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Abstract: The spine is the load-bearing structure of human beings and may present several disorders,
with low back pain the most frequent problem during human life. Signs of a spine disorder or disease
vary depending on the location and type of the spine condition. Therefore, we aim to develop a
probabilistic atlas of the lumbar spine segment using statistical shape modeling (S5SM) and then
explore the variability of spine geometry using principal component analysis (PCA). Using computed
tomography (CT), the human spine was reconstructed for 24 patients with spine disorders and then
the mean shape was deformed upon specific boundaries (e.g., by 3 or £1.5 standard deviation).
Results demonstrated that principal shape modes are associated with specific morphological features
of the spine segment such as Cobb’s angle, lordosis degree, spine width and height. The lumbar spine
atlas here developed has evinced the potential of SSM to investigate the association between shape
and morphological parameters, with the goal of developing new treatments for the management of
patients with spine disorders.

Keywords: spinal column; pathological lumbar spine segment; SSM; PCA; biomechanics

1. Introduction

The spine is the supporting structure of the human being. This part of the skeletal
muscle system is extremely strong to ensure erect standing, support the weight of the upper
body and torso, and transfer the load to the lower legs [1]. Under specific conditions or with
aging, the spine can develop several pathologies, such as herniation of intervertebral disc
[2] and scoliosis, as characterized by changes in Cobb’s angle [3]. Spinal biomechanics is
remarkably complex due to the follower load generated by muscular trunk action, ensuring
human spine stability [4-6]. The spinal stability is influenced by several factors, which
ensure the mechanical and physiological balance of the structure. There exists a direct
link between spine biomechanics and the development of a pathological condition. Any
anatomical or functional alteration from the normal physiological condition is reflected in a
biomechanical disorder of the main components of vertebral structure, and this ultimately
leads to the occurrence of complications such as back pain [7-9]. A herniated or protruded
disc corresponds to a crushing of the intervertebral disc, leading to a reduction in the main
shock-absorbing function. If one disc fails to act, the normal functioning of the other discs is
affected as well. Thus, the spine works harder and suffers from a higher stress state [10,11].
A scoliotic pathology has an even more degenerative and severe effect than herniation as
this compromises the entire spinal structure [12-14].

Describing the shape of an anatomy as complicated as the lumbar spine is difficult.
Statistical shape modeling (SSM) is a method of medical imaging analysis that allows us to
visualize and quantify the variability of a given anatomy, including unique geometrical
features in a patient population [15-17]. The SSM method applies the Principal Component
Analysis (PCA), a statistical tool through which it is possible to reduce the variables of a
population and cluster them within different Shape Modes [18-20]. This approach was
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used to develop virtual atlases of the anatomical region of interest [21-23]. In the setting of
spine biomechanics, SSM models revealed the associations between demographic data and
unique features of the lumbar spine [24-29].

The paper aims to develop an SSM model of the lumbar spine under pathological
conditions. Two SSM models were developed, one for the vertebral body and one for the
intervertebral disc. Shape Modes were obtained by deforming the mean template and then
correlated to CT-based metrics using Pearson correlation. The association between specific
shape modes and the anatomic variables was discussed. The mean shape represents the
average spine anatomy of all patients included in the study. The shape modes are obtained
by deforming the mean shapes to generate new spine geometry, highlighting the main
shape changes (i.e., variance) around the mean shape model.

2. Materials and Methods
2.1. Patient Study Population

A patient study population of 24 patients underwent CT imaging for the assessment of
the disease status. Specifically, a 64 detector rows CT scanner (VCT 64; GE Medical Systems,
Milwaukee, WI, USA) was used to perform a total body acquisition of each patient. The
scans were performed with a spiral pitch of 0.984, gantry rotation velocity of 0.5 m/s, tube
voltage of 120 kV and slice thickness of 0.625 mm. For each patient, the lumbar spine from
L1 to L5 was analyzed, including the intervertebral discs. Patients presented different
scoliosis and herniated disc pathological conditions. For each patient, demographic data
and CT-based anatomical parameters were measured (Table 1). Though all patients had
one protrusion or herniated disc, 54.2% of patients had scoliosis degrees ranging from 5° to
16.74°. All imaging and clinical data were subjected to internal review board approval and
patients signed informed consent prior to enrollment.

Table 1. Clinical characteristics of patient study population.

