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Spectral Shape Analysis of Human Torsos:
Application to the Evaluation of Scoliosis
Surgery Outcome

Ola Ahmad

Abstract—This paper aims at evaluating the effect of
spinal surgery on the torso shape appearance of adolescent
patients. Current methods that assess the surgical outcome
on the trunk shape are limited to its global asymmetry or rely
on unreliable manual measurements. We introduce a novel
framework to evaluate pre- to postoperative local asymme-
try changes using a spectral representation of the torso
shape, more specifically, the Laplacian spectrum (eigenval-
ues and eigenvectors) of a graph. We conduct a statistical
analysis on the eigenvalues to efficiently select the spectral
space and determine the significant components between
preop and postop groups. On the selected eigenvectors, we
propose a local analysis based on the concept of Euler char-
acteristic to detect their local maxima and minima, which are
then used to compute local left-right (L—R) asymmetries of
torso shape. On 49 patients with a thoracic spinal defor-
mity, the method captures significant pre- to postoperative
changes of asymmetry at the waist, shoulder blades, shoul-
ders, and breasts. We have evaluated average correction
rates for L-R asymmetry of the waist height (67%), shoulder-
blade height (64%) and depth (67%), lateral offset between
shoulder and neck (61%), and breast height (52%). Spectral
torso shape analysis provides a novel approach to quan-
tify the surgical correction of the scoliotic trunk from local
shape asymmetry. The proposed method could help the sur-
geon to understand the impact of different spinal surgery
strategies on the postoperative appearance and choose the
one that should provide better patient’s satisfaction.

Index Terms—3D torso model, graph Laplacian, scoliosis,
spectral representation, statistical shape analysis, surgical
outcome assessment, topology.
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I. INTRODUCTION

DOLESCENT idiopathic scoliosis (AIS) is a three-

dimensional deformation leading to a lateral curvature
of the spine associated with vertebral and rib cage rotation [1],
[2]. This deformation generates visible asymmetries on the torso
shape (see Fig. 1), which in turn affect the external appearance
of the trunk [3]. While this pathology is commonly diagnosed in
childhood and adolescents aged 10—18 years old, it can progress
rapidly during the adolescent growth spurt to the point of requir-
ing spinal surgery [4]. Indeed, severe scoliosis may, in addition
to trunk shape deformations, lead to functional problems such
as cardiac and pulmonary dysfunction, cause common back-
aches, and decrease the physical capacity of patients [5], [6].
Surgical treatment in the case of sever scoliosis is therefore
highly recommended to correct the spinal curvature and stop its
progression, thereby improving the quality of life of adolescent
patients.

The outcome of scoliosis surgery is usually evaluated by ex-
amining the global balance of the torso. This is based on ra-
diographic measurements, mainly Cobb angles [7] that quantify
the spinal curvatures. The Cobb angle evaluates accurately the
changes in the curve amplitudes observed from frontal and lat-
eral radiographs [8]. However, these measurements cannot as-
sess the changes in the external asymmetries or the appearance
of torso, which are the primary indicators of a patient’s satisfac-
tion with the surgery [9]. Some studies invoke questionnaires
for patients with medical [9] and non-medical [10], [11] raters to
include an evaluation of the external shape. But such evaluations
are often qualitative and affected by a subjective judgment. For
these reasons, a variety of approaches were developed in order
to provide quantitative measurements of the torso asymmetry
that allow a more reliable assessment of the scoliosis surgery
outcome.

The most popular clinical assessment tool used to quan-
tify torso shape asymmetry is the manual scoliometer [12].
This tool was developed mainly to measure the rib hump—
an asymmetrical thoracic prominence on the back induced by
ribcage deformation—while the patient is on forward-bending
(see right image in Fig. 5). Recently, the scoliometer tech-
nique was used in [13] to assess the effectiveness of scoliosis
surgery to reduce the posterior rib and lumbar prominences.
However, the uncertainties related to the patient’s posture and
the manual method lead to unreliable and irreproducible shape
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Fig. 1. Four samples of adolescent patients with AlS. The scoliotic
deformations on torso shapes include global misalignments and axial
rotations as well as local asymmetries in shoulders, waist, scapula, hips
and thoracic prominence.

measurements. Optical techniques that provide a mapping of
the back surface have been used as a viable alternative to scol-
iometer measurements. Each of these techniques extracts, man-
ually or semi-automatically, a set of anatomic landmarks from
the back surface to quantify the asymmetries in terms of dis-
tances and angles. A survey of all these techniques is given
in [14]. In contrast, cross-sectional based methods [15], [16]
benefit from measuring the whole torso shape, which is usually
in the form of a 3D triangulated mesh. The surface is parti-
tioned into uniform 2D cross-sections and functional asymme-
try indices are then computed. For example, bend, tilt and twist
asymmetries are defined in [15]; back surface rotation, trunk
rotation and trunk lateral shift are the asymmetry indices de-
fined in [16]. This later method was recently used to evaluate
the outcome of spinal surgeries on torso shape [17]. The un-
derlying functional asymmetries are, however, global in their
nature and cannot be used to evaluate local shape changes,
as for instance, local corrections of torso deformity after
surgery.

