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Abstract. Nowadays, conventional X-ray radiographs are still the images of
choice for evaluating spinal deformaties such as scoliosis. However, digital trans-
lation reconstruction gives easy access to high quality, digital overview images of
the entire spine. This work aims at improving the description of the scoliotic
deformity by developing semi-automated tools to assist the extraction of anatom-
ical landmarks (on vertebral bodies and pedicles) and the calculation of deformity
quantifying parameters. These tools are currently validated in a clinical setting.

1 Introduction

The interest in three dimensional (3D) analyses of spinal deformities is increasing over
the last decades. This evolution is partially due to the progress of digital imaging tech-
nology and automated image processing. The description and quantification of the
geometry of scoliosis, a complex 3D deformity of the spine, is essential and will assist
the clinician in the accurate and reliable follow up of natural history, brace and operative
treatment.

Computer Tomography (CT) imaging could give immediate access to 3D informa-
tion. However, it does not allow the patient to be in a natural standing posture and it
would expose him to higher X-ray dose. Optical and opto-electronic image capture is
without any risk for the patient but yields limited accuracy and gives only indirect infor-
mation about the deformity of the vertebral column. Large focus, long film X-ray radio-
graphs are still the images of choice for evaluating deformities of the entire spine in gen-
eral and scoliosis more specifically.

We have developed a digital method for creating complete overview images of the
human vertebral column [1]. The image is reconstructed from a series of overlapping
X-ray images acquired with a dedicated protocol on a conventional image intensifier
based digital X-ray system (with constant translation speed and frame acquisition rate).
Successive images are matched and merged into one overview image. These overviews
have demonstrated improved image quality for equivalent X-ray dose as compared to
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conventional film-based techniques (figure 1). This reconstruction technique is com-
mercially available as one of the software modules of the EasyVision product line of
Philips Medical Systems.

Fig. 1. Digital overview image of the spine, constructed from a translated series of digital images
with optimized exposure and contrast. Fontal and lateral acquisitions.

The EasyVision Spine software includes utilities for the measurement of Cobb’s
angle, vertical alignment and femur height difference. At the end of a previous paper [1]
some attention was drawn to the accuracy of measurements on translation reconstructed
images and to the limited precision of the conventionally used Cobb’s angle.

We now further develop the appropriate functionality to assist the diagnosis of spinal
deformities based on one or more overview images, according to the clinical specifica-
tions of the orthopaedic department of the Academic Hospital Groningen, The Nether-
lands. In a prototype environment, we are developing more advanced measuring func-
tions based on a set of anatomical landmarks of vertebral bodies and pedicles. The
localization of these landmarks on a frontal projection image gives access to a set of
interesting deformity parameters such as axial rotation, wedge and tilt angles. Similar
analyses can be performed using a lateral projection image. Two projections can be
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combined to approximate a three-dimensional vertebrae model.

The access to digital images and the development of a dedicated user interface are
meant to replace the time-consuming and unpractical film-based procedures using dig-
itizer tablets. In order to further limit time-consuming and tedious user interaction and
to reduce the variability of human observers, some automated processing techniques are
explored to assist the lJandmark extraction. These are the main topics of this paper.

Fig. 2. Vertebral landmarks on a frontal view (4 corner points of the vertebral body and 2 inner
sdges of the pedicles) and on a lateral view (4 corner points of the vertebral body).

Vertebral body segmentation was also addressed by D’ Amico et al. [2] using manual
indication of end-plates on gradient direction encoded images. In Kauffman et al. [3] a
vertebral body template is first rigidly matched using the generalized Hough transform.
These templates are then deformed while optimizing a generalized active contour model
energy. We try to develop semi-automated methods that closely cooperate with user
interactions and that benefit from the improved image guality of our digital images.

Several authors have described the estimation of 3D models of the human spine, a.o.
Stokes [4], Godillon et al. [7] and Dansereau et al. [6] using biplanar orthogonal radi-
ography and André et al. [5] using two vertical stereo radiographs. All of these methods
depend on landmark localization on X-ray films using a digitizer tablet or on digitally
scanned X-ray films. We have access to digital images directly which simplifies the
indication of landmarks considerably thanks to optimal zooming, contrast/brightness
cotrection, edge enhancement, etc.
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2 Methods

2.1 Vertebral landmarks

Literature uses a blend of different anatomical landmarks on vertebral bodies to capture
the geometry of individual vertebrae and of the vertebral column. A frequently used set
of landmarks consists of the four corners of the vertebral body in frontal and/or lateral
projections and some characteristic points of the pedicles, e.g. the inner edge point (i.e.
the most interior point of the pedicle contour) (figure 2). This makes 6 landmarks on a
frontal projection and 4 points on a lateral projection.