Characteristics Patients

Age (Years) 559 4+75
Male (%) 79.2

Weight (Kg) 769 £75

Height (m) 1.70 £ 0.01

BMI ! 26.6 £4.3

BSA ! 1.90 +0.2
Herniatic Disc (%) 91.7
Scoliosis (%) 54.2

1 Note: BSA = Body Surface Area; BMI = Body Mass Index.

2.2. Lumbar Spine Segmentation

For each patient, the CT scans were segmented using the medical imaging software,
Mimics v21 (Materialise, Leuven, Belgium). Specifically, the reconstruction of the lumbar
spine from L1 to L5 started with semi-automatic thresholding of the spine grey values
followed by manual mask editing to remove artifacts. Smoothing was performed on the
segmented 3D model using 20 iterations and a smooth factor of 0.18 and was followed
by wrapping with the smallest detail of 0.5 mm and a gap closing distance of 0.8 mm. A
similar approach was used to segment the intervertebral discs using different thresholding
and mask colors.

2.3. Geometrical and Anatomical Measurements

The main morphological parameters of the vertebral body and intervertebral discs
were measured to quantify the severity of lordosis and scoliosis, the spine surface, perime-
ter, height, and width [30]. Specifically, we measured the upper and lower surface layers
of the intervertebral disc in the axial plane to obtain the area, perimeter, and centroid.
Therefore, we used the centroid’s position to measure the height and width of the disc
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and vertebral body in the coronal plane. All measurements were taken for all 24 pa-
tients. Tables 2 and 3 show the geometrical parameter measurements for the discs and the
vertebral body, respectively.

Table 2. Medium Measurements of 24 patients’ disc.

Medium Shape Medium Szurface Height (mm) Medium Perimeter
(mm~-) (mm)
L1-1L.2 1470.21 £ 256.1 10.01 £2.2 147.56 + 11.3
L2-L3 1964.22 + 287.8 10.84 + 2.1 151.19 +12.3
L3-14 1629.95 + 258.9 11.28 £2.3 152.85 +11.6
L4-15 1401.37 £+ 284.3 10.30 £ 2.6 14947 +12.3

Table 3. Medium Measurements of 24 patients’ vertebral body.

Medium Medium

Medium Shape Surface (mm2) Height (mm) Perimeter (mm) Width (mm)
L1 1407.3 £ 2159 278 £1.9 1439 +9.9 404 +34
L2 1473.9 £222.8 277 £22 145.2 + 10.6 41.7 £3.8
L3 1555.9 + 230.4 281+1.38 148.4 + 10.6 43.8 £3.9
L4 1534.6 +£222.8 277 £22 149.2 + 10.6 447 £ 3.8
L5 1479.5 £ 198.8 30.1+£3.1 149.0 £ 9.5 452 +74

2.4. Pathological Issues

Several parameters were quantified to characterize the disease condition: (1) Cobb’s
angle as a measure of the scoliosis degree; (2) the lordosis degree as an index of physiological
or non-physiological curvature in the sagittal plane; (3) the presence of disc herniation
or protrusions. The patient study population was divided into two groups: a first group
of 11 patients with herniated discs, and a second group of 13 patients with herniated
discs and scoliosis. Within each group, there were four patients with hyperlordosis, hence
they were evenly distributed between the groups. The measurements of lordosis degree
were performed by Cobb’s method, i.e., by finding the angle between the perpendicular
line to the upper plate of L1 and the perpendicular line to the lower plate of L5, in the
sagittal plane. A physiological degree of lordosis is between 35° and 55°, above that there is
hyperlordosis, below that there is hypolordosis [31-33]. The measurements of the scoliosis
degree were performed by Cobb’s method, i.e., by finding the angle between the tangent
line to the more inclined upper plate and the tangent lie to the lower inclined lower plate.
A physiological Cobb’s Angle is less than 5°, above that there is scoliosis, which might be
severe depending on the angle [34]. The presence of herniation or protrusion were made
from the CT images, based on a simple visualization and evaluation of them: all patients
presents at least one protrusion or herniatic discs.