Various shape representations have been proposed to study
local shape changes across populations of shape meshes. For
instance, spherical-based shape representations [18], [19], Sur-
face parametrization using Fourier descriptors [20], and me-
dial representations [21], [22]. These methods generally rely
on one or more important pre-processing tasks like re-meshing,
registration, or one-to-one correspondence. In contrast, spec-
tral methods [23], [24] offer isometric-invariant shape descrip-
tors that characterize the intrinsic geometry of the mesh, i.e.,
meshes with identical geodesics between vertices have iden-
tical spectral features. A recent comprehensive survey on the
spectral approaches shows their power in many computer vision
fields [25]. With minimal pre-processing—without registration
or correspondence—spectral shape descriptors have been effi-
ciently used to compare shapes [26]-[28]. In particular, a smooth
representation of surface geometry (a manifold) is defined on
a triangle mesh, where the eigenvalues of the Laplace-Beltrami
(LB) operator are computed and defined as the shape-DNA [26].
This study demonstrated the robustness and efficiency of using
the spectral shape-DNA to compare global changes of surfaces
and solids. An extended work proposed to incorporate the spec-
tral eigenfunctions analysis with shape-DNA to allow a local
comparison between subcortical brain surfaces [27]. Although
this work discussed several relevant topics relating to the LB
spectrum, we focus here on its use for local shape analysis.
The local analysis [27] exploits the topological structure of
the smooth LB eigenfunctions. This topology is introduced by

level sets, nodal curves and Morse-Smale complex [29], and
is used to detect the thickness and size changes of caudate
shapes.

Motivated by the previous spectral shape analysis approaches,
we propose here a new method based on shape spectra to eval-
uate local asymmetry changes between pre- and post-operative
torso shapes. In a previous study [30], we used a Laplacian oper-
ator of a graph model to compute the spectral representation of
the trunk surface. This study was limited to demonstrating that
the graph spectrum is able to find the optimal correspondence
between torso shapes, thereby allowing point-wise longitudinal
analysis in scoliosis progression assessment. In this paper, we
propose to analyze torso asymmetry changes using the Laplacian
spectrum, while local geometric features (maxima and minima)
of the most relevant eigenvectors are computed from a con-
nected component analysis of their upper- and lower-level sets.
More specifically, we propose the well-known Euler Character-
istic (EC) concept [31] to describe the topological structure of
the spectral embedding space. The EC is a class of invariant
homology groups that characterizes the topology of the space,
in the sense of counting the connected components and the n-
dimensional holes. To the best of our knowledge, the use of
algebraic topology (EC and connected components analysis) of
the graph Laplacian for local shape comparisons has not yet
been exploited.

The rest of the paper is organized as follows. Section II
describes the proposed framework for analyzing pre- to
post-operative asymmetry changes in scoliotic torso shapes.
Section III presents our experimental results on a dataset of AIS
patients with a single type of thoracic spinal deformity (Lenke
1A curve type [32]). These results are discussed in Section IV,
and a conclusion is provided in Section V.

Il. PROPOSED FRAMEWORK FOR CHANGE ANALYSIS OF
ScoLIoTIC TORSO MODELS

We begin with the spectral representation of torso shape mod-
els based on the graph Laplacian matrix (Section II-A). Inspired
by the Laplace-Beltrami shape-DNA [27], we describe in the
following two subsections (Sections II-B and II-C) how the
Laplacian features are used to compare scoliotic torso shapes.
Finally, we present our novel method for quantifying local asym-
metries of torso models from the relevant spectral components
(Section II-D).

A. Spectral Representation of Torso Shape

We consider a discrete representation of deformable torso,
i.e., a triangular mesh (M). We therefore use the general graph
Laplacian [23] to represent the spectral components of M.