These landmarks have to be well visible and easily identifiable in the projection
images. We therefore avoid the centers of both superior and inferior endplates and the
(overall) center of the vertebral body since they cannot be deduced directly from image
features. Moreover, these centers can be deduced from the four corner points that are
more clearly correlated to image features. In places where the corner points are badly
visible, they can sometimes be determined better as the result of the intersection of two
line segments: top/bottom plate intersecting with left/right vertebral body sides. If the
pedicle contours are entirely delineated, the most interior point can be determined auto-
matically. We do not indicate the spinous process since it is not allways clearly visible
and its position is not proportionally related to the degree of scoliosis.
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Fig. 3. Analytical parameters of the deformity in a frontal projection, calculated from the set of
vertebral landmarks of all vertebrae of the patient in figure 1. The graph can show different
parameters. In this example it represents the coordinates of the midpoints of the vertebral body
as projected in the frontal (x,z) plane (the z (vertical) and x (horizontal) coordinates are repre-
sented with different scales in the graph).
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We have developed a user interface for indicating these landmarks manually. For
each vertebra, the user selects its name (thoracic 1-12, lumbar 1-5) and locates the land-
marks in a random order. An algorithm automatically sorts out the meaning of all points
using some heuristics on the relative positions of each pair of points.

2.2 Analytic parameters

Literature defines all kinds of parameters that assist the orthopaedic surgeon in evaluat-
ing the scoliotic deformity. Stokes [8] gives a summary of clear and detailed definitions.

We selected the most significant parameters, calculated them using the vertebral
landmarks and summarized them as a set of numbers and charts. An example for the
patient on the right of figure 1 is shown in figure 3.

The output includes both global and local parameters: length of the vertebral axis
(total, thoracic and lumbar length), Cobb’s angles (with automatic determination of the
most inclined vertebrae), coordinates of the midpoints of vertebral bodies (with auto-
matic determination of the apex vertebrae (i.e. the most horizontally displaced verte-
brae) ) and three vertebral body angles (axial rotation, wedge and tilt angle). The center
of the vertebral body is calculated as the intersection of the line connecting the centers
of the superior and inferior endplates with the line connecting the centers of the left and
right body sides. Axial rotation is the intrinsic rotation of the vertebral body around its
vertical axis and is approximated using Stokes’ method [9]. The wedge angle is the
angle between the endplates of a vertebral body. The tilt angle is the average angle of
both endplates with respect to the horizontal direction.

2.3 Semi-automatic extraction of vertebral landmarks

We are currently experimenting with
several techniques to speed up and Un
automate the landmark selection pro- 5
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Interpolation. After the user has
localized landmarks on some key ver- Ui
tebrae, interpolation can be used to
estimate the landmark positions on the
intermediate vertebrae. Since the user Li
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given vertebrae is known.

This is illustrated in figure 6a 1
where user-indicated points are shown
in white. Automatically interpolated
landmarks are shown in black.
Another example is shown in figure 4
for the entire spine where only 6 out of

Fig. 4. Automatic interpolation of vertebral land-
marks: manually specified landmarks in white,
interpolated landmarks in black.
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16 vertebrae where localized manually. In this image the corner and pedicle points are
connected with a set of lines in order to clarify their meaning.

This interpolation links the corresponding sides of two manually specified vertebrae
with a natural cubic spline, formed by three spline segments that have first and second
order continuity on connecting points. The positions of the end plates on this spline are
defined using the following hypotheses (U, and L; are curvilinear coordinates):
= the height of successive vertebrae follows a geometrical law, i.e.

U-L;=r-(U_;-L;_;) where r" = (U,-L))/(U;-Ly) ;
» the ratio between the height of the vertebrae and the distance between vertebrae is the
same.

Vertebral axis. As initialization for further automation, we need to have a global idea
of the position and course of the vertebral axis (defined as the line connecting the cen-
ters of all vertebral bodies). Since this task is difficult for a computer algorithm but
rather easy for a human being, we ask the user to indicate a limited number of points on
the spinal axis. These points are interpolated on the fly with a poly-Bezier curve that can
be edited interactively (figure 6b).

Automated global outline detection. Starting from the vertebral axis we extract the
global outline of all vertebral bodies as two curves that are more or less parallel to this
axis (figure 6¢). We calculate an oriented edge map (on an appropriate scale) and search
for an optimal almost-vertical path using dynamic programming.

The edge detection algorithm chains low-pass recursive filtering of the image with
gradient calculation: gradient magnitude and orientation (quantised into 16 directions).
An edgeness map is then calculated: only those points for which the projected gradient
intensity is a local maximum along the direction of the gradient are given a non-zero
edgeness equal to the gradient magnitude.

A path through the edge map is determined which optimizes a cost function that
combines constraints on the edge feature strength (edgeness), orientation (gradient ori-
entation with respect to vertebral axis tangent orientation) and path continuity (local
path curvature). The path is forced to link strong edge features while remaining approx-
imately parallel to the global vertebral axis.

Automated end plate detection. The edge map also allows to search for a set of lines
approximately orthogonal to the global vertebral axis: the vertebral body end-plates.
Originally all points on the axis are end-plate candidates. They are qualified according
to the quality of an edge path growing out from each of them, orthogonally to the axis.

For this task the gradient image is thresholded with a low threshold in order to cap-
ture as many faint edges as possible, resulting in a binary feature image. This image is
grey level dilated with a small isotropic structuring element to increase the number of
edge point candidates.