2.5. SSM Approach

The SSM was determined using a script developed in the mathematical language
program MATLAB (R2020, Math-Works Inc., Natick, MA, USA) as previously described
by our group [35,36]. Specifically, the lumbar spine models were resampled at sufficient
resolution to quantify all shape features. Then, the iterative closest-point algorithm was
used to move and align each sampled point of the lumbar spine with respect to a reference
patient model (which can be observed in the appendix with its geometric measurements for
the disc and vertebral body). The reference patient model is Patient n°18, the patient repre-
sentative of the average population shape. Alignment was carried out by transformations
minimizing the overall distance among pairs model and was repeated until the template
shape significantly reduced its bias to the initial reference shape. The PCA techniques were
used to reduce the complex spine shape to a few components, and this was performed
using the build-in function implemented in MATLAB. Using orthogonal transformations,
the PCA project the data onto a linear space of maximum variation directions, known as
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“shape mode” or “mode”. Shape modes are specific aspects of the anatomical variation of
the vertebral body and its disc and are adopted to identify key geometrical features that
cannot be described by the anatomy alone. After PCA, the number of retained modes is
generally well below the number of original variables yet retains a high percentage of the
overall variability in the original set. The first shape mode shows the main change in the
variability of the data set while each succeeding mode has the highest residual variance
possible, thereby showing specific anatomical features of the lumbar spine shape. The
coordinates of the spine model are then concatenated into a shape vector and assembled
into a matrix. The eigenvectors of the covariance matrix formed the principal component
modes, and their corresponding eigenvalues indicated the proportion of the total variance
explained by each shape mode. The contribution of each mode can be visualized deforming
the template from low —3c to high 4-3¢ values of each mode’s deformation vector. Shape
vectors numerically represent the contribution that each shape mode has on each spine
model [17-22].

3. Results

The realized SSM allows us to obtain a digital population of the pathological lumbar
spine. Figure 1A shows the profile of the instance probability. The latter underlines a
Gaussian trend and represents the chance that the specific deformed shape occurs for a
given value of the shape boundary. This curve shows that, for shape deviations of 0.5¢, 10,
1.50, 20, 2.50, 30, the deformed shape probability is, respectively, of 30.85%, 15.87%, 6.68%,
2.27%, 0.62% and 0.13%. Figure 1B displays the scree plot with the cumulative variance,
reaching 100% as the Mode number increases. The PCA model shows that the first 12 Shape
Modes catch the 90% shape variability.

Instance Probability (%)

100[ (B)

80

60 - —— Vertebral body

Variance (%)

— Disc
40+

1 2 3 0 5 10 15 20
Standard Deviation Mode Number

Figure 1. SSM model: (A) Instance probability vs Standard Deviation. (B) Variance vs Mode Number.

Figure 2 shows mode 1 of the vertebral body and intervertebral disc, at different levels
of standard deviation ( £1c, £20, £30), where each deformed shape mode was overlapped
with the mean shape of the model. For the vertebral body, mode 1 accounts for the 34% of
the total variance in our patient study group and is mainly associated with a proportional
change (scale factor) of the spinal height. For the intervertebral disc, mode 1 accounts
for 27% of the total variance in our patient study group and is mainly associated with a
variation of surface, width, and scoliosis degree. Figure 3 shows mode 2 and mode 3 of
the vertebral body, which account for 52% and 61% of the total variance, respectively. As
the standard deviation changes, the lumbar degree (mode 2) and scoliosis degree (mode
3) vary significantly. Mode 2 and mode 3 (Figure A1) of the intervertebral disc are shown
in the Appendix A, they account for 45% and 55% of the total variance and are mainly
associated with different multiple geometric aspects, each of them.

Video S1 and S2 display the animation of mode 1 for the vertebral body and interver-
tebral disc, respectively. Video S3 displays an animation of mode 2 and mode 3 for the
vertebral body.
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Figure 2. Graphic representation of the vertebral body and intervertebral disc for shape mode 1
at different values of o, where each deformed shape mode was overlapped with the mean shape

(transparent shape below)
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Figure 3. Graphic representation of vertebral body for shape mode 2 and mode 3 at different values of

o, where each deformed shape mode was overlapped with the mean shape (transparent shape below).
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3.1. Comparison between Modes

Figure 4 shows the different shape modes for the intervertebral disc and the vertebral
body, in the frontal and lateral views, where each deformed shape mode overlapped with
the mean shape of the model. For the intervertebral disc, we displayed modes 4, 5 and 6,
which account for 61%, 67% and 73% of the total variance, respectively, and are associated
with variations of lumbar degree (mode 4), surface (mode 4, 5 and 6), width (mode 4, 5
and 6), height (mode 5 and 6), scoliosis degree (mode 4, 5 and 6), and individual heights of
single discs (mode 6). For the vertebral body, we displayed modes 4, 5 and 6 which account
for 68%, 73% and 78% of the total variance, respectively, and are associated with variations
of width (mode 4), height (mode 4 and 6), and spinal process dimensions (mode 4, 5 and 6).

MODE 4 MODE 4
3o 3o +30

‘--‘*
o o WS -

MODE 5

-3o tio

- om = =

O Sy S awE_
@MmEm BEeES

MODE 6
o +30

-3
@G apg T2 O

LYECD =, &

Figure 4. Graphic representation of the vertebral body and intervertebral disc for shape mode 4, 5,
6 at different values of o, where each deformed shape mode was overlapped with the mean shape

3

(transparent shape below)
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3.2. Relationship between Anatomical Aspects and Shape Modes

The last step involved checking whether there were any correlations between the
identified shape modes, and anatomical and pathological aspects of patients. The latter
are considered in looking for correlations including: lumbar spine height, lordosis degree,
Scoliosis degree, mean perimeter, patient height, BMI, weight, and mean width.