The connected undirected graph G = {V, £} is defined by
the set of vertices v; € V, and the set of edges e;; € £ con-
necting neighboring vertices (v;, v;) of M. We assume that this
graph is weighted, thatis a V' x V (V the total number of ver-
tices) weighted adjacency matrix W is defined by non-negative
weights derived from a distance metric on graph edges. We use
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Fig. 2. Spectral representation of torso shape using the graph Laplacian. From left to right are the low to high frequency eigenvectors (EVs). (The

color bar indicates the eigenvectors amplitudes normalized to the range [—1, +1].)

the heat kernel to compute these weights:

Clxix )

(& t y

ifde; €&
0, otherwise.

Wij = ey

Where t € RY/{0} is, here, a scaling factor that controls the
weight decay, x; and x; are the spatial coordinates of vertices
1 and j, respectively. For every node (or vertex), the spatial
coordinate vector is given by x = (x,y, z)T. The heat kernel
ensures smooth weights along the graph [33], and therefore
allows to obtain more stable invariants than using the typical
binary weights (i.e., W;; = 1if e;; € £ and zero otherwise) or
Euclidean distance.

The general Laplacian operator on the graph M was repre-
sented in [34] as the V' x V matrix of the form

L=DYD-W) )

where D is the diagonal degree matrix defined by the sum of
weights as D;; = > ; Wij. The spectral decomposition of the
Laplacian matrix £ = ®A® ! is solved from the generalized
eigenvalue problem, where A = diag(ig, A1, ..., Ay ) is the di-
agonal matrix of the ordered eigenvalues, (Ao < A1 < ...), and
P = (Dg, Py, ..., Py ) is the V x V matrix containing the as-
sociated eigenvectors, eigenfunctions, as column vectors. Since
the graph is connected, the first eigenvalue A, = O—there is no
boundary condition. The first eigenvector @ is thus a constant
vector. The corresponding spectral embeddings have a multi-
scale property. Fig. 2 shows how the spectral decomposition
represents the harmonic behavior of the torso mesh surface. The
lower eigenvectors correspond to the low frequency descriptors
whereas higher eigenvectors capture geometric features at high
frequencies.

B. Spectrum Normalization and Rearrangement

Torso shapes are generally of different sizes and their spectral
eigenvalues are affected by size changes. Since the comparison
between shapes needs to be independent of such size variations,
their spectral features need to be normalized. As can be seen in
Fig. 3, the eigenvalues of different torso shapes have approxi-
mately linear slops with respect to their orders. The differences
between these slops are related to the variations of surface area
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Fig. 3. lllustration of the first 200 spectral eigenvalues for a group of
20 postoperative AIS torso shapes. Each profile corresponds to a torso
shape sample.

of the torso meshes, since the eigenvalues can asymptotically be
givenby Ay o ¢ X k/A(M) (cisaconstantand A(M ) is the sur-
face area of the mesh) as demonstrated on manifold shapes [26],
[35]. Accordingly, we choose to normalize the eigenvalues us-
ing a linear regression function. On the other hand, the use of
torso eigenvectors to quantify the local asymmetries requires us
to ensure that the orders of the eigenvectors remain consistent
with the ordered eigenvalues across samples. Usually, this is not
true, since torso shape is not perfectly isometric. It is thus possi-
ble to get very close eigenvalues that may lead to changes in the
orders and the orientation of the associated eigenvectors. Many
state-of-the-art approaches have automatically addressed part
of this problem using, for instance, heuristics [36], or similarity
measures [37], [38]. These methods find the optimal permuta-
tion between eigenfunctions and correct the possible flipping
of their signs. More recent studies have solved the problem en-
tirely, i.e., order and rotation changes, by building joint matrices
that transfer spectral eigenvectors between shapes [39]. We ap-
ply this later method to find the optimal arrangement between
eigenvector pairs of different meshes. Here, we rearrange the
eigenvectors of all scoliotic torso shapes with respect to an ar-
bitrary shape selected from the postoperative population as a
reference. In addition, we normalize all the eigenvectors to the
range [—1, +1] to facilitate their local analysis (Section II-D).
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C. Statistical Analysis

1) Spectral Space Selection: Typically, the dimension of
the spectral space is equal to the size of the input mesh, which
is quite large (more than 20k vertices). In addition, not all
these eigenvalues are relevant to the shape analysis. A selec-
tion of the relevant spectral components is thus required to en-
sure both computational efficiency and correct analysis. There
are different ways to select the leading spectral components.
Here, we employ a significance test between combinations of
spectral eigenvalues across two groups (pre/post-operative) of
torso shapes. More precisely, we search for significant differ-
ences between spectral representation pairs across the groups
as a function of the spectral dimension. This can be achieved
through a multivariate comparison. Usually in multivariate sta-
tistical testing problems, two well-known methods are consid-
ered: Hotelling’s 7 —statistic or the maximum t-statistic of ab-
solute differences [27], [40]. In this latter method, a permutation
test is constructed to compute the exact significance level for
each variable.

