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a b s t r a c t

Although computer-based simulations, such as structural finite element analysis, have proven their
usefulness to support procedural planning of coronary stenting, the link between the clinical practice and
these engineering techniques is still limited to research test-cases. A key point to further promote such
an interaction is to generate in a fast and effective manner the computational grids from the medical
images. Hence, the present study proposes a simple framework to generate 3D meshes of coronary
bifurcations from a pair of planar angiographic images obtained by X-ray angiography, which is the gold
standard technique for the diagnosis of coronary artery stenosis.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Coronary artery disease, which is the main cause of death
worldwide [1], is due to atherosclerotic lesions narrowing the
arterial lumen, i.e., stenosis, and decreasing the blood supply to
the heart muscle. Coronary stenosis can occur in different parts of
coronary tree but, among the others, lesions involving coronary
bifurcations are more frequent and challenging to treat by current
percutaneous coronary interventions [2].

Nowadays, X-ray quantitative coronary angiography is the gold
standard technique for coronary stenosis detection. This technique,
widely available among interventional cardiologies, overcomes
subjective visual estimation of lesion severity caused by high
degree of the intra-observe variability present in the traditional
X-ray angiography technique, providing objective quantification of
the coronary artery disease [3].

Nevertheless, this procedure has still bi-dimensional limita-
tions due to the vessel overlap and foreshortening [9], which are
of particular interest in the bifurcated coronary artery evalua-
tion owing to their complex geometric configuration. Recently,
advanced technologies evolving in 3D coronary artery modelling
have been introduced from the X-ray angiography technique, in
particular in the case of complex lesions concern the bifurcated
coronary arteries, i.e., CardioOp (Paieon, Rosh Ha'Ayin, Israel) and

CAAS QCA 3D (Pie Medical, Maastricht, The Netherlands) [9–12].
On one hand, such innovative commercial softwares quantify
accurately the coronary lumen disease overcoming these bi-
dimensional limitations into clinical practice, on the other hand,
the resulting 3D coronary patient-specific models provide nowa-
days the information useful to generate mesh-grid models to use
in finite element analysis (FEA). Indeed, recent studies have high-
lighted the potential role of realistic computer-based simulations
based on coronary models derived directly from medical images,
as a valuable support to the pre-procedural planning [4–6].

In particular, Mortier et al. [7] generated the coronary bifurca-
tion model from three-dimensional (3D) geometrical information
on the lumen of a left coronary tree, obtained by the rotational
angiography using the dedicated Allura 3D-CA software.1 In a
similar manner, Morlacchi et al. [8] performed structural FEA of
coronary stenting exploiting image-based reconstructions of the
coronary bifurcation, which are created combining the informa-
tion from conventional coronary angiography and computed
tomographic angiography. Further, in the work proposed by
Goubergrits et al. [13], the image-based coronary reconstruction,
using the CAAS QCA 3D commercial software,2 stands out the
usefulness of bifurcated artery models generated from the X-ray
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angiographic images to study the wall shear stress profiling in the
coronary arteries.

Although these studies highlight the potentiality of realistic
numerical simulations from image-based models, the link
between the clinical practice and these engineering techniques is
unfortunately still limited to research test-cases. In fact, even if
several medical-imaging commercial workstations achieve the 3D
coronary reconstruction, they are not able to build immediately
FEA-suitable meshes, requiring thus ad hoc implementation of
outer hardware and software, as discussed by Goubergrits et al.
[13] and De Santis et al. [14], especially for 3D bifurcated coronary
mesh models.

Given these considerations, it is clear that a key point to further
promote the integration between clinical practice and the engi-
neering tools is to generate in a fast and effective manner the
computational grids directly from angiographic images used in the
clinical practice [15], by-passing the coronary artery generation
through these workstations.

Although, other angiographic imaging techniques, i.e., com-
puted tomographic angiography (CTA), magnetic resonance angio-
graphy (RMA), intra-vascular ultrasound (IVUS), are investigated
as alternative or in combination to the X-ray angiography [40,43],
they are restricted to a limited number of patients and not many
available in the clinical practice. Whereas, X-ray angiography,
which has been validated with respect to the CTA and RMA
for coronary surface reconstruction and flow estimation [13],
remains the current technique used in coronary artery diagnosis
and treatment among the cardiologies.

Hence, the present study proposes a simple framework to
generate 3D FEA-suitable meshes of coronary bifurcations from a
given pair of X-ray planar images to increase the integration and
interaction between clinical practice and complex patient-specific
computer based analyses.

In this context, we offer a novel user-friendly tool, available also
for the interventional cardiology, in order to evaluate the bifur-
cated coronary morphologies and morphometries directly avail-
able to numerical analyses from medical images.

