spinal forces are
based on load distribution, as reported by Schultz [32], and
defined by a body weight (BW) distribution of 14% on T1
with an addition of 2.6% on the following vertebral bodies,
ending at L5 with 57% of BW. A “follower load” of a
magnitude of 20% BW, with force vectors tangential to
curvature profile, was also added to BW to emulate the
forces and stability provided by the surrounding muscles
[27]. The boundary conditions of the model were provided
by a restraint on the inferior extremity of L5 in all degrees
of freedom during loading and growth simulations.

The nucleus within the disc remained laterally centered in
the model without biases, while its position was governed by
a correlation derived from MRI analyses that determined the
nucleus position in patients with idiopathic scoliosis in the
model including the discussed concave—convex biases [29].
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Fig. 1 a Posterior view of
FEM; b vertebral body with
growth plate divisions; ¢ stress
zones of interest on vertebral
growth plate

Table 1 Material properties of different anatomical structures of the FEM

Tissue Zone Model w/out biases Model w/ biases
Young’s modulus Poisson’s Young’s modulus (MPa) Poisson’s ratio
(MPa) ratio
Concave Convex
Growth Plate Sensitive 12 0.4 12 12 0.4
Newly formed bone 100 0.3 100 100 0.3
Transition 300 0.3 300 300 0.3
Intervertebral disc Nucleus 2 0.49 2 2 0.49
Annulus 8 0.45 8 to 10 8 0.45
Vertebral body Cortical bone 14,500 0.3 14,500 14,500 0.3
Cancellous bone 400 0.3 400 to 429.6 400 0.3

Its displacement from the lateral geometric center was
defined as a function of its wedge angle. However, the
mechanical properties of the nucleus were homogenous
throughout the spine in both models. The Young’s modulus
of both the annulus and the trabecular regions were uniform
in the model without biases whereas different concave—
convex moduli were programmed to be representative of
their location within the curvature of the spine in the model
with biases. The elastic modulus distribution within the discs
respect experimental results from complementing studies
[17, 42]. The local concave stiffness of the annulus was
attributed a modulus associated with discs of grade 2
degeneration (Nachemson score) whereas the modulus of the
convex portion was considered that of a healthy disc. The
modulus of the concave section of the trabecular bone was
acquired by following correlations describing the offset of
the geometric center of mass [28], while the convex portion
was maintained at 400 MPa. Equilibrium relations were then
used, while assuming a lateral 50-50 division, to achieve the
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ratio of BMD between the concave and convex regions.
These ratios were then converted into BMD magnitudes
respecting statistical CT measurements taken from vertebral
bodies of stage II tanner subjects [6]. Finally, a local modulus
bias was achieved by converting the difference in BMD to a
bias in mechanical properties within the trabecular region
using correlations obtained from pig vertebrae [24].

The analysis of the modulus bias impact was performed
in two parts. The first part was achieved by executing a
detailed stress analysis of the sensitive layer of the verte-
bral growth plates of the models with and without the
concave—convex biases (trabecular bone and annulus
moduli with nucleus migration). Results were then com-
pared and the differences in growth plate stress distribution
were quantified. This interpretation consisted of acquiring
the longitudinal stress, perpendicular to the growth plate,
on the 7,000 nodes of the sensitive layers in each spine
model. Because it is the sensitive layer that responds to
stress and regulates the level of growth in the vertebra [30],
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it was divided into nine zones of interest: flex zone (FZ),
lateral left (LL), lateral right (LR), anterior (A), posterior
(P), anterior lateral left (ALL), anterior lateral right (ALR),
posterior lateral left (PLL), and posterior lateral right
(PLR) (Fig. 1). The mean stress across each zone of the
growth plates was determined by taking the average lon-
gitudinal stress acting on all nodes within the division. This
simulation was then repeated while individually including
the nucleus migration, annulus stiffness bias, and trabecu-
lar bone stiffness bias, in order to interpret the influence
each factor has on altering stress distribution over the
growth plates.