The maximum t-statistic is defined as follows
B ol o
k-

Npost

tmax =

Npre

where N defines the dimension variable of the spectral space,
v = diag(A) is a column vector of the N x N eigenvalue ma-
trix A, Upre i, Upost,r, are the average k—th eigenvalues of
pre-operative (pre) and post-operative (post) scoliotic subjects,
respectively, and S Dy, is the pooled standard deviation of the
k—th component over the two groups

nre_102. +n05/—10'2‘
SD}; _ \/( P ) puzﬁkn _(217 t ) post,k (4)

with o, . and o, . are the variances of the k—th component
of each group, n,,. and n,,s are their sample size, and n =
Npre + Nypos 18 the total number of observations. Please note that
the outcome of the multivariate test is the p-value that indicates,
for a significance level (o = 5%), the dimension of the spectral
space, which consists of the first NV leading eigenvalues. Also,
we use the effect size, Cohen’s d [41], to quantitatively compare
the effect of the discrimination power of the spectral space
between the groups independently of the sample size. Cohen’s
d is defined as the magnitude of the difference between the
groups, divided by the standard deviation of each group, and it
is commonly expressed in absolute values.

2) Detection of the Relevant Eigenvalues Reflecting
Changes of Torso Asymmetries: The selected spectral space
consists of at least one or more eigenvalues whose mean values
have significantly changed between the two groups; they indi-
cate a significant global change in torso asymmetry as a result
of scoliosis surgery. A test statistic applied on the individual
spectral components will determine the significant ones. Con-
sequently, we investigate multiple hypotheses simultaneously
on the N selected eigenvalues by invoking the false discovery
rate (FDR) [42] to correct and adjust the p-values. At this stage,
pairwise multiple comparisons based on the F'-statistic are used

to test pre- to post-operative shape differences by individual
eigenvalues in the range [1, N].

D. Identification and Quantification of Local Asymmetries

1) The Euler Characteristic (EC) and Connected Compo-
nents Analysis: Although the spectral eigenvalues are the pri-
mary indicators of the significant changes in shape asymmetry,
these changes are not directly interpretable, nor do they capture
the local asymmetries. In contrast, the eigenvectors associated
with the significantly changed eigenvalues provide a more re-
fined and quantitative characterization of the local asymmetries.
Referring to Fig. 2, the k-th eigenvector can have m < k local
features represented by local maxima and minima, which are
surrounded by their connected components; these define a topo-
logical structure of the eigenvectors. Pairwise geometric dis-
tances between these local features on the left side of the torso
and their counterparts on the right side quantify the degree of
asymmetry in specific regions (e.g., shoulders, waists, breasts,
etc.). The main challenge in detecting these local features is the
unknown variations of their amplitude levels, which depend on
the changes of the geometric deformations within and between
shapes. We therefore propose to analyze the topology of the
eigenvectors (associated with the relevant eigenvalues) through
their level sets in order to detect all the underlying local features.
Our topological method is based on the Euler characteristic (EC)
of upper- (or lower-) level sets, where a level (u) is selected in
the range [—1,1] to partition the mesh into local regions (or
subdomains) located above and below . This concept has been
used in pattern recognition applications [43], [44], where the EC
is derived from a probabilistic model of the image data. Here,
we use the algebraic approach to compute the EC of subdomains
obtained by the spectral embeddings. In addition, we adapt the
concept of persistent connected components, contained in these
subdomains, to detect the local geometric features of torso shape
meshes.

Let M be a mesh with V" vertices, ' edges and F’ faces. The
EC is then defined as

xu =V -E+F (5)

Itis the alternating sum of the graph elements in each dimension:
the vertices are of dimension 0 with the sign (+), the edges are
of dimension 1 with the sign (—), and the faces are of dimension
2 with the sign (+). The same definition holds on partitions (or
subsets) of M.