2. Materials and methods

In this study we define a methodological framework, resem-
bling the work-flow depicted in Fig. 1. After images acquisition,
two projected views are selected and then elaborated, first in an

image processing and, then, in a specific 3D modelling procedures,
which are implemented in Matlab (The MathWorks Inc., Natick,
MA, USA). The image processing consists in the image enhance-
ment to improve the image quality and in the segmentation
procedure for the coronary lumen contouring. The 3D coronary
artery modelling (skeletoning) is generated from the 3D centerline
reconstruction and the mean radii values computed thanks to the
segmentation procedure. Finally, the algorithm generates automa-
tically the vessel mesh model, computing also the main features of
the bifurcated coronary artery, i.e., diameters, lumen area, bifurca-
tion angles, stenosis degree. In the following we discuss each step
of the work-flow. All the analyses presented in this study are
performed off-line after the completion of angiographic study,
through the use of an Intel Core 2 Duo CPU/3.23 of RAM, with a
computational time of 4–5 min.

2.1. Image acquisition

The input of the framework is a set of medical images, in
DICOM format, acquired by X-ray coronary angiography (General
Electric, Schenectady, NY, USA). This technique consists in the
radiologic visualisation of the coronary tree, thanks to contrast-
dye injections performed through minimally invasive catheteriza-
tion. Usually, cine-angiographic sequences at 15 frames per second
are acquired with the flat detector angles selected by the inter-
ventional cardiologist. Each frame of this sequence represents a
projection of the coronary artery into a single-plane system.
Moreover, the images are also correlated to the cardiac cycle by
electrocardiographic gating [16]; this approach allows to reduce
the artefacts due to the cardiac motion and facilitates the choice
of different views at the same cardiac phase. Usually, the end-
diastolic phase is preferred [17] because, in this specific time
frame, the lumen is fully filled by the contrast-dye and thus it is
easy to visualise [18].

During the image acquisition the table movement is minimised
by an iso-centering procedure [19,20]. Each image contains not
only the patient's data but also the image acquisition settings,
which include, among the others, focal-spot to image intensifier
distance (SID), field of view (FOV), flat panel orientation, imager
pixel spacing (IPS), and estimated radiographic magnification
factor (ERMF). Other image metadata can be derived; for instance,
the pixel spacing (PS) is computed as the ratio between IPS and
ERMF for both views.

Each angiographic view is defined by the flat detector orienta-
tion in terms of the left or the right anterior oblique (LAO or RAO)
angle and the caudal or cranial (CAUD or CRAN) angle with
respect to the iso-center point. Moreover, the flat detector motion
is characterised by constant SID and iso-center value in order to
establish a pointwise correspondence between the two views
[21,17,22].

2.2. Image selection

For the 3D coronary artery reconstruction, two projection
views at the same cardiac phase are selected from the angio-
graphic sequence with a constant CAUD/CRAN angle and varying
LAO/RAO angle value; for instance, Fig. 2 shows an example of two
angiographic images having a pixel resolution of 512�512 and an
IPS of 0.2875 mm.

2.3. Image processing

Once the two views are selected, for each of them, it is
necessary to enhance the image quality and to detect the edge
contours of the lumen as described in the following subsections.Fig. 1. Schematic work-flow of the 3D reconstruction procedure.
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It is worth noting that the input of the image processing step
consists in the two selected grey-scale images (scale 0–65535,
0 maps to black); each of them can be represented by a 2D
function, I(x,y), i.e., the function describing the intensity of the
image in a given point, having (x,y) as coordinates.

2.3.1. Image enhancement
The image enhancement is necessary to improve the quality of

the digital image and to remove some artefacts; for instance,
anatomical parts such as bone and muscle tissues within the
patient's chest could appear as blood vessels at the local angio-
graphic scale. The image enhancement is performed through the
manipulation of the original image I(x,y) by the application of
specific filters; in particular, in the present study, we apply a
filtering strategy composed of the serial combination of the
following filters3:

1. contrast enhancement;
2. noise removal and edge detection.

Contrast enhancement: A filtering operation is applied to adjust
the intensity values and to exalt the image contrast of the two
original images shown in Fig. 2. This operation maps the values in
the intensity image I to new values in Ic such that 1% of data is
saturated at low and high intensities of I, increasing thus the
contrast of the original image.

Noise removal and edge detection: Finally, once the noise is
removed, we can detect the image edges, i.e., a set of connected
pixels defining the boundary between two regions. Generally, the
simplest method to find the edges is to compute the first-
derivative of the image, i.e., the image gradient, and to define as
edges, the points where the gradient value is maximum. Unfortu-
nately, the only calculation of the gradient does not allow to
discern correctly the pixels with a meaningful edge points. For this
reason, we apply a filtering procedure consisting in the serial
application of two filters: the Gaussian and the Laplacian filter. In
fact, a valuable method to determine whether a value is significant
or not is to compute the second-derivative of the image Iwðx; yÞ by
the Laplacian operator ∇2Iw, defining the edge points where its
secondary derivative is equal to zero (the so-called, zero-crossing
points). However, the Laplacian generates noise into the image so
it should be combined with a preliminary Gaussian filter aimed at
reducing the noise and at smoothing the image. The degree of
blurring of the Gaussian filtering is determined by the value of s:
in particular, the default value of sigma, i.e., 2, is adequate for the
purposes of our study. Such a procedure is known as Laplacian of

Gaussian (LoG) filtering [23,24]. The result of the image processing
with the application of such filters is depicted in Fig. 3(a); it is
possible to note that the LoG filter generates a binary image with a
thin edge points, forming some closed loop in the image, known as
spaghetti effect [23].