The second part of the analysis performed iterative
computations in order to simulate the growth of an ado-
lescent spine for both models (Fig. 2). A progression of one
year was simulated at 3-month intervals where each itera-
tion consisted of four sub-steps. First, loading was applied
followed by evaluation of the stress levels (o) registered in
the growth plates’ sensitive zone. The scaled (f) differ-
ence, between these stress levels (o) and those measured
under regular conditions (g,,), were converted into a ther-
mal loading and applied on the adjoined elements in the
newly formed bone layer. The thermal expansion (G) of the
elements in this layer simulated the respective mechanical
growth modulation as a ratio of the otherwise uniform
growth (Gp,).

G =Gun(l — (o —0om)) [34]
p=17MPa!
om = 0.1 —0.02MPa
Gm = 0.8 — 1.1 mmyear ' [3]
Stress analysis, which included assessment of sagittal

and coronal Cobb angles as well as vertebral wedging, was
performed after each growth iteration.

Patient Based
Geometry

|

I Finite Element Model I

!

| Apply Physiological Forces |

Measure Stress

Update Geometry in Growth Plate

Output
Apply Calculated Growth
Response

+ stress distribution
over vertebral
endplates

+ Cobb and local
wedge angles

Fig. 2 Block diagram of algorithm pattern controlling growth
simulation

Prior to the analysis, the model was validated through
several steps. The stress profile, measured within the
intervertebral disc of the L4-L5 functional unit, was
compared to the magnitude and distribution of those
measured in vivo by Wilke in various positions [40]. Also,
load sharing between the cortical and trabecular regions in
the vertebral body, was compared with ratios acquired via
compression testing of excised thoracic vertebra [16]. In
addition, a sensitivity analysis was performed in order to
explore the relative contribution to the loading assumption
compared to the explored concave—convex biases. This was
achieved by simulating different loading applications
(gravitational load, follower load, and a scaled combination
of both gravitational and follower loads) and quantifying
the change in stress distribution relative to those imposed
by the explored concave—convex biases. Finally, in order to
isolate the influence of the concave—convex biases from
spinal configuration, the calculated concave—convex
inequalities (Table 1) for the right-thoracic model were
integrated into a third FEM. This model was attributed a
normal alignment, thus perfectly aligned in the coronal
plane with a sagittal profile matching the other models, and
the described growth simulation was performed.

Results

The concave—convex biases for the spine model with a
right thoracic Cobb of 26° were determined to be a 2 MPa
increase of the modulus in the concave portion of the
annulus, up to 29.6 MPa increase in the concave section of
the trabecular bone when compared to convex portion, and
a nucleus migration of up to 2 mm towards the convexity
of the spine. Stress distribution in the right thoracic model
without these biases showed the presence of asymmetrical
loading on the growth plates. Figure 3 shows how the
coronal curvature creates non-uniform stress distribution
between the lateral left (concave) and right (convex) sub-
divisions. The greatest difference occurred in the apex T7
at 0.46 MPa, with the lateral left section measuring
0.68 MPa and the lateral right showing 0.22 MPa. Results
from running identical simulations, in the model that
included the effect of a migrating nucleus and mechanical
concave—convex biases in the trabecular and annulus, are
also displayed in Fig. 3. The analysis returned very similar
stress profiles for the anterior and posterior zones of
interest in the growth plates. However, it returned a stress
increase on the concavity of the curve (LL) and a stress
reduction on the convexity (LR) of the thoracic region,
while the opposite effect was observed in the lumbar
region. This difference is most prominent at the apex of the
curvature T7 at 0.63 MPa, with lateral left and right
stresses of 0.78 and 0.15 MPa respectively. Therefore the
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Fig. 3 a Lateral left and T
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relative difference at the apex imposed by including the
biases was found to be 0.17 MPa or a 37% increase over
regular stress distribution without the presence of the bia-
ses. This increase in asymmetric stress caused by the
concave—convex biases varied in the thoracic curve
between 18% at T4 and 29% at T9 whereas stress manip-
ulation was less prominent in the lumbar region. The
individual contribution of the concave—convex biases, to
the increase in asymmetrical loading of T7, was calculated
to be 43% due to annulus stiffness bias, 22% from the
trabecular stiffness bias, and 35% evolved from nucleus
migration.