Firstly, both groups created were required to identify any links between the measured
anatomical, morphological, and pathological data and the relative p-value, which was
obtained from a statistical t-test. The lumbar spine height was used as an index of height
variation due to the presence of a hernia or protrusion. A direct link between the patient’s
weight and the herniated disc were identified (p = 0.050), as well as between weight and
the scoliosis degree (p = 0.110).

For the vertebral body, a negative correlation was found between mode 6 and Cobb’s
angle (p = 0.04, R = -0.422, Figure 5) and a positive correlation between Mode 10 and mean
column width (p = 0.045, R = 0.412, Figure 6). Finally, for the intervertebral disc a positive
correlation was found between mode 9 and patient weight (p = 0.001, R = 0.644, Figure 7).
Vertebral body modes 6 and 9 account for 78% and 87% of the cumulative variance of
geometrical shape, respectively, and represent variations in terms of scoliosis degree (mode
6) and vertebral body width (mode 9). Intervertebral disc Mode 10 accounts for 84%
of the cumulative variance of geometrical shape, and represents variations in terms of
intervertebral disc height and so on of the herniated disc.

Cobb Angle

+20

Figure 5. Correlation for the vertebral body of mode 6 and Cobb’s Angle.
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Figure 7. Correlation for the intervertebral disc of mode 9 and Weight.
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Figures 5-7 show the graphs between the modes and their respective comparison
parameters, with the trend line, the patients” extremes, and the changes in mode shape
corresponding +2¢.

4. Discussion

The present study shows an SSM of the lumbar spine segment of the human body
under pathological conditions. The atlas has allowed us to extrapolate several shape modes
that visually and numerically describe the complex shape of the lumbar spine to a level
of details previously impossible with conventional imaging modalities. The shape modes
were analyzed to visually derive unique geometrical changes in the lumbar spine, and
then the extracted shape modes by PCA were statistically correlated to biomechanical
variables to shed light on shape and function. The SSM here proposed has demonstrated
the potential of shape analysis for discovering previously unknown geometrical features
that may improve the way we diagnose and treat the diseased lumbar spine. Moreover, the
SSM allows us to obtain new lumbar spine models to develop computational analyses to
assess spine biomechanics. However, future studies are needed to confirm the potential of
the proposed 3D atlas of the lumbar spine segment in a large patient population.

For the 24 patients, the spine segment was segmented, and a series of measurements
were performed to determine the main geometrical and morphological features of anatom-
ical regions of interest, i.e., surface, height, width, and perimeter. Some correspondence
concerning the numerical values of the measurements made by Divya et al. [30] was
observed at the patient geometry measurements, thus validating the approach we used
to make the same measurements. Therefore, the SSM models for the vertebral body and
intervertebral disc were created [28,30].

First, a statistical description of the anatomical and pathological data was conducted
by separating the population into two groups, through a statistical t-test. We observed how
weight and, so, BMI have an important influence on the presence or absence of herniated
discs or scoliosis. As weight and BMI increase there is a greater likelihood of an advanced
degree of scoliosis or herniated pathology. However, these pathologies depend on many
factors, which are not purely quantitative but also qualitative, relating to the personal
lifestyle, posture during the daily routine and many other factors. This confirms the studies
of Brown et al. [37] who performed a descriptive statistics analysis to understand how
anatomical data influences the presence of spinal pathologies, so we have, as described in
this study.

Therefore, the different Shape Modes obtained by the principal component analysis
(PCA) instrument were determined. These Modes allow us to observe the geometrical and
morphological variation of these anatomical regions, as the standard deviation changes.
Frontal and lateral views of the vertebral body and intervertebral disc geometries were
observed to provide better visualization and understanding of which parameters are related
to the changes. The first 12 modes account for the largest variations in pattern shape, as
much as 90%. Firstly, the £3¢ variations of the first three modes of the vertebral body and
mode 1 of the intervertebral disc were analyzed. For the disc, mode 1 changes the scoliosis
degree, surface, and width. On the other hand, for the vertebral body, there is a variation in
height, lordosis degree and Cobb’s Angle. The remaining modes, 7 to 12, are shown in the
appendix (Figure A2-A4).