Hence, the next step of the framework consists in the applica-
tion of a segmentation procedure to discern the edges of the
lumen contour, as described in the following subsection.

2.3.2. Image segmentation
The procedure to assess the contour of the coronary lumen in

both views is composed of three basic tasks:

� identification of lumen contour and centerline;
� bi-dimensional analysis of the bifurcation coronary branches;
� bi-dimensional analysis of the bifurcation area.

Identification of lumen contour and centerline: Our approach for the
detection of both the contour and the centerline of the lumen is
based on three main operations: (i) identification of a pseudocen-
terline; (ii) detection of the contour points; (iii) determination of
the centerline.

From each view, an user-defined pseudocenterline is manually
tracked inside the lumen to be segmented, both for the main and
side branch of the coronary artery [25–28]. The start and the end
points of the pseudocenterline must correspond to two anatomical
landmarks clearly visible in both views such as two points of
bifurcation along coronary artery pattern. This selection con-
straint, coupled with an uniform resampling of both pseudo-
centerlines, reduces the intra-operator bias introduced by the user
choice.

To identify the lumen contour, we compute, for each i-th point
Pi of the pseudocenterline, a line r crossing Pi and perpendicular to
the segment PiPiþ1 . Given r, we compute two distances, i.e.,
D1ðEk; PiÞ and D2ðEk; rÞ, for each edge point, Ek, as depicted in
Fig. 3(b). D1 and D2 are used, through an appropriate weighting, to
assess a pair of points, Ci, belonging to the lumen contour. Such a
procedure classifies the edge points Ek based on the two distances,
keeping for each pseudocenterline point only the two edge points
which satisfy the criterion of minimum distance of both to the line
r and point Pi. Finally, for each view, we define the i-th point of
the“true” centerline as the mean point of Ci; consequently, each
point of the centerline is now associated to a pair of lumen contour
points, as depicted in Fig. 3(c).

Bi-dimensional analysis of the bifurcation coronary branches: The
definition of the bifurcation region requires the identification of
two main points: (1) point of bifurcation (POB) defined as the
point where all the centerlines of the branches meet [9]; (2) carina

Fig. 2. X-ray angiographic images: the first (left) and the second (right) view of the coronary tree, selected for the bifurcation model generation. In particular the images refer
to the bifurcation between the left circumflex artery and its obtuse marginal branch.

3 All three mentioned filtering methods are already implemented within the
Matlab Image Processing Toolbox.
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point defined as the point that appears interposed between the
parallel origins of the main branch and the side branch [29].

For this purpose, we elaborate the centerlines and the contours
of the main and secondary branches, previously detected, to
compute: (1) the POB as the intersection of the centerlines of
the two branches, i.e., the main and the secondary branches;
(2) the carina point as mean point between the two closest points
of main and side branch contours, as depicted in Fig. 4(a). Then,
algorithm computes automatically the distance d between the POB
and carina point to identify a confluence region inside the
bifurcation area. Once these notable points and the distance d

are defined, it is possible to discern the three different branches of
the bifurcated coronary artery, i.e., the proximal main (PM), the
distal main (DM) and the side branch (SB), and the so-called
region of bifurcation (ROB) [9], as shown in Fig. 4(b).

Unfortunately, some possible artefact can be still present due to
the overlap of the main on the secondary branch [9,30,12]. Hence,
to reconstruct correctly the 3D model, it is necessary to know the
mean radius value of the corresponding pair of contours between
the two views; fictitious contours are considered in the hidden
part of the secondary branch as described by the test-case
depicted in Fig. 5. Hence, from the inverted Y-like 3D model of

Fig. 3. Image processing and segmentation procedure: (a) image enhancement and edges (white) detections of a projected view; (b) and (c) lumen contouring (yellow) and
centerline (magenta) computation from user-defined pseudocenterline points (red). (For interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Fig. 4. Bi-dimensional analysis of bifurcation coronary branches and bifurcation area: (a) POB (white) and carina point (cyan) are identified in the view from bifurcated
anatomical features; (b) PM (yellow), DM (yellow) and SB (green) contours and the respective centerlines (magenta) are detailed to discern the coronary branches to the ROB
from the computation of the distance d. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 5. Test-case representing the adopted approach to overcome the overlapping branch in the ROB: (a) inverted Y-like 3D model; (b) and (c) view 1 and view 2 of the
3D model and identification of branches and notable points to evaluate the hidden part due to the overlapping problem. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)
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Fig. 5(a), resembling the typical profile of a coronary bifurcation,
two projected views, i.e., view 1 and view 2, are generated as
shown in Fig. 5(b) and (c), respectively. Given the PM, DM, and SB,
it is possible to define, for each of the views, the height hi, which is
the distance between the PM boundary and the carina point (red
dot). Then, if h1ah2, there is an overlap; for example, in our case,
h14h2, so part of the SB is hidden in the first view, consequently it
is necessary to image here a fictitious contours, as a quantity
weighted by the value h1�h2 and having a radius values like the
corresponding pair of contours in the SB of the second view. These
fictitious contours are then considered for the 3D reconstruction
process.