Results from growth simulations performed under the
above conditions further highlighted the influence of con-
cave—convex biases. There was negligible progression of
lordosis and kyphosis defined by insignificant vertebral
wedging in the sagittal reference plane. However, the Cobb
angles and vertebral wedging in the coronal plane pro-
gressed over the length of the simulations. Figure 4
displays the vertebral wedging in the coronal plane after
one year of progression for the models with and without the
integration of the concave—convex biases. The wedge
angles for both cases share the same pattern with a slight
discrepancy at T11-T12, which becomes the inflexion

0.8 0 01 02 03 04 05 06 07 08
Stress (MPa)

0.5 0.6 0.7

point of the new spinal configuration. The sum of vertebral
wedging in the thoracic and lumbar regions are 33.0° and
—15.3° respectively for the simulation performed with
uniform mechanical properties, i.e. where no discrepancies
between concave and convex portions were included. The
same simulation performed with the presence of concave—
convex biases yielded vertebral wedging sums of 36.6° at
the thoracic level and —21.4° in the lumbar region.

Results from the sensitivity analysis of the concave—
convex stress distribution showed prominent reliance on
the loading condition as expected. However, for each
loading condition the relative difference in stress distribu-
tion, as a result of including the biases, showed little
variation. Finally, results from uniquely simulating the
concave—convex biases in the spine model without the
presence of a scoliotic curvature were obtained. Under a
healthy spine configuration these biases were responsible in
providing an average stress difference of 0.04 MPa
between what was previously convex and concave sections.
When a growth simulation was performed on this model,
results included a vertebral wedge sum of 2.7° and —3.1° in
the thoracic and lumbar regions respectively along with a
vertebral wedge pattern that followed results observed in
the model with a right thoracic curve (Fig. 4).

Fig. 4 Magnitudes of coronal m™ B right thoracic w/out biases —
vertebral wedge angles after T2 [r—
1 year scoliotic progression 13 | O rightthoracic w/ biases d
with and without biases as well T4 | o normal w/ biases
as for a normal spinal T5 =
configuration with biases T6 =
c =
% T8
E T.:go —_———
> %
T12 [—
L1 o —————————————
L2
L3
L4
LS, . :—':5 . . '
-6 4 -2 0 2 4 6
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Discussion

The mechanical influence of increased vertebral BMD,
annular degeneration, and nucleus migration in scoliotitc
spines was explored. These biases were included in a finite
element model and modified stress distribution over the
growth plate as well as played a moderate role in the pro-
gression of scoliotic deformities. For a spine model with an
initial right thoracic Cobb angle of 26°, inclusion of these
biases increased the difference in concave—convex growth
plate stress distribution by up to 37% (0.17 MPa) at the
apical vertebra. The recorded differences in lateral stress
distribution agreed with in vivo measurements taken from
the discs of patients with scoliosis [20]. Although this
reported study obtained hydrostatic pressure measurements
from patients positioned laterally with loading conditions
unlikely simulated in this study, this close agreement dem-
onstrates the qualitative corroboration of the model in terms
of stress prediction. This increase in asymmetrical stresses,
caused by the inclusion of the concave—convex biases, pro-
voked an additional progression of 3.6° in the thoracic region
and 5.9° in the lumbar portion when compared with simu-
lations without the integration of the curvature biases.