Bibby et al. [38] have found that scoliosis plays an important role in the degenerative
process of the intervertebral disc, deteriorating the disc end-plate and its permeability. Our
study allowed us to identify from the SSM model how effectively a variation in the scoliosis
degree significantly affects the disc height, which is a symptom of crushing and therefore
the onset of herniated pathology. The presence of a herniated disc leads to a decrease in
the column spine height, because of the crushing of the intervertebral disc, resulting in a
disc protrusion or rupture. Therefore, the herniation affects the surface of the intervertebral
disc and, consequently, changes the width of the disc itself, resulting in a more flattened
disc. Scoliotic pathology is determined by a change in the Cobb angle of the spine in the
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frontal (coronal) plane. More than half of the patients have an advanced degree of scoliosis,
with a Cobb’s Angle greater than 5°. Scoliosis occurs by changing the frontal rectilinear
physiological nature of the spine, with a certain curvature. This curvature reflects in the
height of the intervertebral disc and surface. Often, a scoliotic pathology is accompanied
by a herniated pathology, as by varying its curve, the normal biomechanics of the spine
is altered. The intervertebral disc is subjected to increased stress, which deteriorates it,
leading to crushing, protrusions, and herniation, as shown by several studies [39,40]. From
the segmentation of the images and the scoliosis angle measurements taken, we found that
patients who had a high scoliosis angle have also at least one herniated disc. This further
confirms the direct link between herniated and scoliotic pathology.

Finally, Pearson correlations were found between the Shape Modes, and anatomical
and physiological characteristics. Several authors have made SSM models of the spine
considering, for example, healthy patients, but also spine deformities. Dai, J. [28] and
Yong, R. [29], and their collaborators, limited their work to just the variation of the spinal
geometry and deformity, they have not actually considered, as we have with our work,
the possible correlations that we have found between the shape modes and the anatomical
and pathological features. Once, we found significant Pearson correlations between mode
6 and Cobb’s angle, mode 10 and mean column width for the vertebral body; for the
intervertebral disc, a positive correlation was found between mode 9 and patient weight.
These correlations represent the actual link between the shape modes and the anatomical
and pathological characteristics of the anatomical region in question.

The study has several limitations that are mainly caused by the limited number of
patients included in the SSM. Indeed, SSM could be more powerful when a large patient
population is considered. This can also allow us to stratify patients into more uniform
groups than that here proposed. The stratification permits us to obtain a virtual population
that includes all the possible pathological situations of the human spine. This model could
represent an individual shape mode for the single variation of geometry, anatomy, and
pathology, without mixed conditions, as observed in this study. A control study group
of patients without spine disorders was not included in this SSM analysis. Indeed, the
development of an atlas for the healthy spine and the comparison with the current diseased
atlas can shed light on whether the spine deformation around the mean templates is
associated with the disorders and/or the expected variance of the adult population. In
future studies, the present approach will be expanded to a large patient population to
confirm the present findings.

5. Conclusions

The present study has allowed us to obtain a virtual atlas of the spinal lumbar segment,
to assess the associations between shape and function. This SSM can also be used to generate
a new model by deforming the mean template of the lumbar spine to specific boundaries.
In future studies, the present SSM will be strengthened by a large patient cohort and will
then be used to generate new anatomies for the assessment of the biomechanical response
of the human spine to variations in the shape features.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering9080408 /s1, Video S1: Mode 1 for lumbar ver-
tebral body. Video S2: Mode 1 for intervertebral disc. Video S3: Mode 2 and Mode 3 for lumbar
vertebral body.
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Appendix A

Other Shape Modes of vertebral body intervertebral disc are shown, and the reference
patient of the model is shown, with its geometrical measurements.

MODE 2 MODE 3

a 3o

Figure A1. Graphic representation for mode 2 and 3 for the intervertebral disc at different values of o,
where each deformed shape mode was overlapped with the mean shape (transparent shape below).

MODE 7

Figure A2. Graphic representation for modes 7 and 8 for intervertebral disc and vertebral body
at different values of ¢ where each deformed shape mode was overlapped with the mean shape
(transparent shape below).
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Figure A3. Graphic representation for modes 9, 10, 11 and 12 of the vertebral body and intervertebral

disc at different values of o, where each deformed shape mode was overlapped with the mean shape
(transparent shape below).
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Figure A4. Reference patient model segmentation used to realize the SSM model.

Table A1l. Measurements of reference model patient of the intervertebral disc.

Medium Shape Medium Surface Height (mm) Medium
(mm?) (mm) eight tmm Perimeter(mm)
L1-L2 1395.88 9.99 152.17
L2-L3 1732.14 9.99 155.08
L3-L4 1733.20 8.24 156.51
L4-L5 1846.57 10.00 159.95

Table A2. Measurements of reference model patient of the vertebral body.

