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Abstract

Spinal surgical procedures often require release of intervertebral discs
and ligaments to optimally achieve postural correction on a patient-
specific basis. In this paper, a T7-T8 Finite Element (FE) model is
utilized to examine internal load sharing during resection steps per-
formed in a Ponte osteotomy. The FE model was rotated bidirectionally
along three anatomical planes using an externally applied moment.
In each step, the Ranges of Motion (RoM), Instantaneous Centers of
Rotation (ICR), and forces from ligaments, discs, facet, and costover-
tebral joints were calculated. The product of each component’s force
and the distance between the ICR and their position were used to
calculate percent load sharing at the maximum moment magnitude.
Removal of the facet joints accounts for overall significant increases in
load sharing to the intervertebral disc, with maximum values reported
in extension by approximately 18 percent and axial rotation by 16
percent. This study highlights key spine components whose kinematic
influence may be considered to achieve desired surgical outcomes.
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instantaneous center of rotation

1 Introduction

Adolescent Idiopathic Scoliosis (AIS) is a three-dimensional deformity of the
spine that affects approximately 2.5 percent of patients aged 10-18; approxi-
mately 10 percent of those patients will require surgical intervention to prevent
progression of the deformity (Asher and Burton 2006). Release procedures for
spinal correction traditionally require the removal of osseoligamentous (bone
and ligaments) anatomy to achieve sufficient correction. The sequential steps
that a surgeon performs for spinal correction and fusion depend upon expe-
rience level (Majdouline et al 2009), the deformity profile and apex location
(Lenke et al 2003), and curve flexibility, which is influenced by soft tissue and
vertebral morphology (He and Wong 2018; Little and Adam 2011a). Histori-
cally, anterior-based releases of the spinal column were done to help achieve
correction. However, posterior-based spinal surgery has allowed for improved
3-column correction of the spine with procedures such as the Ponte osteotomy
(Samdani et al 2015).

In-vitro experiments that serially remove ligaments, facets (Heuer et al
2007; Wilke et al 2020), ribs, and costovertebral (CV) joints (Oda et al 2002;
Liebsch and Wilke 2020) offer insight into spinal kinematics. However, experi-
mental results do not provide information on load distribution changes within
the spine following component removal. A load distribution assessment through
Finite Element (FE) modeling may help surgeons understand how soft tissue
components behave after serial release or vertebral fusions and could lead to
improved patient outcomes. FE models of the spinal column have been uti-
lized as a powerful non-invasive tool to answer clinical questions regarding
scoliosis (Wang et al 2014). Additionally, FE models can examine the biome-
chanical effects of non-surgical treatment options and surgical steps prior to
implementation (Lafon et al 2010; Vergari et al 2015).

Load distribution through FE analysis has been used to understand the role
of ligaments and facets on rotational stability of the lumbar spine (Sharma et al
1995) and the cervical spine (Panzer and Cronin 2009) during release. Recent
efforts have assessed load distribution in lumbar spine components to evalu-
ate post-surgical treatment effectiveness of interbody spinal fusions (Zhang et
al 2018) and interspinous process device designs (Lo et al 2020). Additionally,
static equilibrium equations have been used to quantify and assess sagittal
load sharing among osseoligamentous entities in an intact lumbosacral spine
(Naserkhaki et al 2016). Yet, little is presently known about the load distri-
bution of the thoracic spine during motion. The thoracic column is a common
site for hyperkyphotic and scoliotic deformity and, because of the connections
of the ribs to vertebrae via CV joints, this area of the spine is provided rein-
forcement and stability not seen in the cervical and lumbar regions. A study by
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Little and Adam (2011b) previously explored the effect of CV joint incorpora-
tion on the load distribution of posterior ligaments within a thoracic functional
unit. However, their study was primarily guided by validating their FE model
with in vitro experimental data (Oda et al 2002), focusing on anterior release
procedures and fixing the axis of rotation about the mid-column according to
experimental conditions.

As previously recommended (Little and Adam 2011b), loading must take
place about an Instantaneous Center of Rotation (ICR) to accurately repre-
sent physiological joint motion and predict load distribution and deformations
about the spinal column (Schmidt et al 2008; Shirazi-Adl et al 1986). The
ICR has been previously studied in FE models to understand the role spinal
ligaments play in stabilizing a damaged thoracolumbar spine during resection-
ing (Wu et al 2018). An ICR assessment for the thoracic spine could guide
appropriate surgical treatments for patients with scoliosis. The following study
examines the effect of load distribution within the osseoligamentous compo-
nents of a thoracic functional unit during posterior release and as a function
of ICR.