These results support the hypothesis that the explored
biases alter the force transmission path within the spine.
The remodeled and more rigid concave portion assumes
dominance over the load distribution and thus increases
asymmetrical stresses within the vertebral growth plates.
This, in a sense, provides stress shielding of the convexity
of the vertebral growth plates in scoliotic spines. The
notion of this load stress shielding in the spinal column is
further supported by the close correlation found between
local annulus degeneration and elevated levels of trabec-
ular BMD in the underlying vertebral body [23]. Grant
et al. [8] also demonstrated this phenomenon by quanti-
fying increased endplate strength in areas of degenerated
discs and elevated trabecular BMD. Such correlations
demonstrate that these factors complement each other by
increasing the weight bearing capacity due to internal
remodeling. The bone remodeling process, once initiated,
becomes a dynamic cycle governed by Wolf’s Law [41],
where the concave portion becomes stiffer, while the
convex portion weakens. This model does not include
algorithms that control the level of internal remodeling as a
function of stress stimulus. The present model interprets
the level of degeneration of the disc and the remodeling of
the trabecular bone to be constant, as a function of initial
configuration. As mentioned, these parameters were
obtained by following in vivo correlations derived from
adolescents with idiopathic scoliosis. These internal biases
would increase with time, and thus the inclusion of these
adjustments would augment the magnitude of their impact
on the progression of the deformity.

The elevated stiffness of the concave annulus accounted
for 43% of the increase in asymmetrical loading of the
vertebral growth plates as compared to 22% for bone
remodeling and 35% for nucleus migration, suggesting that
annulus remodeling primarily contributes to the increase of
growth plate compressive stresses and consequent growth
modulation on the spine. The significance of this factor
respects previous predictions by Nachemson [22] and is
supported by the works of Adams et al. [1], who described
that a degenerated disc would entail a transfer of com-
pressive stresses from the nucleus to the degenerated
annulus. In a scoliotic spine, it is likely that nucleus
migration occurs foremost, while degenerative remodeling
of the annulus precedes trabecular apposition. Hence, the
prominent stress altering role of the annulus (observed in
this analysis) would have greater impact in the later stages
of scoliosis progression. However, the onset and early
stages of scoliosis would evolve without the presence or
influence of the explored biases as they develop as a result
of the condition in its advanced stages rather than suggest
causative factors. Therefore the investigated biases are not
speculated to have a role in the etiology of scoliosis,
alternatively their progressive influence on the patho-
mechanism was hypothesized and demonstrated.

The loading of the spine has been integrated into the
model without any prejudice from its configuration. Other
authors have explored the impact of muscle activation
strategies [35] or muscle weakening [12] in the progression
of the deformity. However, in this analysis, loading was not
altered during iterations. Results from the sensitivity
analysis provided evidence of the importance of loading
conditions on the stress distribution. However, simulations
with and without the presence concave—convex biases were
performed on identical models in order to isolate and
explore the role of these biases while excluding the influ-
ence of loading techniques on the results. Therefore this
study explores the relative difference imposed by the
concave—convex biases and upon examination this differ-
ence proved robust under a variety of loading conditions.
When the spine model with a healthy configuration, was
submitted to the mild bias in properties associated with a
right thoracic Cobb angle of 26°, progression of the
deformity prevailed and followed the patterns that would
have otherwise occurred in the scoliotic spine. These
findings further support the unconditional impact that the
presence of concave—convex biases has on stress distribu-
tion over the vertebral growth plate and, in conjunction,
longitudinal vertebral growth rates in scoliotic progression.

The model was limited to the anterior portion of the
spine as this study aimed to explore the variation in axial
stress distribution over the growth plate. Moreover, roughly
90% of axial compressive loads are believe to be trans-
mitted within the anterior section of the spine [7] thus
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supporting the models as suitable and relevant platforms
for the explored analyses. The correlations used in this
analysis represent the mean values of concave—convex
biases as a function of spinal configuration. Patient specific
values of these parameters, although difficult to obtain,
would yield a more personalized investigation of the pro-
gressive influence of these biases. However, the developed
model may be used to identify spinal configurations in
which the differences in concave—convex properties
become significant progressive risk factors.

Conclusion

This novel analysis provides evidence that the presence of
concave—convex biases is a secondary risk factor that
influences the progression of established and advanced
scoliotic curves by augmenting the magnitude of asym-
metrical stresses in the vertebral growth plates. Quantifying
these parameters in a patient with scoliosis may improve
progression forecasting.
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