Medium Shape Medium . Medium .
(mm?) P Surface (mm) Height Perimeter (mm) Width (mm)
L1 1556.57 27.97 152.07 45.13
L2 1644.28 26.13 152.51 47.50
L3 1705.84 28.06 159.51 46.62
14 1600.47 26.22 151.27 47.48
L5 1528.99 28.20 153.79 48.34
References
1. Benzel, E.C. Deformity Prevention and Correction: Component Strategies; Biomechanics of Spine Stablization; AANS Publications:
Rolling Meadows, IL, USA, 2001; pp. 437-440.
2. Gadd, M.].; Shepherd, D.E.T. Viscoelastic properties of the intervertebral disc and the effect of nucleus pulposus removal. Proc.
Inst. Mech. Eng. Part ]. Eng. Med. 2011, 225, 335-341. [CrossRef]
3. Langensiepen, S.; Semler, O.; Sobottke, R.; Fricke, O.; Franklin, J.; Schonau, E.; Eysel, P. Measuring procedures to determine the
Cobb angle in idiopathic scoliosis: A systematic review. Eur. Spine J. 2013, 22, 2360-2371. [CrossRef] [PubMed]
4.  Patwardhan, A.G.; Havey, RM.; Meade, K.P; Lee, B.; Dunlap, B. A follower load increases the load-carrying capacity of the
lumbar spine in compression. Spine 1999, 24, 1003-1009. [CrossRef] [PubMed]
5. Patwardhan, A.G.; Havey, RM.; Carandang, G.; Simonds, J.; Voronov, L.I.; Ghanayem, A.].; Paxinos, O. Effect of compressive
follower preload on the flexion—extension response of the human lumbar spine. J. Orthop. Res. 2003, 21, 540-546. [CrossRef]
6. Kim, YH,; Kim, K. Computational modeling of spine and trunk muscles subjected to follower force. J. Mech. Sci. Technol. 2007, 21,
568-574. [CrossRef]
7. Lidar, Z; Behrbalk, E.; Regev, G.J.; Salame, K.; Keynan, O.; Schweiger, C.; Appelbaum, L.; Levy, Y.; Keidar, A. Intervertebral disc

height changes after weight reduction in morbidly obese patients and its effect on quality of life and radicular and low back pain.
Spine 2012, 37, 1947-1952. [CrossRef]


http://doi.org/10.1177/2041303310393410
http://dx.doi.org/10.1007/s00586-013-2693-9
http://www.ncbi.nlm.nih.gov/pubmed/23443679
http://dx.doi.org/10.1097/00007632-199905150-00014
http://www.ncbi.nlm.nih.gov/pubmed/10332793
http://dx.doi.org/10.1016/S0736-0266(02)00202-4
http://dx.doi.org/10.1007/BF03026960
http://dx.doi.org/10.1097/BRS.0b013e31825fab16

Bioengineering 2022, 9, 408 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Patwardhan, A.G.; Bunch, W.H.; Meade, K.P.; Vanderby, R., Jr.; Knight, G.W. A biomechanical analog of curve progression and
orthotic stabilization in idiopathic scoliosis. J. Biomech. 1986, 19, 103-117. [CrossRef]

White, A.A.; Panjabi, M.M. Clinical Biomechanics of the Spine, 2nd ed.; Lippincott: Philadelphia, PA, USA, 1990.

Hwang, D.; Gabai, A.S.; Yu, M.; Yew, A.G.; Hsieh, A.H. Role of load history in intervertebral disc mechanics and intradiscal
pressure generation. Biomech. Model. Mechanobiol. 2012, 11, 95-106. [CrossRef]

O’Connell, ].E. Protrusions of the lumbar intervertebral discs. J. Bone Jt. Surgery. Br. 1951, 33, 8-30. [CrossRef]

Tsutsui, S.; Yoshimura, N.; Watanuki, A.; Yamada, H.; Nagata, K.; Ishimoto, Y.; Enyo, Y.; Yoshida, M. Risk factors and natural
history of de novo degenerative lumbar scoliosis in a community-based cohort: The Miyama study. Spine Deform. 2013, 1, 287-292.
[CrossRef]

Wang, H.; Zhang, T.; Cheung, KM.C.; Shea, G.K.H. Application of deep learning upon spinal radiographs to predict progression
in adolescent idiopathic scoliosis at first clinic visit. EClinicalMedicine 2021, 42, 101220. [CrossRef] [PubMed]