2 Methods

A T7-T8 FE model (Figure 1a) was constructed from an anatomist-drawn
computer aided design (CAD)-based spine model whose morphology is rep-
resentative of an asymptomatic adult (CG Hero Ltd., Manchester, UK). The
T7-T8 segment was tessellated using Hypermesh (Altair Engineering, Troy, MI,
USA). Both vertebrae consisted of superior and inferior endplates, represented
by quadrilateral elements, cortical bone, represented by quadrilateral and tri-
angular elements, and cancellous bone, represented by hexahedral elements.
Both the vertebral arch and spinous process, which are connected posteriorly
to the cancellous bone, were represented using tetrahedral elements. Material
properties for all components were acquired from literature (Table 1). The
intervertebral disc (IVD) components (Figure 1b), the annulus fibrosus and
nucleus pulposus, were both represented using hexahedral elements. The trans-
verse cross-sectional area and the volume of the nucleus pulposus relative to the
intervertebral disc were approximately 37 and 40 percent respectively (Table
2). Fibers within the annulus fibrosus were represented using cables and config-
ured such that their total volume equated to approximately 16 percent of the
ground substance; geometric (e.g., cross-sectional area) and material property
scale factors for the fibers were configured (Table 3) (Shirazi-Adl et al 1986)
for the IVD containing 8 radial layers and 3 layers through the thickness. A
frictionless penalty contact algorithm was employed to represent the facet cap-
sule, using contact thickness values to facilitate a 0.5mm initial gap between
superior and inferior facet processes. This algorithm was also employed on rib
sections to represent contact between the rib and the functional unit, facili-
tated by null contact elements over the ribs. In total, the FE model contains
34,990 elements and 15,944 nodes.
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Seven intervertebral ligament groups (Table 4) were included within the
functional unit configuration. Each ligament group’s force-displacement prop-
erties (Figure 2) were derived from uniaxial stress-strain curves by respectively
using the cross-sectional area and the initial ligament lengths as scale factors.
Cross-sectional areas documented for the mid-thoracic region (Chazal et al
1985) were averaged and evenly distributed to all ligaments in each group; a
cross-sectional area for the lumbar region was assumed for the capsular lig-
ament due to absent data (Shirazi-Adl et al 1986). The CV joint was also
incorporated to bilaterally connect 3cm of rib to the functional unit. The
CV joint consisted of two separate joint groups (Figure 1c): the Costocentral
joint (CCJ), consisting of the Intra-articular and Radiate ligaments, which
connect the rib head to the spinal column, and the Costotransverse joint
(CTV), consisting of the Lateral Costotransverse, Superior Costotransverse
and Costotransverse ligaments, which connect the ribs to adjacent transverse
processes. Uniaxial effective stiffness properties for CV joint ligaments utilized
are listed in Table 5. All intervertebral and CV joint ligaments considered
utilized tension-only elements.

Quasi-static analyses on the functional unit were performed using LS-
DYNA implicit SMP Version 971 R10.1 (Livermore Software Technology,
Livermore, CA, USA). To validate the ligament property set utilized in this
study, a stepwise ligament removal procedure was first simulated on the func-
tional unit based on the experimental conditions from Wilke et al (2020).
Throughout the procedure, the unit was rotated in flexion, extension, right
lateral bending, and left axial rotation. By including only one half of rota-
tions in the coronal and axial planes, symmetry behavior was assumed. Range
of Motion (RoM) data during each step was collected from the T7 superior
endplate using a local coordinate system defined per the Scoliosis Research
Society recommendations (Stokes et al 1994). A pure moment of ±2.5 N-m
and no preload was employed for all cases. The T8 inferior endplate and facet
processes were fixed. Per the experiment, the following configurations were
analyzed sequentially: Intact, Supraspinous Ligament (SSL) removal, Inter-
spinous Ligament (ISL) removal, Ligamentum Flavum (LF) removal, and Facet
Joint (FJ) removal, the latter referring to the capsular ligament and facet cap-
sule combined. Based on specimen conditions during experimentation, the CV
joint and ITL were excluded from this procedure. CV joint kinematics were
previously validated in comparison with in-vitro data (Polanco et al 2022).

Next, the resection procedure consistent with a Ponte osteotomy was
implemented onto the functional unit model. Per the standard recommended
moments to be applied to thoracic spine segments in-vitro (Wilke et al 1998),
a ±5 N-m pure moment with no preload was applied over the superior T7
endplate. The unit was rotated in flexion, extension, left and right lateral
bending, and left and right axial rotation. For each rotation direction, five
different configurations were assessed to represent the steps of the Ponte
osteotomy as follows (Figure 3):
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(1) all spine components intact,

(2) removal of the interspinous and supraspinous ligaments,

(3) bilateral inferior facetectomy,

(4) removal of the ligamentum flavum, and

(5) completion of the osteotomy across the superior facet.