We define an upper-level set .S,, of the mesh M as the subset
of vertices and edges in which an eigenvector (¢) exceeds a
threshold value w, such that

Su={x €M, ¢(x) = u} (©)

where u € [—1, 1]. The upper-level sets at relatively high thresh-
olds, i.e., near the upper bound of the range [—1, 1], only consist
of connected components including their local maxima, and the
EC gives the number of these components. In the same context,
the lower-level sets (i.e., {x € M, ¢(x) < u}), or equivalently
the upper-level sets of —¢, include the local minima. We thus
need to focus on relatively high (in the absolute sense) threshold
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Fig. 4. The persistence for the EC of the connected components. Top
row: 9-th eigenvector of a post-operative torso of a female patient; from
left to right, the figures show the upper-level sets (bounded by the white
color) computed at w = 0.73 and u = 0.95, respectively; the white points
are their local maxima. Bottom row: A bar diagram showing the persis-
tence of the number of connected components over the range levels
[0.5,1].

values, e.g., u € [0.5,1], to detect these local features. How-
ever, when moving v from 0.5 to 1, the topology of S, may
change, i.e., some components may merge, disappear, or new
ones may appear. Similarly, the EC number may change with
respect to u. The persistence of EC indicates the life-time of
the components and their significance (i.e., noise or features).
For example, Fig. 4 shows the topological change of the 9-th
eigenvector, of a post-operative torso, as well as the persistence
of the EC number—any other eigenvector can be used. In this
figure, it can be seen (at bottom row) that x = 2 components
rank a maximum persistence, starting at the level u; = 0.5 and
ending at us = 0.87. These components, as shown on the left of
the top row, are located on the left-side shoulder blade and the
left-side breast of the female torso. However, for u > us, one
can notice, on the right of the top row of Fig. 4, that only the
local maximum on the back side was detected at such high-level
value whereas the connected component on the front disap-
peared. In this example, x = 1 ranks minimal persistence in the
range ]0.87,0.97], so any level in the range [0.5,0.87] can be
selected to find all the local maxima of the 9-th eigenvector.
Finding the persistent connected components corresponding to
the maximum persistence of x for any selected eigenvector is
equivalent to detecting all its local features.

2) Local Asymmetry Measurements: As the eigenvectors
are isometry-invariant, their topological features are isometry-
invariant and intrinsic as well. Hence, they can be used effi-
ciently to quantify the local asymmetries of torso shapes. We
define the local asymmetry measures as the differences between
the geometric coordinates of the corresponding local features,
i.e., local maxima and/or minima on the left (L) and right (R)
sides of both the posterior and anterior sides of the torso. Let

Py = (x1,y,2)" and P, = (x,,y,,2)" be the left and right
corresponding feature points, respectively. We define, for any
pair (P, P,), three asymmetry measures: Aogset = |21| — |2, |8
the lateral offset asymmetry, Ayeight = |1 — |y»| is the height
asymmetry, and Agepin = 27| — |2 | is the depth asymmetry.
We define the change rate between shapes (pre- versus post-
operative) to be the relative difference between their correspond-
ing asymmetries.

[lI. EXPERIMENTS AND RESULTS

In this section, we focus our experimental analysis on a dataset
of patients with AIS recently evaluated by our research group
using the cross-sectional based approach [17].

A. Datasets

1) Pre-/Post-Operative Dataset: The dataset consists of ado-
lescent patients with idiopathic scoliosis (AIS) treated at Sainte-
Justine Hospital (SJTH) in Montreal, Canada. We consider 49 AIS
patients (42 female and 7 male), aged 15 £ 2 years, who had a
spinal surgery between May 2004 and August 2011 using one
of three different surgical techniques. All these patients had the
same type of spinal deformation, namely an abnormal spinal
curve in the main thoracic region (Lenke 1A curve type [32]).
Full torso surfaces were acquired using a non-invasive optical
surface digitizing system (InSpeck/Creaform Inc., Lévis, QC).
The system provides dense triangulated meshes with 40k to 70k
vertices according to the size of patient, with a precision of
about 1.1 £ 0.9 (mm) over the surface of the torso [45]. Torso
acquisitions were carried out at most 6 months before and 6
months after surgery.

2) Clinical Measurements: The patients also underwent ra-
diographic exams before and after surgery. Several measure-
ments characterizing the spinal deformity are therefore obtained
from the radiographic images of the spine. We choose the most
important measurements: the Cobb angle (CA) [7], which mea-
sures the spinal curvature, and the coronal balance (Cor-Bal) of
the spine [13]. In addition to radiographic measurements, the
thoracic rib hump was evaluated using a scoliometer manually
placed on the back while the patients are in forward-bending
posture [46]. Fig. 5 provides descriptive illustrations of these
measurements, and Table I reports their statistics before and
after surgery. We will use these measurements to evaluate the
agreement between the local torso asymmetry changes and the
correction rates given by the clinical assessment.

