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Abstract—Analysis of the mechanical response of the lumbar
vertebral body (VB) under certain loading conditions requires
a numerical model, which is the building block directly used
by finite element method (FEM). Yet, such model comes with
drawbacks to deal with in the generation process. The difficulties
are related to lacking data integrity provided by subject-specific
computed tomography (CT) scan. In order to get through the
obstacles, deterministic nature of the parametric computer-aided
design (CAD) modeling is adopted. Six parameters, which create
a parametric curve on a cross-sectional slice image of a VB; are
optimized such that best fits are obtained on fifteen slices grouped
as three for each L1, L2, L3, L4, and L5 VBs. Then, total of
72 construction points necessary to create fifteen contours, in
an open-source CAD software called FreeCAD, are transformed
from fifteen slice images to a global Cartesian coordinate system
(CSYS) by the transformation matrices. After transforming
construction points, groups of three contours are lofted to create
the lumbar CAD model including only VB section. Finally, this
model is compared with another parametric model in terms of
Hausdorff distance (HD).

Keywords—subject-specific, vertebral body, parametric model-
ing, curve fitting, computer-aided design

I. INTRODUCTION

Acquired subject specific lumbar vertebrae CT scans are
capable of assisting doctors for decision making of further
treatment and/or operations. In the field of biomechanics,
generally, finite element analysis (FEA) is resorted to get
mechanical response of the application of an candidate so-
lution such as implants. In order to accomplish a FEA, a
numerical model is needed. In fact, FEA depends largely on
the volumetric mesh of the problem geometry. Conventionally,
segmented surface models are generated for meshing from the
point cloud provided by the CT scans. However, segmented
vertebrae tend to have defects, which can be seen by naked
eyes, due to the absence of some group of points. One of the
reasons why corrupted data occur is that different bone tissue
densities [1] can lead partial volume defects in the segmented
image. Not only that but also, pixel intensities of the tissues
surrounding the lumbar vertebrae might vary. Furthermore,
artifacts in the vicinity of the investigated region may present
[2]. Thus, solid models which are generated from segmented
surface models do not generally lead to proper geometries.
As a result final mesh would not be appropriate for FEA. To

overcome this drawback, apart from the algorithms correcting
segmented data [3], parametric design approach is considered.

Parametric design imposes constraints on a model approxi-
mating the original morphology. The approximated model can
be reconstructed for a VB using a set of fitting parameters.
The fitting parameters should be the outcome of a determin-
istic method such as optimization. On the other hand, the
constraints should give a model enough degrees of freedom
so that approximated model becomes more physiologically
accurate. For example, if a patient has scoliosis disease, the
lumbar vertebrae have different orientations in the frontal
plane, depending on the angle found by Cobb’s method [4].
To make an approximate CAD model of such a lumbar, the
orientations of the lumbar vertebrae also play a significant role.
Some lumbar models assume healthy subjects whose lumbar
vertebrae are symmetrically aligned with the sagittal plane [5].
However, this is not always the case especially for patients
with spinal diseases and deformities. The consequence of
deformed vertebral geometries might affect the inter-vertebral
disk (IVD) and VB interaction, and has to be taken into
consideration. The concerns mentioned are taken into account
with the proposed approach.

In our approach, the construction the 3D CAD model of
VBs of the lumbar is done in GNU/Linux operating system
using open-sourced scripting language and software. Scripts in
Python [6] language are used to automate the construction of
CAD models in FreeCAD [7]. Prior to construction, parameter
fitting and transformations between the image and model coor-
dinates are done using the Scipy [8] and Numpy [9] modules
of Python. Open-sourced and free software has been preferred
to allow further development of our approach without causing
extra financial burden.

In our approach, we used a four step workflow easing
the development efforts and increasing its modularity. The
following four sections explains the steps in somewhat more
detail in a sequential fashion.

II. DATA ACQUISITION AND IMAGE PROCESSING

CT scan data is packed as .dcm files to be extracted
via a digital image visualization software called 3DSlicer
[10]. In 3DSlicer, each lumbar vertebral body is sectioned
longitudinally. The cutting planes are oriented so as to reveal
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the cross-sections of the VBs at three distinct elevations called
the superior, medial, and inferior levels in 3D. The elevations
and orientations of the cutting planes are adjusted based on
the following set of rules:

• The superior level shall be parallel to the upper-end-plate
(U-EP) and contain the climax of the U-EP concavity.

• The inferior level shall be parallel to the lower-end-plate
(L-EP) and contain the climax of the L-EP concavity.

• The medial level shall be in the middle of the superior
and inferior levels and be perpendicular to the VBs
longitudinal axis.