During each analysis, the following assumptions were made: approximately
two-thirds of each facet surface and all capsular ligaments were symmetrically
removed by the bilateral inferior facetectomy. Secondly, because ligaments pri-
marily control rotational behavior of the functional unit, bones serving as
ligament attachments were not removed during each step of the osteotomy.
Finally, as with the previous study, the T8 inferior endplate and facet pro-
cesses were fixed. In each step, the RoM was calculated using vector projection
along the superior endplate. The ICR trace along the rotational plane was
calculated based on the perpendicular bisector method (Pearcy and Bogduk
1998). The ICR location (Figure 4) was used to find the moment arm for
each spinal component and was multiplied by forces calculated in the analyses
for all ligaments, intervertebral discs, and joints. Using Equation 1, rotational
equilibrium was assumed in all cases to calculate the moment distribution for
each component about the ICR. The moment distributions were calculated as
percentages of the externally applied moment. Ligament, disc, and facet force
information can be found in supplementary material.

∑
MICR =

−−−−−−−→

MExternal +
∑

(−−−−−−−−−−−−−−−−−→r(ICR−LigamentPosition) ∗
−−−−−−→

FLigament)+
∑

(−−−−−−−−−−−−−−→r(ICR−JointPosition) ∗
−−−→

Fjoint) + (
−−−−→

MDisc) = 0 (1)

Table 1: Intervertebral joint material properties

Spinal Component Material Constitutive
Model Material Property Source

Cortical Bone Linear Elastic E=12 GPa, v=0.3 Naserkhaki et al 2018
Cancellous Bone Linear Elastic E=200 MPa, v=0.315 Naserkhaki et al 2018
Rib Linear Elastic E=12 GPa, v=0.35 Schlager et al 2018
Endplate1 Linear Elastic E=23.8 MPa, v=0.4 Schmidt et al 2006
Annulus Fibrosus Mooney-Rivlin C10=0.18 MPa, Schmidt et al 2006

Hyperelastic C01=0.045 MPa, v=0.45
Nucleus Pulposus Mooney-Rivlin C10=0.12 MPa, Schmidt et al 2006

Hyperelastic C01=0.03 MPa, v=0.499

11mm thickness
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Table 2: Intervertebral Disc dimensions

Anterior Center Posterior Nucleus Nucleus Transverse Disc
(mm) (mm) (mm) Pulposus Pulposus Disc Volume

Cross- Volume Cross- (mm3)
Sectional (mm3) Sectional
Area Area
(mm2) (mm2)

5.9 6.9 4.8 352 1242 1049.5 3073

Table 3: Geometric and material scale factors for annulus fibers

Layers 1 and 2 Layers 3 and 4 Layers 5 and 6 Layers 7 and 8

Geometric1 1 0.78 0.62 0.47
Material1 1 0.9 0.75 0.65

1Scale factors taken from Shirazi-Adl et al (1986)

Table 4: Average model ligament lengths and cross-sectional areas

Spinal Component Average length Average Cross- Source 1

(mm) Sectional Areas
(mm2)

Anterior Longitudinal 5.36 30 Chazal et al 1985
Ligament (ALL)
Posterior Longitudinal 4.929 17 Chazal et al 1985
Ligament (ALL)
Ligamentum Flavum (LF) 24.832 26.7 Chazal et al 1985
Interspinous Ligament 5.541 30 Chazal et al 1985
(ISL)
Supraspinous Ligament 25.588 30 Chazal et al 1985
(SSL)
Capsular Ligament 2.799 (over 36 Shirazi-Adl et al 1986
(CL) both sides)
Intertransverse Ligament 18.326 (over 1.85 Chazal et al 1985
(ITL) both sides)

1Cross-sectional area values

3 Results

3.1 FE Model Validation-Stepwise Ligament removal

The largest RoM increases relative to the preceding removal step (Figure 5)
come after both the ligamentum flavum and the facet joint are removed in
flexion, respectively at approximately 154 percent and 28 percent at 1 N-m
and 50 percent and 77 percent at 2.5 N-m. Negligible increases in overall RoM
were seen within removal steps exercised in extension, right lateral bending,
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Table 5: Costovertebral Joint properties

Spinal Component Material Property Source

Lateral Costotransverse Keff = 126.5N/mm Aira et al 2019
Ligament (LCTL)
Superior Costotransverse Keff = 90.2N/mm Aira et al 2019
Ligament (SCTL)
Costotransverse Ligament Keff = 54.9N/mm Aira et al 2019
(CTL)
Radiate Ligament A=10mm2, E = 42.1MPa Aira et al 2019

Jiang et al 1994
Intra-articular Ligament Keff = 20.9N/mm Aira et al 2019

and left axial rotation; the maximum was 3.7 percent after facet removal in
extension. The extension modes were compliant compared to the experimental
data; however, most of the ligament removal steps in flexion, right lateral bend-
ing and left axial rotation were within range of the data highlighted from the
experiment. Since most of the RoM data was within range of the experimental
data, the ligament properties were deemed acceptable for further use.

