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Abstract. The early prediction and/or detection of cardiovascular diseases are
of paramount importance worldwide due to the increasing mortality and mor-
bidity rate in the global population. Specifically, key factors for its assessment
such as atherosclerotic plaque evolution and vulnerability in coronary arteries
are still poorly understood, although in the last decade emerging techniques
based on computational models provided a complementary approach towards
these problems. To apply these models to patient specific scenarios, a geometric
representation of the patient coronary vessels must be accurately constructed in
three dimensional space. To achieve this purpose, we present a reconstruction
methodology that aims to integrate the high definition provided by intravascular
ultrasound about the vessel structure, with the spatial information presented in
orthogonal angiographies. As result, the three-dimensional geometric recon-
struction of the vessel at different cardiac phases along the cardiac cycle can
be obtained, enabling the subsequent development of patient-specific computa-
tional models.

1. Introduction

Cardiovascular diseases are the leading cause of death and morbidity worldwide. The
detection and quantification of atherosclerosis is of the highest importance to monitor
treatment and prevention of acute events. For this reason, accurate and robust techniques
to assess and visualize the atherosclerotic plaque are key for an effective treatment of
the disease. Remarkably, the genesis, evolution and rupture conditions of the plaque are
not completely understood [Naghavi et al. 2003, Caro 2009],and emerging methodolo-
gies and technologies based on physical models provide complementary tools to assist
cardiovascular research.
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Computational models for characterizing blood flow and fluid-structure in-
teraction have shown progress in the identification of the key factors that play a
major role in the initiation, localization, growth, composition, remodelling, and
destabilization of atheromatous plaque [Wentzel et al. 2001, Feldman et al. 2002,
Carlier et al. 2003, Stone et al. 2003, Wentzel et al. 2003, Chatzizisis et al. 2008,
Honda and Fitzgerald 2008]. Also, these models are fully adaptable to simulate different
scenarios for patients specific conditions, enabling computational experiments to quantify
physical variables in locations and at scales that cannot beextracted from in-vivo studies
or they suppose a very invasive and difficult task.

However, computational models require the definition of a detailed geometry of
the vessel of interest in a certain patient. For this particular task, intravascular ultra-
sound (IVUS) provides an accurate characterization of the plaque (≈ 40 µm) at the
cross-sectional planes of the vessel. Nevertheless, thesedata is acquired in a local co-
ordinate system attached over the catheter deployed in the vessel interior. To obtain a
correct 3D reconstruction of the vessel, a mapping of this information must be performed
by using a complementary study able to visualize the catheter distribution in space.

In this work we propose a reconstruction methodology that aims to integrate the
high definition about the vessel internal structure provided by the IVUS study with the
spatial information presented in orthogonal angiographies. To achieve this integration,
we first apply an image-based gating method, as proposed in [Maso Talou et al. 2014], to
avoid artifacts in the reconstruction and also obtain a timecoherent arrangement of the
data. Then, we extract the vessel wall from the IVUS study over the intrinsic coordinates
system defined along the transducer trajectory. Later we reconstruct this trajectory in
a global coordinates system using orthogonal angiographies, where, finally, the IVUS
segmentation is mapped to.

The paper is organized as follows. In Section 2, the three steps of the proposed
reconstruction methodology are presented. In Section 3, preliminary results of the gating
and reconstruction strategies are shown, and a discussion of these preliminary results is
conducted.

2. Proposed methodology

2.1. Image-based gating for IVUS study

Generation of the motion signal Similarly to other image-based approaches, we con-
struct a motion signal to identify the steadiest frame (frame with minimum displacement
of structures accordingly to its adjacent frames) in each cardiac cycle, which is associated
with the end-diastolic phase. For this, let us define themotion signalas a functions(n)
that measures the motion of then-th image of the IVUS study. The signals(n) is chosen
to be the linear combination ofM image features,si(n), i = 1, . . . ,M , characterizing the
motion in an image, with coefficientswi ∈ (0, 1), as the weight factor of the featuresi.

In this work two features are proposed. The first feature,ŝ0(n), is the 2D cross-
correlation presented in [Winter et al. 2003]. The choice ofthis feature is reasonable
because absence of movement is associated with two almost identical images, and as the
motion increases between the images, the matching of structures decreases leading to a
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Figure 1. (Left) Longitudinal view of an IVUS study presenti ng the motion signal
s(n) and the associated features, s0(n) and s1(n), using α = 0.25. Also the P-wave
occurrence from the synchronized ECG is marked. (Right) Mot ion signal in the
frequency domain where the red lines depict the range of phys iologically valid
heart frequencies.

smaller correlation. The second feature,ŝ1(n), measures the blurring in the image,

ŝ1(n) = −

H
∑

i=1

W
∑

j=1

|∇un(i, j)| , (1)

which explores the fact that the movement of the transducer provokes a smoothing at the
borders of the structures. To combine these features, we normalize them as

si(n) =
ŝi(n)−min1≤n≤N(ŝi(n))

∑N

n=1 ŝi(n)
(2)

whereN is the number of images in the IVUS study. This last step ensures that allsi
are of the same order of magnitude. For the particular case ofusing two image features,
the weight factors can be reduced to only one parameter,α, defined asw0 = α and
w1 = 1− α.