Will, R.E.; Stokes, L.A.; Qiu, X.; Walker, M.R.; Sanders, J.O. Cobb angle progression in adolescent scoliosis begins at the
intervertebral disc. Spine 2009, 34, 2782. [CrossRef] [PubMed]

Catalano, C.; Agnese, V.; Gentile, G.; Raffa, G.M.; Pilato, M.; Pasta, S. Atlas-based evaluation of hemodynamic in ascending
thoracic aortic aneurysms. Appl. Sci. 2021, 12, 394. [CrossRef]

Benameur, S.; Mignotte, M..; Labelle, H.; De Guise, ].A. A hierarchical statistical modeling approach for the unsupervised 3-D
biplanar reconstruction of the scoliotic spine. IEEE Trans. Biomed. Eng. 2005, 52, 2041-2057. [CrossRef]

Nandi, D.; Ashour, A.S.; Samanta, S.; Chakraborty, S.; Salem, M.A.; Dey, N. Principal component analysis in medical image
processing: A study. Int. |. Image Min. 2015, 1, 65-86. [CrossRef]

Frangi, A.F; Rueckert, D.; Schnabel, J.A.; Niessen, W.]. Automatic construction of multiple-object three-dimensional statistical
shape models: Application to cardiac modeling. IEEE Trans. Med. Imaging 2002, 21, 1151-1166. [CrossRef]

Rasmus Broa, A.K.S. Principal component analysis tutorial review. Anal Methods 2014, 6, 1-16.

Wold, S.; Esbensen, K.; Geladi, P. Principal component analysis. Chemom. Intell. Lab. Syst. 1987, 2, 37-52. [CrossRef]

Williams, L.J.; Abdi, H. Principal component analysis. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 433—-459.

Cutugno, S.; Ingrassia, T.; Nigrelli, V.; Pasta, S. On the left ventricular remodeling of patients with stenotic aortic valve: A
statistical shape analysis. Bioengineering 2021, 8, 66. [CrossRef]

Klop, C. A three-dimensional statistical shape model of the growing mandible. Sci. Rep. 2021, 11, 1-10. [CrossRef] [PubMed]
Rodero, C.; Strocchi, M.; Marciniak, M.; Longobardi, S.; Whitaker, J.; O'Neill, M.D.; Gillette, K.; Augustin, C.; Plank, G.; Vigmond,
E.J.; et al. Linking statistical shape models and simulated function in the healthy adult human heart. PLoS Comput. Biol. 2021, 17,
€1008851. [CrossRef] [PubMed]

Farrar, G.; Suinesiaputra, A.; Gilbert, K; Perry, J.C.; Hegde, S.; Marsden, A.; Young, A.A.; Omens, ].H.; McCulloch, A.D. Atlas-
based ventricular shape analysis for understanding congenital heart disease. Prog. Pediatr. Cardiol. 2016, 43, 61-69. [CrossRef]
[PubMed]

Boisvert, J.; Cheriet, F.; Pennec, X.; Labelle, H.; Ayache, N. Principal deformations modes of articulated models for the analysis of
3D spine deformities. Electron. Lett. Comput. Vis. Image Anal. 2008, 7, 13-31. [CrossRef]

Campbell, ].Q.; Petrella, A.]. Automated finite element modeling of the lumbar spine: Using a statistical shape model to generate
a virtual population of models. J. Biomech. 2016, 49, 2593-2599. [CrossRef]

Dai, J.; Yu, B.; Wang, Y. Statistic Model of the Spine in Three-Dimension Geometry. In Proceedings of the 2010 Third International
Symposium on Information Science and Engineering, Shanghai, China, 24-26 December 2010; pp. 66-70.

Yong, R.; Ranjitkar, S.; Lekkas, D.; Halazonetis, D.; Evans, A.; Brook, A.; Townsend, G. Three-dimensional (3D) geometric
morphometric analysis of human premolars to assess sexual dimorphism and biological ancestry in Australian populations. Am.
J. Phys. Anthropol. 2018, 166, 373-385. [CrossRef]

Divya, V.; Anburajan, M. Finite element analysis of human lumbar spine. In Proceedings of the 2011 3rd International Conference
on Electronics Computer Technology, Kanyakumari, India, 8-10 April 2011; Volume 3, pp. 350-354.

Chernukha, K.V,; Daffner, R.H.; Reigel, D.H. Lumbar lordosis measurement: A new method: Versus: Cobb technique. Spine 1998,
23, 74-79. [CrossRef]

Paroli, C.; Monticone, M.; Ferraro, C.; Negrini, S. Capitolo 1 Alterazioni della postura sagittale in eta evolutiva. 2003. Available
online: https://isico.it/images/uploads/ricerca/ID00039¢.pdf (accessed on 18 August 2022).