3.2 RoM and ICR kinematic assessment

Next, the functional unit with both the ITL and the CV joint incorporated
were rotated along the three anatomical planes. The RoM (Figure 6) increase
during serial ligament removal in flexion amounted to approximately 18 per-
cent, 1.4 percent, and 11.9 percent for the spinous ligament, bilateral inferior
facetectomy, and ligamentum flavum removal stages, respectively. No change
was seen after the bilateral superior facetectomy was conducted. After the
inferior facets were removed, RoM increased in extension by 16 percent, in
left axial rotation by 12.1 percent, in right axial rotation by 10.7 percent and
in left lateral bending by 2.5 percent. Following the bilateral superior facetec-
tomy, a 0.8 percent increase in RoM was seen in right lateral bending. When
the superior facets were removed, the RoM overall showed no more than a 1.5
percent increase; the maximum increase took place in right axial rotation.

In flexion (Figure 7a), at the maximum applied moment, the removal of
the spinous ligaments shifts the ICR anteriorly by 0.97mm and superiorly by
3.72mm. In the same circumstance, after the bilateral inferior facetectomy,
the ICR is shifted anteriorly by 0.27mm and superiorly by 1.14mm. After the
ligamentum flavum is removed, the ICR shifts 2mm anteriorly and 0.82mm
superiorly. No changes were seen after the bilateral superior facetectomy. In
extension after the bilateral inferior facetectomy, anterior and inferior ICR
shifts of 0.11mm and 0.71mm were respectively observed. In extension after the
bilateral superior facetectomy, superior direction ICR shifts of 0.23mm were
observed; a negligible shift in the anterior direction was observed. The ICR
position in left and right lateral bending (Figure 7b) overall see a negligible
shift upon all steps and directions in ligament removal (less than 0.1mm). In
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Table 6: Load distribution percent by spine component at maximum sagittal moment (5 N-m)

ALL CCJ CTV FJ IVD ITL LF ISL SSL PLL

Intact Flexion 0 0.05 4.2 1.9 43.9 16.7 15.6 8.6 9.1 0
Extension 0.42 4.2 7.5 22.2 65.7 0 0 0 0 0

ISL and Flexion 0 0.62 4.7 3.2 48.6 22.1 20.8 0 0 0
SSL Extension 0.42 4.2 7.5 22.2 65.6 0 0 0 0 0
removed
Bilateral Flexion 0 1 4.6 0 48.5 24.1 21.8 0 0 0
Inferior Extension 0.47 5.8 9.9 0.4 83.5 0 0 0 0 0
Facetectomy
LF Flexion 0 1.4 5.8 0 47.3 45.5 0 0 0 0
removed Extension 0.47 5.8 9.9 0.4 83.5 0 0 0 0 0
Bilateral Flexion 0 1.5 5.8 0 47.3 45.5 0 0 0 0
Superior Extension 0.47 5.7 10.0 0 83.8 0 0 0 0 0
Facetectomy
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Table 7: Load distribution percent by spine component at maximum coronal moment (5 N-m)

CCJ- CCJ- CTV- CTV- FJ- FJ- ITL- ITL- IVD
Left Right Left Right Left Right Left Right

Intact Left 2.8 0.47 3.6 3.5 2.5 0 0 7.6 79.4
Right 0.28 12.6 2.5 6.8 0 1.4 6.2 0 70.2

ISL and Left 2.8 0.47 3.7 3.5 2.5 0 0 7.6 79.4
SSL Right 0.28 12.6 2.5 6.8 0 1.4 6.2 0 70.2
removed
Bilateral Left 3.1 0.44 4.1 3.4 0 0 0 7.2 81.6
Inferior Right 0.28 12.6 2.5 6.8 0 1.4 6.2 0 70.2
Facetectomy
LF Left 3.1 0.44 4.1 3.4 0 0 0 7.2 81.6
removed Right 0.28 12.6 2.5 6.8 0 1.4 6.2 0 70.1
Bilateral Left 3.1 0.44 4.1 3.4 0 0 0 7.2 81.6
Superior Right 0.32 11.7 2.6 6.3 0 0 6.1 0 73.1
Facetectomy
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Table 8: Load distribution percent by spine component at maximum axial moment (5 N-m)

CCJ- CCJ- CTV- CTV- FJ- FJ- ISL ITL- ITL- IVD
Left Right Left Right Left Right Left Right

Intact Left 1.7 3.6 6.4 6 14.1 3.6 0 0 0.97 63.7
Right 0.92 6 2 2.8 14.4 5.8 0.64 0.42 0 67.1