Once contours of the coronary branches have been defined, we
compute the external contour points in both views to reconstruct
the vessel wall profile. Since the medical images contain no
information about the vessel wall thickness, we adopt a recon-
struction strategy considering a uniform wall thickness [31] in the
non-diseased region. At the location of the stenosis, we recon-
struct the outer wall profile linearly interpolating the profile of the
proximal and distal region as described in Fig. 6. Unfortunately,
this approach can lead to some undesired overlap between the
outer DM and SB contours near the bifurcation, which can be
avoided detecting and deleting these overlapping contour points
for both the branches.

Bi-dimensional analysis of the bifurcation area: The last step of
the image segmentation consists in the definition of ROB contour
points. As described in Fig. 7(a), it is possible to identify three
segments (pme, dme, sbe) corresponding to ROB boundaries with
respect to each branch.

The remaining boundaries are defined by three polynomial
lines, lA, lB, and lC shown in Fig. 7(b); these lines are built imposing
appropriate tangent conditions at the ends derived from the
corresponding contour points. Furthermore, given the ROB gravity
center (GC) and the carina point, we can split the ROB with respect
to branches as depicted in Fig. 7(c). Finally, we compute the
external contour points of the ROB from a constant thickness
value to determine the vessel wall of the ROB.

2.4. 3D bifurcation coronary model reconstruction

In the previous sections, we have discussed how to retrieve all
the necessary geometrical data of the bifurcation and its branches.
In the following, we describe how we integrate this 2D informa-
tion to create the corresponding 3D model. In particular, we aim at
reconstructing the 3D profile of the centerline to be used as
sweeping path of lumen cross-sections.

Given our working condition, which fixes one of the two
rotation angles of the flat detector, e.g., CAUD/CRAN angle, we
can consider the other rotation angle, e.g., RAO/LAO angle, as a
measure of the relative rotation between the plane views around
their intersecting axis as depicted in Fig. 8. Then, we consider a
local reference system (xyz) and a global reference system (XYZ);
in particular, we assume that for the first view, y is equal to zero
while, for the second view, x is equal to zero. The definition of the
two local views in the plane, shown in Fig. 8(a), reads as follows:

� x1; z1 for the first view;
� y2; z2 for the second view.

Furthermore, for the 3D reconstruction approach, we assume
that the first and the second view in the global reference system
X1Y1Z1 and X2Y2Z2, respectively, are as follows:

X1;Y1; Z1

x1;0; z1

(
ð1Þ

X2;Y2; Z2

0; y2; z2

(
ð2Þ

From the reference system defined in (1) and (2) for the first
and the second view, respectively, the X-coordinate of the second
view is imposed equal to zero, as shown in Fig. 8(b). If the first
view is rotated by 901 with respect to the second view, then Y1 is
equal to zero, else Y1azero. When the two views are not
orthogonal the first view in X1Y1Z1 is rotated by an angle α
with respect to the plane X1Z1. In this case we defined X′

1Y1Z1,
which differs by a theta angle (θ) with respect to the Y2Z2 plane

Fig. 6. Generation of the vessel wall: from the outer proximal and distal points
of the healthy vessel's region, a linear interpolation is applied to compute the
vessel wall.

Fig. 7. 2D ROB segmentation: (a) branch boundaries superimposed to the bifurcation; (b) polynomial curves defining the ROB contour; e.g., given the contour points, dmA

and pmA, we impose the respective tangent vectors, t Astart and t Aend , to build the curve lA; the reference point is computed from the intersection between the A(C) line and the
lA(lC) curve. (c) Final result of the ROB segmentation superimposed to the original medical image.

F. Auricchio et al. / Computers in Biology and Medicine 44 (2014) 97–109 101



ðα¼ 901�θÞ. If θ is equal to 901 then X1Y1Z1 � X1Z1 and α¼ 0.
Moreover, we assume the same Z-coordinates for both views.

As an example, we show in Fig. 8(b) the points P′
1 and P2 as the

projections of the point P in the X′
1Y1Z1 and X2Y2Z2, respectively.

From such an example, we describe the steps of the 3D recon-
struction procedure, which are

1. 3D centerline reconstruction from two local views in XYZ
reference system and θ angle value;

2. generation of the 3D cross-sections;
3. generation of the mesh.