For each point on the vertebral axis, one can calculate the cost for linking the current
point to the rightmost spine outline and another cost for linking it to the leftmost spine
outline. Loosely speaking, each of these costs is the shortest path length linking the cur-
rent vertebral axis point to one of the spine outlines and going through high gradient
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edge-points. Two paths can thus be determined: one with preferred upward directed gra-
dients, one with downward directed gradients.

Each path is determined in an angular
sector as illustrated in figure 5. Length and
slope constraints are imposed to each dis-
cretized path representing an endplate can-
didate. The maximal length is limited to
half the approximated width of the verte-
brae. The slope angle is forced to remain
within +/- 45 degrees. The cost for having
an end-plate going through a vertebral axis
point is then defined as the sum of the costs
for the left and right paths. This defines the Fig. 5. Endplate detection by path tracking.
end-plate’s “length”.

This leads to two functions of end plate quality with respect to vertebral axis coor-
dinate: one for end plates with upward gradients, one with downward gradients. Each
local minimum of these functions is a candidate end plate position. The user has to indi-
cate the height of the first and the last vertebra and to label them: this allows to deter-
mine the number of endplates between both vertebrae and to estimate the approximative
height of each vertebra (using a geometric law as described before).

The optimal set of end-plates is then selected with dynamic programming using a
cost function that combines the end-plate “length” with the deviation from the expected
vertebral body heights. This can be seen as an optimal labeling of all vertebra axis min-
ima to an appropriate vertebra end-plate. End-plates that appear to be missing because
they are too far off an expected position, can be filled in by interpolating well detected
end-plates. A result of this procedure is illustrated in figure 6d.

The vertebral body corner points can then be located automatically at the intersec-
tion of the endplates with the global vertebral column outlines.
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2.4 3D modeling

A simplified 3D model of the vertebral column can be fitted to two sets of landmarks on
frontal and lateral views. The translation reconstructed images closely approximate the
orthogonal projections geometry. Therefore these views are only calibrated for differ-
ences in scaling and vertical alignment.

A 3D ellipse is fitted to the four landmarks of each vertebral body end-plate while
making use of the axial rotation as estimated from the pedicle positions. Top and bottom
ellipses are filled with a triangulated surface and the intrinsic orientation is visualized
by two tetrahedra that represent the pedicles. This generates a model as illustrated in the
three surface rendered views of figure 7. One of the vertebrae is missing since it was not
possible to trace some of the landmarks on the lateral projection image.
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(a) Landmark interpola-
tion: manually indicated
landmarks in white,
automatically interpo-
lated landmarks in
black.

(b) Global vertebral
axis: indicated with 6
control points of a
poly-Bezier curve.

(c) Global out-
line: automati-
cally selected
from an edge
map, parallel to
the global axis.

(d) End-plate
detection: auto-
matically selec-
ted from an edge
map, orthogonal
to the global axis.

Fig. 6. Steps in the semi-automated localization of vertebra landmarks on frontal (top) and lateral

(bottom) views.
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Fig. 7. Triangulated and surface rendered views of the 3D vertebral body model as estimated from
the landmarks on a frontal and lateral X-ray projection. One vertebra is missing because it was
impossible to trace its landmarks on the lateral view.

3 Results

The previous figures illustrated some preliminary results of the analysis and modeling
methods that are under development.

The landmark interpolation method shows to facilitate the approximative indication
of landmarks in difficult regions. We still need to prove if it really decreases the total
interaction time.

The other semi-automated methods appear to perform well but tend to be sensitive
to the vertebral axis initialization. Therefore they are currently improved by allowing
simple user interactions to correct erroneous results (e.g. small corrections of the global
vertebra outline of figure 6¢). They will then be added to the clinical prototype for fur-
ther validation.

Image quality of lateral projections is dependent on the degree of the scoliotic defor-
mity: highly laterally curved parts of the vertebral column lead to overprojected verte-
brae in the lateral view. Moreover, as the direction of the X-rays is much less parallel to
the end plates than in the frontal view, these become poorly visible. The detection of
landmarks on lateral projections of high-degree scolioses is thus often problematic.

4 Discussion

The overall purpose of this work is to facilitate the analysis of the 3D deformity of the
vertebral column of scoliotic patients. A practical and interactive user interface has been
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developed to indicate vertebral anatomical landmarks easily and to calculate a set of
clinically useful parameters. Attempts to locate those landmarks automatically look
promising but they remain to be incorporated in an interactive landmark setting proce-
dure and to be extended for pedicle contour extraction.

The reproducibility of manual semi-automated landmark indication is currently
investigated by a panel of clinical experts. Additionaily, they compare measurements on
digital images using the prototype graphical user interface with measurements from
digitized landmarks on conventional X-ray films. These studies should establish the
accuracy and reliability of the proposed methods.

Due to the inherent problems of lateral acquisitions we are looking for other imaging
protocols that are dedicated to 3D modeling and that could result in more clearly iden-
tifiable landmarks.
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