ISL and Left 1.7 3.6 6.4 5.9 14.2 3.6 0 0 0.98 63.7
SSL Right 0.95 6 2.1 2.8 14.3 6.1 0 0.63 0 67.2
removed
Bilateral Left 2.2 4 7.9 6.6 0 1.4 0 0 1.6 76.4
Inferior Right 1.1 7.5 4 3.1 4.6 0 0 1.1 0 78.5
Facetectomy
LF Left 2.2 4 7.9 6.6 0 1.4 0 0 1.6 76.4
removed Right 1.1 7.5 4.1 3.1 4.6 0 0 1.1 0 78.4
Bilateral Left 2.1 4.1 7.6 5.7 0 0 0 0 1.6 78.9
Superior Right 1.4 6.4 5.2 2.8 0 0 0 1.1 0 83.2
Facetectomy
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left and right axial rotation (Figure 7c), the ICR experiences a 0.23mm shift in
the medial and lateral directions, respectively, after spinous ligament removal.
After the bilateral inferior facetectomy is simulated, a shift occurs by 0.17mm
laterally and 0.65mm anteriorly in left axial rotation, and 0.13mmmedially and
1mm anteriorly in right axial rotation. After the bilateral superior facetectomy
is simulated; a shift of 0.24mm and 0.09mm respectively occur medially and
anteriorly in left axial rotation, and a shift of 1.49mm and 0.63mm respectively
occur medially and anteriorly in right axial rotation.

3.3 Functional unit load distribution

3.3.1 Flexion and Extension

In flexion (Table 6), 56 percent of the total load is initially borne by pos-
terior ligaments, however, approximately 76 percent of the total load at the
maximally applied moment were carried by the IVD, ITL, and the LF, at
approximately 44 percent, 17 percent, and 16 percent load distribution respec-
tively; the spinous ligaments bore approximately 18 percent. When the spinous
ligaments were removed, the total load distribution among the 3 components
accounted for approximately 92 percent of the total load. The largest over-
all increase in load distribution occurred when the ligamentum flavum was
removed, leading to a 19.4 percent increase in the amount of load borne by
the intertransverse ligament.

In extension, approximately 88 percent of the total load at maximum
applied moment is borne by the facet joint and intervertebral disc. However,
load redistribution is only seen when the bilateral inferior and superior facetec-
tomies are conducted, increasing by approximately 17 percent and 0.5 percent
respectively within the intervertebral disc; meanwhile, load distribution in the
facets drop respectively by 21 percent and 0.4 percent. The CCJ and CTV
showed an increase of approximately 1.6 percent and 2.4 percent, respectively,
in load distribution after the bilateral inferior facetectomy was conducted. The
absence of compression stiffness within both spinous ligaments and the lig-
amentum flavum create negligible change in the load distribution following
removal.

3.3.2 Left and Right Lateral Bending

In left lateral bending (Table 7), approximately 79 percent of the load distri-
bution is borne by the IVD intact and experiences an increase in load bearing
to approximately 82 percent after the bilateral inferior facetectomy is con-
ducted, due to the left facet bearing only 2.5 percent of the total load prior
to removal. Negligible load by the facet is borne during subsequent steps.
The right ITL bears approximately 7.6 percent of total load with negligible
distribution change during release. In right lateral bending, the IVD bears
approximately 70 percent of the load distribution intact and increases by
approximately 3 percent after the bilateral superior facetectomy is simulated.
The left ITL bears approximately 6 percent of total load and negligibly changes
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throughout release. Load borne by the right CCJ bears approximately 12 to
13 percent, driven by contact between the rib head and T7. The distributions
of the other CV joint components are not as variable between left and right
lateral bending, bearing less than 7 percent total load overall.

3.3.3 Left and Right Axial Rotation

In left axial rotation (Table 8), approximately 64 percent of the load distri-
bution is borne by the intervertebral disc in the intact model and increases
to approximately 76 percent and 79 percent after the bilateral inferior and
superior facetectomies are respectively conducted. The left and right FJ bear
approximately 14 percent and 3.6 percent total load respectively prior to the
inferior facet removal, then drop to zero and 1.4 percent respectively follow-
ing the bilateral inferior facetectomy. The CV joint components bear no more
than 6.4 percent of the total load prior to facet removal, seen by the left CTV,
which experiences an approximately 1.5 percent maximum increase. In right
axial rotation, approximately 67 percent load distribution is borne by the IVD;
this increases to approximately 79 percent and 83 percent respectively after
the bilateral inferior and superior facetectomies. As with the left axial rotation,
the change in load distribution is evidenced by the left and right FJ bearing
approximately 14 percent and 6 percent load respectively prior to removal.
After the bilateral inferior facetectomy stage the load distribution on the left
and right FJ drop to 4.6 percent and zero respectively. The CV joint com-
ponents see a maximum increase of 1.9 percent load distribution by the left
CTV after facet removal; however, prior to facet removal, the components bear
no more than approximately 6 percent. The load borne by the left and right
ITL was small in comparison throughout all removal steps, seeing less than 2
percent throughout the entire procedure. A small load sharing percentage of
approximately 0.64 percent is borne by the ISL in right axial rotation prior to
removal.