B. Mesh Pre-Processing

The triangulated meshes obtained by the acquisition system
are not homogenous over the whole torso shape, with triangles
of poor quality in certain areas, notably under the arms (due
to occlusion) and in surface regions tangential to the digitizers.
The mesh data also contain holes at the boundaries of the trunk,
i.e., where the head, arms and pelvis are cropped off, and there-
fore the graph is not entirely connected. It is, therefore, very
important to inspect and enhance the quality of meshes before
processing since the Laplacian matrix (Section II-A) is sensitive
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Fig. 5. Visual description of the clinical measurements for scoliosis di-
agnosis. To the left, a radiographic image of a scoliotic female patient
from Saint-Justine hospital. The Cobb angle (CA) is defined as the angle
between the lines perpendicular to the upper and lower vertebrae delim-
iting the main thoracic curve. The coronal balance (Cor-Bal) is defined as
the lateral distance between the central sacral vertical line (in red color)
and the line drawn downwards from the mid-point of the C7 vertebrae (in
yellow color). To the right, a web image showing the apical trunk rotation
angle (rib hump) at the back measured by the scoliometer.

TABLE |
STATISTICAL DESCRIPTION OF THE CLINICAL MEASUREMENTS ON PRE- AND
POST-OPERATIVE TORSO SHAPES

Clinical measurements Preop Postop Relative change (%)
Cobb angle (deg) 58.18 £10.37 15.82+6.92 73 £33
Rib hump (deg) 12.16 £8.60  5.16 £5.50 58 +36
Cor-Bal (mm) 9.68£19.00 0.23+£12.23 98 £ 36

to mesh quality. Noise and missing data affect building a stable
spectral space of the shape. To solve these issues, we pre-process
each trunk mesh using the well-known Radial Basis Functions
(RBFs) method [47]. This interpolation technique ensures that
a uniform mesh is produced, with high resolution and smooth
closing of the surface holes at the trunk boundaries.

C. Spectral Graph Representation and Features
Selection

The spectral graph decomposition is applied on the prepro-
cessed mesh data. In all experiments, we fixed the scale factor
of the adjacency matrix (1) to the maximum distance between
connected nodes, ¢t = max; ; dist(vi, vj), in order to give less
importance to distant nodes (e.g., nodes at the outliers) while
maintaining a relatively smooth representation of the graph. As
described in Section II-A, the graph Laplacian is used to define
the spectral space of the torso shapes, which is composed of
500 eigenbasis component. The eigenvectors of all samples are
rearranged w.r.t an arbitrary reference, i.e., a spectrum chosen
from the post-operative subjects. For the statistical analysis, the
spectrum is normalized as described in Section II-B.

In order to select the appropriate feature space, we apply the
statistical significance (p-value) of the permutation test of the
maximum t-statistic and the substantive significance (effect size)

2
© 15
o
c
2
[
O 1

0.5

0 100 200 300 400 500

N

Fig. 6. Spectral feature selection between the two (pre/post-operative)

groups of scoliotic torso. To the left, Cohen’s d effect size, and to the
right, the p-values of the multivariate statistical test of the N-dimensional
spectral features between the groups.

p-value

0.0001

0 20 40 60
k (eigenvalues order)

Fig. 7. Multiple comparisons between spectral eigenvalues. The p-
values indicate the importance of each of the first 60 eigenvalues. For a
test of significance a < 5%, three eigenvalues (5th, 7th and 9th), high-
lighted in red, indicate statistically significant differences between pre-
/post-operative torso shapes.

of Cohen’s d on the eigenvalues between pre-and post-operative
subjects (Section II-C1), starting from a vector of N = 5 until
N = 500. Here, the statistical test is sensitive to the difference
of at least one eigenvalue, while the effect size is sensitive to the
average difference of the entire feature vector. Fig. 6 shows that
the p-values of the statistical test increase monotonically when
the spectral space dimension increases. The average Cohen’s d
shows very large effect (>1.20) for N < 60, where the p-values
refer to a significant difference o« = 5% between the groups. The
average effect size decreases and becomes relatively stable for
higher feature vectors (100 < N < 500). This means that the
discrimination power of the spectral feature space is governed
by the lower eigenvalues, which are the most important and
significant. This is expected, since higher eigenvalues describe
high frequency features, which are less related to the changes
of torso shape asymmetry.

D. Detection and Identification of the Changes of Local
Asymmetries

To study the asymmetry changes between the pre- and post-
operative groups of torso shapes, we select the first 60 eigenval-
ues and apply the multiple comparisons, simultaneously, on the
selected components (Section II-C2). Fig. 7 shows the p-values
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TABLE Il
SIGNIFICANT EIGENVALUES (EVS) OF THE PREOPERATIVE AND
POSTOPERATIVE SHAPES REPRESENTED BY THE AVERAGE VALUES

EV Preop Postop Abs-rel change (%)
A5 47402 4.544+0.17 34+15
A7 6.53£0.36 628 £0.32 38+11
g 9.66 £0.29 9.96 £0.25 3.1+14

.