The operator locates the cutting planes by eye inspection.
Since there are five vertebrae in the lumbar portion and

each vertebra is sliced three times, there is a total of fifteen
slices. A mapping triad which consists of three anchor points
located at the most anterior position and the two most posterior
positions of the cross-section is marked on every image. The
global coordinates of the mapping triad points of all cross-
sections are stored in a text data file. The mapping triads will
be used in subsequent operations in order to transform the
pixel coordinates in respective images to the global coordinates
used in the CAD model.

Each cross-sectional image contains data to be processed
prior to contour fitting and coordinate transformation opera-
tions. In order to prepare the image for the next step where the
edges of the vertebral cross-section will be required, cleaning,
limiting border, and flooding of the image becomes necessary.
Cleaning is responsible for removing both arcus region of the
vertebra and unnecessary local artifacts that are seen on the
cross-sectional image, because the current study is limited with
the generation of only the body portions of the vertebrae.
Furthermore, flooding of the vertebrae is applied, such that
inside the VBs are flooded with a high pixel intensity, to
determine their cross-sectional area and principal axes. The
VB is encapsulated with a border having a lighter intensity
than the flooded region. By default the border is present
on every cross-sectional image, but some images may lack
portions of their border. Thus, they have to be completed with
a single pixel brush. The image processing operations outlined
in this section are performed using the GIMP [11] software.

III. CONTOUR FITTING

By utilizing the preprocessed images which encapsulate 2D
projection of pixels of the corresponding VB, the optimization
algorithm is executed and the parametric sketch of the contour
is fitted. Firstly, a parametric contour model which underlies
the objective function evaluation was prepared. Main idea
behind the model was to give the shape of a bean, which was
observed to have a topology similar to that of a VB’s cross-
section. The construction procedure was coded in a Python
function called getcontourpoint().

The bean contour is composed of arcs lying on four circles,
called the anterior, posterior, left and right circles as shown
in Figure 1. The contour was designed such that a total of
six parameters were required to construct it. In practice, the
parameters would have to be fitted for each and every vertebral

Fig. 1: The parametric bean shape (black contour) similar to
a generic VBs cross-section.

cross-section. The six driving parameters sp, θp2, rp, rr, θr2,
and θa2 are the distance between center of the posterior circle
and x = 0 axis, the posterior arc termination angle, the pos-
terior arc radius, the right arc radius, the right arc termination
angle, and the anterior arc termination angle, respectively.
All angles are measured in CCW direction in radians, and
distances are in pixel units. In order to construct the parametric
contour, nine datum points: Ob, Op, Ox, Or, Oa, Oy , Oz ,
Ow, and Ol are found by intermediate steps. Ultimately, a
parametric curve {P (u) : 0 ≤ u ≤ 1} is created between Ox,
Oy , Oz , and Ow as the union of four arcs. The curve is realized
by using as many discrete intervals as required. On the other
hand, another function returns the root-mean-squared (RMS)
error between parametric contour points and original contour
points which are extracted from a preprocessed image of VB
slice by applying threshold operation on the red channel. The
algorithm for this is straightforward: the VB slice image is
divided into an appropriate number of sectors around the VB
centroid about 2π rad as shown in Figure 2. Then, the mean

Fig. 2: 45 sectors, parametric contour (red), original contour
(blue)

and median of the parametric and original contour points
inside each sector are calculated. To find the RMS error,
the mean and median values are subtracted from each other
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correspondingly and the differences are squared. Lastly, norm
of the squared difference array is calculated to find the RMS
error in pixels.
Optimization is done for one slice using the minimize()
function from the Scipy module. The Nelder-mead simplex is
selected due to the nonlinear, multivariate and unconstrained
characteristics of the problem. Also, [12] suggested Nelder-
mead simplex algorithm to compensate computation, and time
limitations in the study of parametric modeling of IVD.
The optimization procedure is started by six parameters. For
each cross-section, this procedure is applied three times, and
the parameter set which results with the lowest RMS error is
recorded in a text file to generate fifteen rows of optimized
parameters for the lumbar region.

IV. COORDINATE TRANSFORMATIONS

Since in the CAD environment we operate using metric
units, locations of datum, {Ox, Oy , Oz , Ow}, and intermediate
points, {I1, I2, I3, I4} which are on the four arcs, have to
be mapped from {C} frame where optimization is done, to
a global {G} frame for where the CAD data resides. The
frames involved in the mapping are shown in Figure 3. Eight

{G}

{L}

1

23

{C}

{D}

Fig. 3: {G}: CAD, {L}: preprocessed image, {D}: Triad
(Dummy) CSYS, {C}: Cropped image (optimization frame)

construction points returned by gtcntrpt() are designated
as a matrix, Cκ, whose columns are the location vectors with
respect to {C}. Ultimately, Gκ is desired to be obtained for a
slice such that Equation 1 is satisfied.