4 Discussion

Patient-specific surgical planning can be a challenging feat due to variability
in symptomatic profiles. The nonlinearities of vertebral geometry and wide-
ranging characterization of soft tissue (Wang et al 2014; Lafon et al 2010)
can affect clinical decisions on how to optimally address spinal deformities.
An anatomic-based load distribution assessment within a spinal FE model
can highlight the contribution individual soft tissues make toward spinal flex-
ibility through external moment resistance. In turn, insight can be provided
on the kinematic effects serial anatomic release presents in spinal segments,
such as shifts in ICR and load bearing to other components, potentially assist-
ing surgeons to achieve desired deformity corrections without compromising
rotational stability.

Posterior correction procedures such as the Ponte osteotomy (Samdani
et al 2015; Ponte et al 2018), through resectioning of spinal ligaments and
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facet joints at a spinal deformity apex, have gained interest within the surgi-
cal community because of their superior correction outcomes. More aggressive
techniques, such as a Pedicle Subtraction osteotomy or Vertebral Column
resectioning (Kose et al 2017), may be required to obtain necessary correction
for patients with large kyphoscoliotic curves. Despite the advances in column
correction procedures, minimizing intra- and post-operative risks presented
during spinal destabilization remains challenging. For example, facet removal
to correct kyphosis during a Ponte osteotomy could lead to a foraminal height
decrease and, thus, neural impingement. Kose et al (2017) recommended that
laminectomies during a pedicle subtraction osteotomy be extended to one
level above and below the apex to avoid spinal cord buckling. Other risks
such as blood loss are posed during osteotomy procedures. While a load-
bearing assessment primarily highlights the potential flexibility gains during
spinal resectioning, it is imperative these operative limitations be considered
to minimize patient risk.

To the authors’ knowledge, the study is the first to use the ICR for tho-
racic posterior release. In flexion, the anterior shift of the ICR position during
each resection step agrees with clinical observations regarding posterior release
(Ponte et al 2018). A significant shift in ICR position upon spinous liga-
ment removal confirms their importance in spinal column stabilization, whose
resistance is driven by the moment arm and posterior positioning (Sharma
et al 1995). Previous in-vitro (Wilke et al 2020) and FE model (Little and
Adam 2011b) studies did not draw that conclusion potentially due to the
lower moment magnitudes applied (2.5 and 2 Nm versus 5 Nm), consequen-
tially affecting the strain seen from those ligaments. In addition, the high load
bearings of the ligamentum flavum and intertransverse ligaments could be
attributed to high thickness and stiffness characterizations present within the
thoracic spine (White and Panjabi 1990, p.20,22-23). As such, removal of the
ligamentum flavum contributed to a significant ICR shift. Except for flexion,
where most load sharing took place within the posterior ligaments, the study
confirms the load bearing significance of the intervertebral disc throughout all
rotations and resection steps. The CV joint, overall, did not contribute signifi-
cantly to the load distribution of the functional unit, possibly due to the open
bilateral configuration of the ribs. Additionally, the T7-T8 FE model rotations
in three anatomic planes amount to 6.9°, 4.4°, and 3.4°, versus 1.9° (flexion and
extension), 1.7° (one-side lateral bending), and 2.3° (one-side axial rotation)
respectively when compared with in-vivo data (Pan et al 2018). With an intact
ribcage configuration present, however, stiffer behavior could be reinforced
(Liebsch and Wilke 2020).

Significant shifts in kinematic behavior were exhibited after the inferior
and superior facets were removed, particularly in axial rotation. As a result
of the capsular ligament being absent following the bilateral inferior face-
tectomy, the absence of load distribution alternates based on the rotation
direction, supplemented by contact between the superior and remaining infe-
rior facets. The inferior facet removal saw more correction overall as most of
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the facet is removed, and smaller correction amounts after the superior facets
were removed. This finding agrees with the results from the in-vitro study
by Holewijn et al (2015). Superior facet removal may be utilized on a scolio-
sis patient to achieve further correction if residual pressure between inferior
and superior facets complicates the surgery. Thus, an FE model with scoliosis
may predict greater correction following removal of the superior facets. The
setup for the bilateral inferior facetectomy was driven by general practice of
removing the inferior facet up to the transverse process bottom during a Ponte
osteotomy (Ponte et al 2018). However, the amounts of the facet left upon
release may vary based on surgeon experience and facet orientation.