5thEV 9hEV

WAV

]

7ThEV

Fig. 8. lllustration of the relevant spectral eigenvector (EV) on a male
patient example. The figure shows the 5-th, 7-th, and 9-th eigenvectors
of preoperative (top row) and postoperative (bottom row) torso, and the
locations of the detected local features (dot points). 1st and 3rd columns
show back side; 2nd and 4th columns show front side.

of the FDR-based F-statistic. As can be seen, with a test of
significance o = 5%, only 3 out of the 60 eigenvalues change
significantly between the pre- and post-operative subjects; they
are A5, A7 and Ag. Table II provides their average values in each
group and the absolute relative change (or difference) between
groups.

To identify and quantify the local asymmetries, we use the
eigenvectors associated with the three significant eigenvalues.
As described in Section II-D, the ECs of upper- (lower-) level
sets are computed from each of the 5-th, 7-th, and 9-th eigenvec-
tors. The persistence of the ECs is then determined over the range
[0.5, 1], where the maximum persistence is computed and used
to indicate the number of connected components and the loca-
tions of their corresponding maxima and minima. Consequently,
for the 5-th, 7-th, and 9-th eigenvectors, the connected com-
ponents included one-maxima/one-minima, two-maxima/one-
minima, and two-maxima/two-minima, respectively. Fig. 8
illustrates for a sample patient the locations of the local fea-
tures (maxima and minima) defined by the three eigenvectors
on the torso shape. At this stage, we consider the distances
between the local features to define the torso left-right (L-R)
asymmetries. As can be seen in Fig. 8, the waist height differ-
ence (Ayeight) is available from the 5-th eigenvector. From the
7-th eigenvector, we compute the difference between the lateral
offsets from each shoulder and the base of the neck (Aygset)-
The 9-th eigenvector represents more local features that allow
us to quantify asymmetries at the back and the front, such as
the height (Aycign) and depth (Aqepin) differences between the
shoulder blades and the breast height difference (Ajeign); these

TABLE Il
COMPARISON OF THE MEAN LOCAL L-R ASYMMETRIES BETWEEN
PRE-OPERATIVE(PREOP) AND POST-OPERATIVE (POSTOP) TRUNKS

Local L-R Asymmetries (mm) Preop Postop
Waists Height (WH) 70.30 +£42.7 48.05 £ 46.5
Shoulder-To-Neck Lat. offsets (STN)  48.78 +47.26  22.20 4+ 26.06
Shoulder Blades Depth (SBD) 20.18£17.83  17.15+14.90
Shoulder Blades Height (SBH) 93.05 + 64.76 51.4 £48.8
Breasts Height (BH) 99.02 £60.33  78.38 +58.54

are caused mainly by the rib hump and ribcage rotation. All these
measurements can also be expressed in terms of local angles.
Table III describes the statistics of the local L-R asymmetries
over the whole dataset. Finally, we compute the change rates of
the asymmetry measurements between pre- and post-operative
shapes in order to evaluate the outcome of surgery.

E. Comparison to the Correction Rates of the Clinical
Measurements

We conduct a linear regression analysis to evaluate the agree-
ment between each of the clinical measurements reported in
Table I and the change rates of the new asymmetry measure-
ments. Our motivation is to provide an interpretation of the
changes captured by the spectral-based shape measurements.
This remains challenging since both radiographic and topo-
graphic examinations refer to different aspects of scoliosis de-
formity [48]. Taken o = 5%, significant correlations are found
between the CRs in three cases: waist height (WH) asymme-
try vs. CA (p = 0.66, p-value < 0.0001), shoulder-to-neck lat-
eral offset (STN) asymmetry vs. Cor-Bal (p = 0.58, p-value
= 0.003), and shoulder-blades depth (SBD) asymmetry vs. sco-
liometer reading (p = 0.64, p-value = 0.0005).

F. Performance Evaluation of the Spectral Features

In this experiment, we evaluate the robustness of the selected
spectral features against irrelevant changes due to the variability
of torso shape across the samples. To do so, we performed a
comparison between two groups: the first one is composed of
30 postoperative patients whose torso asymmetry (associated
with the scoliosis deformity) was significantly reduced after
surgery; the second group belongs to a different dataset. It is
composed of 30 patients who underwent scoliosis monitoring
because of a slight asymmetry of their torso shapes, but they
are considered as normal according to the radiographic and
clinical examinations. Fig. 9 illustrates, for each eigenvalue,
the test of significance obtained by the multiple comparisons
between the groups. Taken o = 5%, it can be clearly noticed
that the test indicates no significant differences between the
shapes as the p-values for all the selected features are higher
than 0.1.