In the first step, we take into account the projections of an i-th
centerline point Pi to describe the 3D reconstruction of the
centerline, as shown in Fig. 8(c). We assume Pi1′ and Pi2 as the
projections of the point Pi in the first and second views, respec-
tively; the views are not orthogonal and P′

i1 is in X′
1Y1Z1. A

geometrical approach is adopted to compute the coordinates
ðXp;Yp; ZpÞ of the i-th point Pi from the information of the two
projected views, neglecting the Zp-coordinate, under the hypoth-
esis of parallel X-ray beam; such an hypothesis is reasonable
because we consider a small portion of the FOV. The Xp and Yp
coordinates are computed as follows:

Xp ¼ 0a; 0a ¼ 0b�0c

Xp ¼ 0P
′
i1n cos ðαÞ�cP

′
i1n tan ðαÞ ð3Þ

Yp ¼ oPi2 ð4Þ

Eqs. (3) and (4) have been formulated from a simple geome-
trical approach, as highlighted in Fig. 8(c).

In the second step, the computed 3D centerline is used as a
sweeping path for the creation of 3D coronary lumen profile. Then,
we associate to each point of the 3D centerline, the mean radius

Fig. 8. 3D reconstruction procedure: (a) local reference system of the first and second view; (b) global reference system of the two views for the 3D reconstruction of the
point P from its projections, P′

1 and P2; (c) determination of the point's coordinates, PðXp ; Yp ; ZpÞ, in a global reference system.
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value of both the inner and outer contours, which have been
previously computed in the 2D analysis. Hence, from each point of
the 3D centerline, which is considered as the center of a generic
circle, and its mean radius, the algorithm computes automatically
the inner and the outer circular cross-sections. While this sweep-
ing procedure is used for the vessel branches, i.e., PM, DM and SB,
we use the previous bi-dimensional analysis (see Fig. 7) to
reconstruct the 3D ROB by an automatic approach. For this
purpose, we consider again the three extreme cross-sections of
every branch, i.e., the PMe, DMe and SBe, the 3D carina point and
the gravity center (GC) of the ROB. The two reference points
computed in the previous bi-dimensional analysis from the inter-
section of the A, C lines and the polynomial curves la and lc,
respectively (see Fig. 7(c)) allow to reconstruct the peanut-like
section [12]. In the 3D analysis, the peanut-like section consists in
a polynomial curve obtained through a proper tying of the two
reference points and the two points belonging to the normal
vector of the segment (carina point, CG), as depicted in Fig. 9
(a) and (b). After, the interpolation of the cross-sections is
performed, discerning the 3D different regions in the bifurcation
area, i.e., PMB, DMB, SBB, as highlighted in Fig. 9(b) to complete the
generation of the 3D bifurcation model.

Furthermore, to reconstruct the outer cross-sections of the
ROB, we enlarge its inner cross-sections by a unique thickness
value. At the end, we connect each region of the ROB (PMB, DMB,
SBB) with the respective coronary branches (PM, DM, SB); such a
procedure is applied both for the inner and outer cross-sections,
defining thus the new inner and outer boundaries of the vessel
model to be connected for the generation of the hexahedral mesh.
An example of such a computational grid, which is suitable for FEA
is depicted in Fig. 9(c).

3. Results

This section is divided into two subsections; in the first part, we
present and discuss two validation tests to verify our framework;
in the second part, we discuss the use of the framework to three
real cases and in particular for the reconstruction of: (i) left main
coronary artery and its main side branch; (ii) the left anterior
descending coronary artery with a secondary branch; (iii) bifurca-
tion between the left main coronary artery and the left marginal
artery before and after percutaneous intervention.

3.1. Validation test

Our framework can be basically decomposed into two main
parts: (i) starting from the image processing of two planar
projections of the same object, i.e., the coronary tree, we recon-
struct the 3D centerline and assign to each point of its a mean
radius value computed from the image segmentation of the two
views; (ii) moving from the information obtained in the first part,
we reconstruct the 3D inner and outer cross-sections of the
coronary model to generate the corresponding FEA-suitable mesh.
In order to verify the accuracy of our framework, in the following
we discuss the results of two types of tests.

In the first test, we project the 3D CAD geometry of a known
simple object to obtain the two views, which are then used as
input of our framework to reconstruct the 3D model to be
compared with the original one.

In the second test, given a STeroLitography (STL) representation
of bifurcated vessels, we generate the 3D lumen profile through
our framework from the 3D centerline points and the correspond-
ing mean radii of the STL model; also in this case we compare the

Fig. 9. 3D ROB splitting: (a) 2D ROB segmentation; (b) 3D bifurcation cross-sections, i.e., proximal main PMB (cyan), distal main DMB (magenta), side branch SBB (red), and
peanut-like sections (blue dots); (c) hexahedral mesh of the ROB. (For interpretation of the references to color in this figure caption, the reader is referred to the web version
of this paper.)

Fig. 10. 3D reconstruction from two views: (a) CAD model generated in the software Rhinoceros from a known geometry; (b) two orthogonal views as projections of CAD
model; (c) 3D reconstructed model superimposed to the CAD model to compute the surface distance.
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reconstructed model with the reference one for validation
purposes.