The scarcity of ligament data in the literature was a primary limitation of
the study. Very few studies offer material ligament data for direct application
to the thoracic spine (Chazal et al 1985) compared to the lumbar region, where
ligament data is more available and is stiffer compared to thoracic ligaments.
Thus, a compromise was made to scale ligament stiffnesses by cross-sectional
areas appropriate for the mid-thoracic spine. In comparing the rotations from
the FE model with the abridged experimental (Wilke et al 2020) section-
ing sequence of spinal anatomy most pertinent to the Ponte osteotomy, the
functional unit with posterior ligament properties chosen performed well in
right lateral bending, left axial rotation, and flexion up to the spinous liga-
ment sectioning. Compliance, however, was exhibited in extension and flexion
rotations upon ligamentum flavum and facet joint release, leaving the longi-
tudinal ligaments intact. The anterior and posterior longitudinal ligaments in
the mid-thoracic regions are thicker relative to other spinal regions. Thus, the
compliance may be explained by insufficient capture of width and thickness
measurements using one-dimensional ligaments and may be better represented
using two- or three-dimensional formulations.

Motion resistance by the FE model facet joints was demonstrated in right
lateral bending and left axial rotation, producing the only significant change
in RoM during sequential release. They are also a prominent contributor to
motion resistance in extension, which exhibited compliant behaviour relative to
the experiment. Historically, facet joints have been modeled utilizing available
contact algorithms in FE codes; the methods in which facets have been modeled
vary greatly (Mengoni 2021) and could affect key parameters such as RoM
and facet joint forces (Zander et al 2017). The nonzero moment percentages
reported for the facets indicate they engage in contact; however, the penalty
algorithm alone may fail to sufficiently capture facet joint mechanics, which is
realistically a fluid-solid interaction between synovial fluid and cartilage layers.
Thus, to enhance facet modeling, parameters such as contact gaps and facet
capsule characterization should be explored thoroughly; such parameters may
affect load distributions calculated in spine models. Explicit representation of
the synovial fluid may also be needed to enhance facet incompressibility.

The load distribution findings presented assume that the FE model moves
within a plane and that negligible coupling takes place. Future work may
investigate the effects of out-of-plane coupling on load distribution within the
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spinal column. In addition, the load distribution behavior is valid for the
provided set of ligament properties and the sectioning sequence applied for
a Ponte osteotomy. Both spinal flexibility and deformity are known to vary
on a patient-specific basis (Lafon et al 2010; Lamarre et al 2009); thus, the
load distribution behavior may be altered based on the patient or the section
sequence performed. The analyses presented assumed no ligament pretension
as previous FE analyses assumed forces less than 10N (Meijer 2011). However,
ligament pretension has been attributed to changes in lordosis angles (Heuer et
al 2007) during ligament sectioning in the lumbar spine, not measured in these
analyses, and will be further assessed in future FE model studies. Lastly, the
load distribution presented was valid for one mid-thoracic segment. As inter-
vertebral stiffness varies throughout the spinal column (Panjabi and White
1990, p. 47), load distribution within different regions of the spine should be
investigated as it can influence the level of surgical correction achievable.

5 Conclusion

A load distribution assessment has been performed on a FE model of a tho-
racic functional unit for potential application to surgical planning. Ligament
properties were chosen and utilized based on available in-vitro data, quali-
tative descriptions of ligaments within the thoracic spine, and comparability
with available experimental data. The simulated posterior release, through
kinematic and load distribution changes, highlight components, like the inter-
vertebral disc and facet joints, which are crucial to stabilization during serial
removal. Also emphasized is the importance of moment arm, through the ICR,
in determining the resistance levels that components exert during segmental
rotation. A surgeon may collectively utilize these variables to achieve desired
post-surgical outcomes while decreasing risk for their patients.
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(a) (b)

(c)

Fig. 1: (a) T7-T8 Finite element model; (b) Intervertebral Disc with cross-
section view; (c) Transparent axial view with ligaments and joints labeled.

6 Figures

Fixed boundary conditions 
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(a) (b)

Fig. 2: (a) Ligament stiffness curves and their sources; (b) Annulus Fiber
Stress-Strain curve from Shirazi-Adl (1986)

(a) (b)

(c) (d) (e)

Fig. 3: The five model configurations corresponding to the steps of a Ponte
osteotomy: (a) Step 1: An intact configuration. Components removed in

subsequent steps are labeled; (b) Step 2: Removal of the Spinous Ligaments
(SSL and ISL); (c) Step 3: Bilateral inferior facetectomy; (d) Step 4:

Ligamentum Flavum (LF) removal; (e) Step 5: Bilateral superior facetectomy.
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(a) (b)

Fig. 4: (a) Free-body diagram of intervertebral spine components with
moment arm; (b) Free-body diagram of CV joint components (red arrow

depiction).
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(d)

Fig. 5: Stepwise ligament removal (a) Flexion; (b) Extension; (c) Right
Lateral Bending; (d) Left Axial Rotation.