The proposed signals are presented in Fig. 1 for an in-vivo study. It is observed
that several consecutive columns, preceding certain points of minima, present a similar
intensity pattern, meaning that the transducer is acquiring an almost invariant set of struc-
tures. In the signals(n), as well as in the individual features, a pseudo-periodicalpattern
of minima coincident with the end-diastolic phase (P-wave mark in Fig. 1) is observed.

End-diastolic phase identification The motion signal generated contains many unde-
sirable local minima in each heartbeat, making the automatic selection a non-trivial task.
Taking advantage of the pseudo-periodicity ins(n), the frequency spectrum of the signal
s̃(k) is used to reconstruct a low frequency version ofs(n) eliminating spurious minima.

The frequency spectrum of the signals̃(k) is computed as the discrete Fourier
transform ofs(n). As shown in Fig. 1, the spectrum presents a maximum frequency fm
in the range of physiologically valid heartbeat frequencies, i. e.,[0.75 Hz - 1.66 Hz]. This
frequency is a close approximation of the mean heart frequency along the entire study. For
this, we introduce a factor,δ fm, δ ∈ (0, 1), which models the deviation of the heartbeat
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fc = (1 + δ)fm
slow(n) = s(n) ∗ f(n)

with cut frecuencyfc
(ED) =

all the minima inslow(n)
fc = fc + fm

if fc > fmax

slow(n) = s(n) ∗ f(n)
with cut frecuencyfc

adjust each previous
minimum in ED with
the nearest minimum

fc = fc + fm
no yes

Figure 2. Activity diagram detailing the iterative adjustm ent of the minima from
the initial signal slow(n) to s(n). The variable ED represents the set of minima
associated with the end-diastolic phase.

frequency along the study. Thus, we define the cut frequency for the low-pass filter as
fc = (1 + δ)fm .

Then, the low frequency signal,slow(n), is constructed as the convolution
slow(n) = s(n) ∗ f(n), using the low-pass kernelf(n) defined as

f(n) =
[

0, 54− 0, 46 cos
(

2π
n

N

)]

[

fc

fmax

sinc

(

fcn

fmax

)]

. (3)

wherefmax is the maximum frequency in the study calculated as half of the transducer
frame rate andN is the number of images in the IVUS study.

The obtainedslow(n) signal presents only one minimum for each heartbeat, allow-
ing an initial approximation for the minima locations. As seen in Fig. 3, this approxima-
tion can be displaced from the pseudo-periodical minima ofs(n) due to the absence of
high frequency contributions. For this reason, the iterative procedure presented in Fig. 2
is applied. At each step, the frequencies up to the next harmonic component are incorpo-
rated into the definition ofslow(n) and each minimum location is adjusted to the nearest
local minimum. This process is repeated untilslow(n) incorporates all the harmonic com-
ponents offm obtaining the adjusted minima in each heartbeat (see Fig. 3).

Decomposition in cardiac phases The identification of the images corresponding to the
end-diastolic phase, allows the construction of sets of images associated to each heartbeat.
Over these new sets of images, we defineHB(j, n) as the index (or number of frame) in
the original IVUS study of then-th image corresponding to thej-th heartbeat in the
study, wheren = 1 represents the images at the end-diastolic phase. Additionally, each
set is decomposed inP cardiac phases of equal proportional duration, according to the
indexationm = 1, . . . , B, k = 1, . . . , P

CP(k,m) = HB(m, 1) + round

(

HB(m+ 1, 1)−HB(m, 1)

P
(k − 1)

)

(4)

whereCP(k,m) is the index of them-th image associated to thek-th cardiac phase and
B is the quantity of heartbeats identified in the study. For this decomposition, an image
could belong to more than one cardiac phase (ifP is greater than the number of images
in a heartbeat) but each cardiac phase is only associated with one image per heartbeat.
This is to preserve an homogeneous axial spacing between theimages in the same cardiac
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Figure 3. Evolution of the iterative adjustment scheme. The axis fc corresponds
to the cut frequency of the low-pass filter and, at each fixed va lue of this axis,
the slow(n) associated signal is presented. The red dots mark the positi on of the
adjusted minima corresponding to the end-diastolic phase.

phase. Finally, the set of imagesUk(m) corresponding to thek-th cardiac phase is defined
asUk(m) = I(CP(k,m)), m = 1, · · · , B.

2.2. Segmentation of IVUS gated studies

For the segmentation of the vessel wall, we use an active contour strategy proposed
in [Maso Talou 2013] derived from [Kass et al. 1988, Xu and Prince 1998]. A suitable
border map of the endothelial layer (EL) and the external elastic membrane (EEM)
is obtained by an anisotropic oriented filter [Krissian et al. 2007], which is applied
as a pre-processing step. Anisotropic oriented methods have shown an enhancement
of the edges sharpness and a major homogenization of the tissue intensity pattern
[Finn et al. 2011, Michailovich and Tannenbaum 2006]. Furthermore, by proper tailoring
of the active contour functional, we avoid the collapse between the segmented contours
of the EL and EEM.