[V. DiSCUSSION

In this paper, we propose a new framework to analyze pre-
to post-operative changes of scoliotic torso shapes based on a
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Fig. 9. Performance evaluation of the selected features (first 60 eigen-

values) between groups of normal and postoperative scoliotic torso
shapes using multiple comparisons.

spectral representation of geometric torso surface models. Un-
like the previous cross-sectional based method [17] that eval-
uates the global change of torso shape from the back surface
rotation (BSR) and trunk lateral shift (TLS), the proposed
method benefits from the spectral representation of the torso
and uses intrinsic features to compute local shape asymmetries.
On the same set of patients, the previous method captured CRs
of 18% and 50% for the BSR and TLS, respectively. Our method
can evaluate the corrections of local trunk surface asymmetries.
The differences between shoulder blades indicate CRs of 67%
and 64% in height and depth, respectively; the differences be-
tween L-R shoulder-to-neck lateral offsets are reduced by 61%;
and waist and breast height differences indicate 67% and 52%
improvements, respectively. The 5-th and 7-th eigenvectors al-
low us to detect local asymmetries related to the imbalance of
the trunk. Interestingly, the 9-th eigenvector captures asymme-
tries located at shoulder blades, which are clinically relevant in
the visual assessment of scoliosis.

By comparing the pre- to post-operative changes (CRs) be-
tween standard clinical measurements and the novel trunk sur-
face asymmetries, our experiments show significant correlations
(p—value < 5%) between the coronal balance and the shoulders-
to-neck lateral offset, between the scoliometer reading and the
shoulder blade depth, and between the thoracic Cobb angle and
the waist height, with correlation coefficients 0.5 < p < 0.7.
Even though the correlation values are not very strong, the tests
of significance (p-values) demonstrate that there is a concor-
dance between spinal (internal) corrections and torso asymmetry
(external) corrections. The reproducibility of the local features,
as demonstrated by the persistence of the EC of selected eigen-
vectors, allows for quantifying local shape changes associated
with radiographic changes. Other studies [49], [50] attempted
to find a relationship between Cobb angles and local asymmetry
indices obtained from the surface topography of the back. They
reported weak correlations (e.g., p < 0.43, p = 0.0001 between
the rib hump and CA [50]) because of the wide error margin
of the measurements used and the high variability (in terms of
the variance) of the computed shape indices. The moderate cor-

relations they obtained might also have resulted from the fact
that surface metrics evaluations did not quantify the same as-
pects of scoliotic deformation than the internal indices [51]. For
instance, the rib hump is only weakly correlated with the CA;
the waist height difference, however, is better correlated with
the CA (p = 0.66, p < 0.0001).

V. CONCLUSION

The proposed spectral shape analysis provides a fully auto-
matic approach to detect intrinsic and clinically interpretable
local features from the whole scoliotic trunk. Our approach can
extract measurements to assess the surgical outcome in terms
of correcting shape asymmetry. We analyzed the pre- to post-
operative changes in the local asymmetries in a group of patients
with main thoracic spinal deformity (Lenke 1A). Although this
is a common type of spinal curve, patients with AIS can have
other types of spinal deformation. According to [32], they can be
classified into 6 different categories. These deformations can be
manifested on the surface of the trunk in various ways, making
scoliotic torso surface analysis much more challenging in the
general case. Future work will focus on including different types
of scoliotic deformity. We will, therefore, explore the feasibility
of discriminating and comparing scoliotic shapes by their spec-
tral representations. In that context, we notice that the cross-
sectional based method developed previously by our team [16],
[17] can be combined with the local features proposed here to
capture and analyze both global and local shape asymmetries.
Another improvement of our method would be to develop a
standardized automatic cropping of the torso boundary regions.
This process could be achieved, for instance, through a segmen-
tation based on the geometric and textural information provided
in the topographic data. So far the boundary cropping process
has been done manually and therefore is time-consuming. Fi-
nally, once the proposed method is validated on different spinal
curve types, our framework could be adopted in scoliosis clinics
to help surgeons to better understand the impact of different sur-
gical spinal correction strategies on the torso shape. This could
assist the clinician in choosing a surgical approach that will
minimize residual trunk asymmetry, for the greater satisfaction
of the patient.
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