Fig. 6: Bidirectional RoM of functional unit registered at the maximum
applied moment (±5 N-m).
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(c)

Fig. 7: ICR traces with solid markers depicting the rotation center at
maximum load. (a) Flexion-Extension; (b) Left-Right Lateral Bending; (c)

Left-Right Axial Rotation..
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Table A1: Sagittal plane force resultant values in Newtons for ligaments and facet joints at 5 N-m

ALL CCJ CTV FJ ITL LF ISL SSL PLL

Intact Flexion 0 6.6 11.3 6.5 33.5 48.8 14.2 13.4 0
Extension 3.5 14.2 11.8 37.1 0 0 0 0 0

ISL and Flexion 0 9.3 12.9 10.3 43.3 62.9 0 0 0
SSL Extension 3.5 14.2 12 37.1 0 0 0 0 0
removed
Bilateral Flexion 0 11.6 12.9 0 46.9 65.2 0 0 0
Inferior Extension 4 20.1 15.7 9.7 0 0 0 0 0
Facetectomy
LF Flexion 0 12.7 15.9 0 82.4 0 0 0 0
removed Extension 4 20.1 15.7 9.7 0 0 0 0 0
Bilateral Flexion 0 13 15.9 0 82.4 0 0 0 0
Superior Extension 4 19.6 15.8 0 0 0 0 0 0
Facetectomy
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Table A2: Lateral Bending force resultant values in Newtons for ligaments and facet joints at 5 N-m

CCJ- CCJ- CTV- CTV- FJ- FJ- ITL- ITL-
Left Right Left Right Left Right Left Right

Intact Left 6.9 4.3 4.9 8.4 7.6 0 0 16.1
Right 2.3 32.7 5.3 9.7 0 5.1 13 0

ISL and Left 6.9 4.3 4.9 8.4 7.6 0 0 16.1
SSL Right 2.3 32.7 5.3 9.7 0 5.1 13 0
removed
Bilateral Left 7.8 4.1 5.6 8.1 0 0 0 15.3
Inferior Right 2.3 32.6 5.3 9.7 0 5.1 13 0
Facetectomy
LF Left 7.8 4.1 5.6 8.1 0 0 0 15.3
removed Right 2.3 32.7 5.3 9.7 0 5.1 13 0
Bilateral Left 7.8 4.1 5.6 8.1 0 0 0 15.3
Superior Right 2.4 30.3 5.3 9 0 0 12.8 0
Facetectomy
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Table A3: Axial rotation force resultant values in Newtons for ligaments and facet joints at 5 N-m

CCJ- CCJ- CTV- CTV- FJ- FJ- ISL ITL- ITL-
Left Right Left Right Left Right Left Right

Intact Left 6.2 10.2 8.5 8.9 27.7 9.2 0 0 1.1
Right 4.8 17.2 4 3.7 28.6 9.5 1.4 0.47 0

ISL and Left 6.2 11.9 8.5 8.7 27.8 9.3 0 0 1.1
SSL Right 4.9 17.3 4.1 3.7 28.2 10.1 0 0.7 0
removed
Bilateral Left 8.2 12.8 10.4 9.5 0 3.4 0 1.8 0
Inferior Right 5.4 20.6 6.5 4 17.9 0 0 1.2 0
Facetectomy
LF Left 8.2 12.8 10.4 9.5 0 3.4 0 1.8 0
removed Right 5.4 20.6 6.4 4 17.8 0 0 1.2 0
Bilateral Left 8.2 11.7 10 9.6 0 0 0 1.8 0
Superior Right 6.2 17.4 7.7 3.5 0 0 0 1.2 0
Facetectomy
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Table A4: Intervertebral Disc stresses-transverse view

Intact Spinous Bilateral Flaval Bilateral
Ligaments Inferior Ligament Superior
removed facetectomy removed facetectomy

Flexion

Extension

Left lateral bending

Right lateral bending

Left axial rotation

Right axial rotation

Unit: MPa 

I I I I I I I I I 

0.5 0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05 0 
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Table A5: Annulus fiber forces-transverse view

Intact Spinous Bilateral Flaval Bilateral
Ligaments Inferior Ligament Superior
removed facetectomy removed facetectomy

Flexion

Extension

Left lateral bending

Right lateral bending

Left axial rotation

Right axial rotation

Unit: N 

I I I I I I I 

0.5 0.45 0.4 0.35 0.3 0.25 0.2 0 .15 0.10.05 0 
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