3.1.1. 3D reconstruction from two projected views
Using Rhinoceros, version 4.4 (McNell, Seattle, WA, USA), we

create a simple CAD model resembling the typical trend of a
stenotic lumen, as shown in Fig. 10(a). Then, we generate two
views based on the hyphothesis of parallel X-ray beam from the
3D surface model with respect to five different scenarios of
projection angles: 901 (orthogonal), 601, 451, 301, and 201 (see
Fig. 10(b)). Finally, we use each set of views as input for our
framework to reconstruct the 3D model, which is superimposed to
the original one. To quantify the difference between the models,
we use the vmtksurfacedistance module of VMTK library (http://
www.vmtk.org), which computes the pointwise minimum dis-
tance of the reconstructed surface from the reference one, i.e., the
original CAD model in our case (see Fig. 10(c)). The mean surface
distance, Id, is evaluated for every test case. As reported in Table 1,
the results suggest good agreement between the reference surface

and the reconstructed one because the mean error is lower than
0.1 mm for all the cases.

Similar results have been reported also in the study proposed
by Goubergrits et al. [13], which demonstrated the efficacy of the
bi-plane angiography-based reconstruction for the wall shear
stress profiling of the coronary arteries with respect to the other
imaging techniques.

3.1.2. 3D reconstruction from centerline and mean radii
For the second validation test, we consider two patient-specific

artery models, depicted in Fig. 11(a), which are derived from the
segmentation of Computed Tomography Angiography (CTA)
images. The models are in STL format and for each of them, we
compute the 3D centerline and the mean radius values by the
vmtkcenterlines module available in the VMTK library. Then we use
this data as input for our framework computing the 3D model of
each case (see Fig. 11(b)). Also in this case we superimpose the
reconstructed model to the reference object (see Fig. 11(c)),
measuring the surface distance between them. The results show
the mean surface distance equal to 0.1996 and 0.1063 mm for the
carotid and coronary artery, respectively, highlighting the effec-
tiveness of the proposed approach also for this case.

3.2. Application of the framework to real cases

In this section we describe the application of the proposed
framework to three real cases analysing the angiographic images
of three patients. The model generation has been supported by a
dedicated Graphical User Interface (GUI), shown in Fig. 12 and
realised in the Matlab environment.

Table 1
Mean surface distance, norm L2 and L1 computed from the comparison between
the original model and that reconstructed through the elaboration of two views at
theta angles.

θ angle (deg) Mean surface
distance (mm)

Norm L2 (mm) Norm L1 (mm)

20 0.0922 1.590�10�5 0.2451
30 0.0913 1.587�10�5 0.2392
45 0.0906 1.587�10�5 0.2373
60 0.0902 1.584�10�5 0.2362
90 0.0891 1.568�10�5 0.2311

Fig. 11. 3D reconstruction from centerline and mean radii from two patient-specific arteries: (a) original models (grey) in the STL format from the elaboration of volumetric
data images; (b) reconstructed model (red) from the approach discusses above; (c) reconstructed model superimposed to the original model; (d) evaluation of the surface
distance. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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Such a GUI is composed of different graphical windows to allow
user-interaction with the image processing applications and the
3D modelling tools, starting from the two angiographic images in
DICOM format. Furthermore, the user can compute some clinical
features of the 3D bifurcated coronary models, like the diameters,
the lumen area and the bifurcation angles.

Fig. 13 shows the segmentation procedure and 3D modelling
results for two real cases: (i) bifurcation between the left circum-
flex artery and its obtuse marginal branch (top), (ii) bifurcation
between the left anterior descending artery and a septal branch
(bottom).

Both cases represent important branches of the left coronary
artery system. While the first bifurcation is more relevant for
clinical practice and percutaneous treatments; the second one is
less relevant from this perspective but it is interesting for the

generation of coronary artery models having atherosclerotic long
lesions. As illustrated in Figs. 13 and 14, the proposed approach
provides an adequate lumen contouring for all the branches and
the whole bifurcation area. In particular, Fig. 14(a) and (b) shows
the diameters computed in both the views by three different
operators and over-imposed to the lumen diameter profile pro-
vided by General Electric X-ray angiographic workstation, which is
considered as a reference. The results indicate an adequate
accuracy of the performed elaboration; in fact, the average
percentage error between the prediction of the proposed frame-
work and the reference data is lower than 3% for both the views,
while the intra-operator variability is lower than 0.1%.

We have also evaluated the quality of the generated meshes,
adopting the equiangle skew parameter (Qeas) proposed in the
study of [14], which is a normalised measure of skewness, ranging

Fig. 12. Graphical User Interface (GUI) developed to allow a user-friendly interaction with the proposed framework. The GUI allows to visualise the 3D vessel model derived
from the two views and the computed vascular features such as: (i) lumen diameter and area for both the main and side branch; (ii) the bifurcation angle between the
different branches.