Gκ = MCκ (1)

Where M is given in Equation 2

M = G
DT

1

ψ
D
L TL

CT (2)

A
BT is a transformation matrix which is written using the

conventions proposed by [13]. It translates and rotates (maps)
a point from {B} to {A}. For example, points defined in {C}
are transformed to {L} by L

CT. Each transformation matrices
in Equation 2 are derived uniquely for each slice. Therefore,
there are fifteen M matrices are to be found. Translation and
orientation parts of L

CT are obtained by first x and y coordinates
of the cropping dimensions relative to {L}, and orientation
of {C} concerning taking transpose of the image array with
Numpy in the optimization process, respectively. {D} is an

intermediate frame which connects {L} and {G} with the
help of the triad points. Locations of these points, shown in
Figure 3 as red dots, have been respectively recorded in each
{L} and {G} in pixel and mm. Then, from these locations,
an orthogonal set of vectors spans {D} with respect to {L}
and {G} are calculated in insertdata(). As a result, G

DT
and L

DT are automatically found and returned in a Lumbar
dictionary which holds all three transformation matrices for
every slice. However, transforming a point from {L} to {G}
requires a unit conversion, because {L} and {G}’s units are
different. To compensate this difference, let ψ be the scaling
factor. ψ is found three times for every slice using Equation
3.

ψ =
|�l|
|�m|

(3)

Where �l and �m are calculated three times, and each of them is
between triad points; 2-1, 3-2, 1-3 shown in Figure 3. Then,
they are correspondingly divided by each other. Thus, Equation
3 is applied for 45 times in total to get overall ψ, ψavg , more
accurately by finding mean and standard deviation. ψavg is
found to be 2.94± 0.03 pix/mm.
The mapping operation is distributed over two subroutines:

V. AUTOMATED MODEL GENERATION

Construction points are lined up on the parametric contour
such that the convention shown in Figure 1 is satisfied. There
are four intermediate points between datum points as seen in
Figure 1, These are used to determine the topology as well
as radius of the arcs. Afterwards the arcs are transformed into
edges. Then, four arc edges are combined as a wire. This
process is done for each of the fifteen slices.

Because a VB has three slices, lofting operation is
best suited for the purpose of generating the parametric
VB solid models by utilizing Part.makeLoft(). Thus,
Part.makeLoft() lofts three wires for each VB to create
the lumbar region. The explained solid model generation
process is executed inside FCADmodel() subroutine.

VI. RESULTS AND DISCUSSION

CAD model result is finally shown in Figure 4. The subject,
which is exposed to the algorithm, has been randomly selected
without considering the need of another subject, because the
proposed method is applicable to a subject independent of
a suitability, or a similar, criterion. In addition, limitation of
one application only satisfies the proof of the proposed novel
concept for this study.

The deviation between generated CAD and CT models are
evaluated in terms of HD which is the maximum spatial
distance selected from the minima of every possible Euclidean
norm calculated from CAD to CT mesh vertices [14]. HD
calculation algorithm is executed in Meshlab [15] such that
vertices of the CAD mesh are sampled over the CT mesh.
Individual vertebra as well as overall lumbar comparisons are
given in Table I. The higher number for HD, the farther CAD
mesh gets off CT mesh.
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Fig. 4: CAD result (left) and computed vertex distances with
CT (right)

TABLE I: Hausdorff Distance Comparison (First five lines,
and the last line represent individual VB, and whole lumbar
region HDs, respectively.)

Mesh # of Vertices HD [mm]
L1 633 9.01
L2 1378 16.61
L3 893 16.56
L4 693 14.38
L5 1010 11.17

Lumbar VBs 4607 16.61

The reason why HD values for VBs differ from each other
is that, the shape of the VB slice varies throughout each
vertebra and, for some VB slice, the parametric model cannot
fit sufficiently because of the unpredicted geometry variation,
i.e. different from the assumed bean shape.

[16], which is considered as a benchmark, also finds the HD
value with a different parametric modeling technique including
the arcus region in addition to VB. The success criterion has
been decided as being under the HD value of 20mm, which
has been found by [16], for the same subject. The mesh shown
on the left in Figure 4 is found to be 17% closer to the set
of vertices of the original mesh excluding the arcus region,
when compared to 20mm HD. Further improvement towards
lowering the HD can be achieved trying different optimization
algorithms.

VII. CONCLUSION

In this study, a novel method to accomplish instant CAD
model generation of lumbar VBs from a subject-specific CT
scan has been introduced. The entire process is sequential and
consists of four main phases. Apart from the data acquisition
which requires user intervention, the remaining phases are
automatically driven by subroutine functions. Functions that
deal with image-processing, optimization, coordinate transfor-
mations, and utilizing FreeCAD library functions, were coded
in Python. Thus, either measuring or manual modeling in a
CAD environment has been eliminated alongside time and
cost reduction. Lastly, the arcus region of vertebrae has been
excluded from the model. As a future plan of extension of
this study, generation of the model is going to be applied to

different subject-specific data to reveal statistical behaviour of
HD among different subjects, and the arcus region will be
added.
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