The user interaction with this task is dramatically reducedby segmenting the
frames sequentially and using the previous frame segmentation as initialization. This
strategy is very effective due to the previous gating process where we remove the mis-
alignment of the EL and EEM boundaries among adjacent frames. In this scenario, the
user only has to indicate a few EL and EEM boundary points to initialize the active con-
tour segmentation in the first frame and other frames where the segmentation has failed
and a reinitialization is needed.

2.3. Registration of IVUS segmentation on angiography

As initial step, we determine the transducer path by segmenting the catheter deployed
with the transducer in the distal position just before performing the IVUS acquisition.
Particularly, we use a biplane snake as presented in [Cañero et al. 2000] which, in con-
trast with epipolar geometry approaches [Slager et al. 2000], allows to easily deal with
orthogonal angiografies that are not acquired at the same time.
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The mapping of the IVUS segmentation is performed by calculating the Frenet-
Serret frame over the transducer path. With the orthogonal coordinate system determined
by the tangent, normal and binormal vectors, we map thex andy Cartesian axes of the
IVUS images to the normal and binormal axes at each point.

At last, we perform an optimization process to determine thecorrect rotation of
the cross-sectional area segmented of the vessel around thetransducer path, as presented
in [Giannoglou et al. 2006]. To improve the robustness of theoptimization process due to
transducer/vessel displacement during the acquisition, an error based on the whole vessel
projected area is used [Maso Talou 2013], instead of the error based on the projection of
each contour projection in a fixed position.

3. Results and Discussion

The IVUS equipment used in this work is a station iLab Ultrasound Imaging System
of Boston Scientific Corporation with a catheter Atlantis SRPro with a transducer of
40 MHz. The acquisition was performed during a normal hemodynamic intervention
procedure, acquiring orthogonal angiographies of the transducer location before the IVUS
pullback.

In the image gating process, the IVUS study was decomposed into 33 cardiac
phases. From these cardiac phases, we identified sets of imagesU1 associated with the
end-diastolic phase andU10 close to the ventricular systole. The longitudinal views ofU1

andU10 and the corresponding segmentations are presented in Figure 4. It can be noted
a dramatical decrease of the transducer motion (visualizedas oscillations of the EL and
EEM structures) due to the time coherent decomposition performed by the gating method
over the original IVUS study. Furthermore, this coherent decomposition facilitates with
respect to the segmentation of the structure because of the alignment achieved and the low
morphological variation from adjacent frames.

After applying the mapping process presented in Section 2.3, the 3D reconstruc-
tion of the coronary vessel is obtained (see Figure 5) allowing a correct deployment of the
vessel wall structures in three-dimensional space. By repeating this registration process
for all Uk subsets, a reconstruction of the vessel wall along the wholecardiac cycle is
obtained.

4. Conclusions

The proposed methodology is capable to obtain patient specific vessel geometries cohe-
rently placed in space and in time. This has been achieved through the integration of IVUS
and angiographic studies. The results obtained indicate that it is possible to facilitate
percutaneous interventions for complex scenarios by visualizing the vessel not only in the
space but also in time along the cardiac cycle (as long as the segmentation and registration
is performed for each cardiac phase).

The relevance goes beyond the mere visualization of the vessel. The spatial
deployment of the vessel improves the accuracy of volumetric measurements used for
assessment of morphologic and morphometric quantities (for example, atherosclerotic
plaque quantification and lesion extension). From this measurements, indexes for assess-
ment of the plaque vulnerability are constructed, which arekey for treatment evaluation.
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Figure 4. From left to right: longitudinal view of in-vivo IV US study; longitudinal
view of cardiac phase subset U1; longitudinal view of cardiac phase subset U10;
segmentation of cardiac phase subset U1; segmentation of cardiac phase subset
U10. In the segmentations, the translucent and red surfaces rep resent the EEM
and the EL, respectively.
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Figure 5. (Top) Orthogonal angiographies presenting the pr ojection of 3D
catheter segmentation (blue line); (center-left) 3D visua lization of the resulting
catheter segmentation; (center-right) final reconstructi on of the vessel due to
the mapping of the IVUS segmentation over the catheter segme ntation; (bottom)
final reconstruction of the vessel visualizing from the orth ogonal angiographic
angles.
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As well, it also permits error comparison in the identification of vessel wall structures
against other imaging techniques, less invasive but less accurate as well, such as magnetic
resonance imaging or x-ray computed tomography.

Finally, the detailed vessel geometry obtained provides a high accurate input to
conduct computational hemodynamic simulations in patientspecific scenarios, being this
of paramount importance for a mechanical evaluation of plaque evolution and vulnerabil-
ity research, as we initially motivate.
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