Fig. 13. Image processing and 3D model reconstruction of two different coronary arteries: (a) and (b) contours detection in both the views; (c) meshes of bifurcated coronary
models generation for the numerical simulations.
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from 0.0, i.e., perfect equiangular cell, to 1, i.e., maximal distorted
cell. As reported in Tables 2 and 3, the quality of the generated
hexahedral patient-specific meshes for both cases is satisfactory;
in fact the greatest normalised measures of skewness (Qaes�Max)
belong to the range of “good quality”.

We have also used the developed framework to assess the
impact of percutaneous coronary intervention (PCI) on the vessel
anatomy, comparing pre- and post-procedural images; in particu-
lar, we focused on the variation of the bifurcation angles among
the branches. In fact, PCI induces significant morphological
changes especially in the bifurcation as demonstrated by the
change of the angle between the distal main vessel and the side
branch. Although the changes involving the bifurcation are sup-
posed to cause hemodynamic effects [15], the clinical conse-
quences are still unknown [32].

Hence, we have compared the pre- and post-procedural angio-
graphic images (see Fig. 15) of a patient who underwent a PCI
targeting the bifurcation of the left circumflex artery with its
obtuse marginal branch.

As depicted in Fig. 15(a) and (b), the profile of the lumen
contours is changed due to the restoration of the lumen patency

after the interventional procedure. This qualitative information is
also confirmed by comparing the pre- and post-procedural lumen
diameter variations shown in Fig. 16.

The framework is also able to provide the angles between the
branches, following the approach described by Wischgoll et al.
[33], and to assess the stenosis degree4 (see Table 4).

4. Discussion

In this study, we present a framework which is able to perform
accurate geometrical analysis of the coronary bifurcation and to
generate 3D computational grids, suitable for both structural finite
element analysis (FEA) and Computational Fluid Dynamics (CFD)
simulations, directly from two single-plane angiographic images.
Consequently, the proposed work-flow integrates medical image
analysis with the mesh generation, merging thus different levels of
elaboration already proposed in the literature but somehow not
fully linked each other, as discussed in the following.

There are many studies addressing the reconstruction of 3D
coronary lumen profile from two single, or bi-plane, projected
X-ray angiographic views. For instance, several works [35,36,22]
are based on the epipolar theory proposed by Chen and Carroll
[21], which allow to vary arbitrarily the LAO/RAO and the CAUD/
CRAN angle [37], with a minimum shift of 301. The approach pro-
posed in these works is characterized by two fundamental steps:
(i) the image enhancement and segmentation of the acquired
views to compute the corresponding 2D centerlines; (ii) back-
projection of the computed 2D centerlines through mathematical
relations (epipolar theory) to reconstruct the 3D profile of the
coronary tree. It is worth mentioning also the contribution of Zifan
et al. [38], which reconstruct the 3D centerlines of the coronary
tree from X-ray angiogram images, obtained from one single
rotational acquisition, through a method based on genetic algo-
rithms. All these studies limit their investigation to the generation
of 3D vessel centerline missing thus the step of mesh generation.

On the other hand, there are also several studies using the 3D
centerline and some other information, e.g., vessel diameter
profile, to reconstruct computational grids. For instance, De Santis
et al. [14] propose a semi-automatic methodology for patient-
specific reconstruction and structured meshing of coronary. The
input data of their framework is a VRML file, containing already
segmented 3D geometry, as differently oriented circular sections
lined-up along the centerline; such an input data is the result of an
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Fig. 14. Lumen diameter measurement of three different operators in the first (a) and the second (b) view from our algorithm (blue, green, magenta), compared to those
provided by General Electric X-ray angiography (red). The values are referred to the main branch of the left anterior descending/septal branch bifurcation of Fig. 13.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Table 2
Mesh quality of the bifurcated coronary artery in the top of Fig. 13(c): the number
of hexahedral elements (HEX-Elem) is divided into groups of similar mesh quality.

Qeas Quality HEX 29,658

Elem %

0.0–0.25 Excellent 25,188 84.93
0.25–0.5 Good 4470 15.07
0.5–0.75 Medium 0 0.0
0.75–1.0 Poor 0 0.0

Max 0.30

Table 3
Mesh quality of the bifurcated coronary artery in the bottom of Fig. 13(c): the
number of hexahedral elements (HEX-Elem) is divided into groups of similar mesh
quality.

Qeas Quality HEX 56,850

Elem %

0.0–0.25 Excellent 49,548 87.16
0.25–0.5 Good 7302 12.84
0.5–0.75 Medium 0 0.0
0.75–1.0 Poor 0 0.0

Max 0.37

4 The severity of the stenosis degree is computed as S¼ ½1�ðDmin=Dref Þ2�n100%,
where Dmin is the minimum diameter and Dref is the reference diameter, i.e., healthy
mean diameter of the coronary lumen [34].
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image elaboration performed by the Allura 3D-CA workstation
software. Starting from a similar input data, Mortier et al. [7]
perform FEA stenting simulations using 3D patient-specific struc-
tured mesh of left coronary artery bifurcation. More recently,
Morlacchi et al. [8] investigate numerical simulations of stenting
using patient-specific coronary models based on the 3D recon-
struction provided by the study of Càrdanes et al. [40], which
propose a method combining two imaging techniques, i.e., the
computed tomography and X-ray coronary angiography.