Fern, ; R.; Fox, D.E. Evaluation of lumbar lordosis. A prospective and retrospective study. Spine 1985, 10, 799-803. [CrossRef]
Shea, K.G.; Stevens, PM.; Nelson, M.; Smith, ].T.; Masters, K.S.; Yandow, S. A comparison of manual versus computer-assisted
radiographic measurement: intraobserver measurement variability for Cobb angles. Spine 1998, 23, 551-555. [CrossRef]
Cleophas, T.].; Zwinderman, A.H. Bayesian Pearson correlation analysis. In Modern Bayesian Statistics in Clinical Research; Springer:
Cham, Switzerland, 2018; pp. 111-118.

Morrissy, R.T.; Goldsmith, G.S.; Hall, E.C.; Kehl, D.; Cowie, G.H. Measurement of the Cobb angle on radiographs of patients who
have. J. Bone Joint Surg. Am. 1990, 72, 320-327. [CrossRef]

Brown, D.C.; Conzemius, M.G.; Shofer, FS. Body weight as a predisposing factor for humeral condylar fractures, cranial cruciate
rupture and intervertebral disc disease in Cocker Spaniels. Vet. Comp. Orthop. Traumatol. 1996, 9, 75-78.


http://dx.doi.org/10.1016/0021-9290(86)90141-7
http://dx.doi.org/10.1007/s10237-011-0295-1
http://dx.doi.org/10.1302/0301-620X.33B1.8
http://dx.doi.org/10.1016/j.jspd.2013.05.005
http://dx.doi.org/10.1016/j.eclinm.2021.101220
http://www.ncbi.nlm.nih.gov/pubmed/34901796
http://dx.doi.org/10.1097/BRS.0b013e3181c11853
http://www.ncbi.nlm.nih.gov/pubmed/19940737
http://dx.doi.org/10.3390/app12010394
http://dx.doi.org/10.1109/TBME.2005.857665
http://dx.doi.org/10.1504/IJIM.2015.070024
http://dx.doi.org/10.1109/TMI.2002.804426
http://dx.doi.org/10.1016/0169-7439(87)80084-9
http://dx.doi.org/10.3390/bioengineering8050066
http://dx.doi.org/10.1038/s41598-021-98421-x
http://www.ncbi.nlm.nih.gov/pubmed/34552162
http://dx.doi.org/10.1371/journal.pcbi.1008851
http://www.ncbi.nlm.nih.gov/pubmed/33857152
http://dx.doi.org/10.1016/j.ppedcard.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28082823
http://dx.doi.org/10.5565/rev/elcvia.165
http://dx.doi.org/10.1016/j.jbiomech.2016.05.013
http://dx.doi.org/10.1002/ajpa.23438
http://dx.doi.org/10.1097/00007632-199801010-00016
https://isico.it/images/uploads/ricerca/ID00039c.pdf
http://dx.doi.org/10.1097/00007632-198511000-00003
http://dx.doi.org/10.1097/00007632-199803010-00007
http://dx.doi.org/10.2106/00004623-199072030-00002

Bioengineering 2022, 9, 408 16 of 16

38. Bibby, S.R.; Jones, D.A_; Lee, R.B.; Yu, ].; Urban, J.P. The pathophysiology of the intervertebral disc. Jt. Bone Spine 2001, 68, 537-542.
[CrossRef]

39. Stokes, LA.,; McBride, C.A.; Aronsson, D.D.; Roughley, PJ. Metabolic effects of angulation, compression, and reduced mobility on
annulus fibrosis in a model of altered mechanical environment in scoliosis. Spine Deform. 2013, 1, 161-170. [CrossRef] [PubMed]

40. Hristova, G.L; Jarzem, P; Ouellet, ].A.; Roughley, PJ.; Epure, L.M.; Antoniou, J.; Mwale, F. Calcification in human intervertebral
disc degeneration and scoliosis. J. Orthop. Res. 2011, 29, 1888-1895. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1297-319X(01)00332-3
http://dx.doi.org/10.1016/j.jspd.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/27927288
http://dx.doi.org/10.1002/jor.21456
http://www.ncbi.nlm.nih.gov/pubmed/21590718

	Introduction
	Materials and Methods
	Patient Study Population
	Lumbar Spine Segmentation
	Geometrical and Anatomical Measurements
	Pathological Issues
	SSM Approach

	Results
	Comparison between Modes
	Relationship between Anatomical Aspects and Shape Modes

	Discussion
	Conclusions
	Appendix A
	References