Nevertheless, it is also necessary to underline that, although
there are different commercially available solutions, the genera-
tion of 3D analysis-suitable vessel models is not always available,
requiring, thus, ad hoc hardware and software implementation, as
discussed by Goubergrits et al. [13] and De Santis et al. [14].

Given such a consideration, our study proposes a simple
methodology of 3D patient-specific coronary modelling from
angiographic images, which may be exploited also for CFD studies
[41] because it accurately reproduces the coronary lumen.

5. Limitations

Although we have approached several aspects regarding the
procedure of the bi-dimensional segmentation and the three-
dimensional reconstruction, this study has still some limitations
calling for further developments as discussed in the following.

Flat detector rotation angle: Our approach considers two pro-
jected views acquired by varying the LAO/RAO angle, keeping
stable the CAUD/CRAN angle, or vice-versa. This limits the degree
of freedom of the operator during the image acquisition procedure.

Fig. 15. Image segmentation and mesh generation of a bifurcated artery before and after percutaneous coronary intervention.
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Fig. 16. 3D reconstruction of bifurcation coronary artery before (a) and after (b) the percutaneous coronary intervention. Diameter profile is associated to the respective
coronary reconstruction, highlighting the stenosis area in (a) with red line. (For interpretation of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

Table 4
Bifurcation angles (A, B, C) and stenosis degree computed before (PRE) and after
(POST) percutaneous coronary intervention. European Bifurcation Club (http://
www.bifurc.net) labels such angles as follows: A is the angle between the proximal
main vessel and the side branch; B is the angle between the distal main vessel and
the side branch; C is the angle between the proximal and distal main vessels.

Patient A (deg) B (deg) C (deg) Stenosis degree

PRE 152 38 170 77%
POST 173 13 174 –
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For this reason, our approach in its present form could be adopted
following a predefined protocol.

Noise spectrum information: Our algorithm implements a filter-
ing procedure for noise removing without any evaluation of the
noise spectrum data in the image. Further analyses about this
aspect should be assessed to enhance such a topic.

Vessel wall reconstruction: X-ray angiographic technique does
not provide any information about the geometry and the composi-
tion of the atherosclerotic plaque or on the vessel wall thickness.
Such an information can be derived by other techniques such as
Optical Coherence Tomography (OCT) and IntraVascular Ultra-
Sound (IVUS). In fact, the combination of the X-ray angiography
and OCT/IVUS imaging provides the necessary data both to
reconstruct the vessel wall including the plaque and to know the
composition of the atheroma [42]. In fact, once the 3D coronary
artery is reconstructed from the X-ray angiographic images, the
artery could be registered with the corresponding OCT/IVUS pull-
back series by appropriated algorithm based on the distance
mapping, as also reported in [43]. Moreover, the procedure to
generate the lumen and the vessel wall discussed in Section 2.4
does not allow to recreate asymmetric stenosis because the 3D
lumen profile is defined by sweeping along the centerline a
number of circular cross-sections having constant radius. Also in
this case, combining the X-ray angiography and OCT/IVUS imaging
techniques would solve such a limitation as reported in Schuurb-
iers et al. [18].

6. Conclusion

The present study proposes a simple framework to generate 3D
meshes of coronary bifurcations from a pair of planar angiographic
images obtained by X-ray coronary angiography, which is the gold
standard technique for the diagnosis of coronary artery stenosis.
As also shown by the application of the framework to three
real cases, the proposed approach represents a preliminary step
toward the integration of clinical practice and numerical simula-
tion through the generation in a fast and effective manner of the
mesh grids, i.e., directly from the medical images used in the
clinical practice. Finally, two validation tests have verified and
shown the goodness of the reconstruction approach adopted in
this study.

7. Summary

To support procedural planning in percutaneous coronary
interventions, 3D patient-specific modelling of bifurcated coronary
artery is required both to compute some important clinical
parameters and generate the 3D FEA-suitable meshes of coronary
vessels available for the numerical simulations in order to predict
the surgical intervention. In such a scenario, we have implemented
and validated a simple methodological framework for artery vessel
modelling based on the use of two X-ray single-plane angiographic
images. Every projected views are elaborated to improve the
image quality and remove the noise with filtering techniques
already implemented within the image processing toolbox of
Matlab. Then, an accurate segmentation procedure, which has
been implemented in our study, detects the coronary branches
and the bifurcation area's contours and computes the branches
centerlines in both the views. Finally, from such a bi-dimensional
analysis, a 3D model reconstruction approach has been performed
to generate the bifurcated coronary models, which include also the
vessel wall. All these procedures are supported by a graphical user
interface, reducing as much as possible the time required for the
image processing and the interaction by the operator. The user can

visualize the 3D models, measure the geometrical features which
are basic in clinical practice and compute the hexahedral compu-
tational grids to use in numerical environment.
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