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Abstract

The growing appreciation of the pathophysiological and
prognosticimportanceof arterial morphology hasled to the
realization that angiograms are inherently limited in defin-
ing the distribution and extension of coronary wall disease.
By Intravascular Ultrasound images physicians have apic-
ture of the composition of vessel in detail. However, ob-
serving an intravascular ultrasound stack of images, it is
difficult to figure out the image position and extension with
regard to the vessel parts and ramifications, and misclassi-
fication or misdiagnosis of lesions is possible. The objec-
tive of thiswork is to develop a computer vision technique
to fuse the information from angiograms and intravascular
ultrasound images defining the correspondence of every ul-
trasound image with a corresponding point of the vessel in
the angiograms.
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1 Introduction

According to the American Heart Association coronary
heart disease (CHD) caused 459,841 deaths in the United
Statesin 1998 (1 of every 5 deaths) [1]. Thisfigureis easy
to extrapolate to the most of the developed countries along
the western world.

IntraVascular UltraSound (IVUS) images have a-
lowed deepening in the knowledge of the true extension of
the coronary vessel illness [2, 3, 4, 5]. It is atomographic
image that provides a unique 2D in vivo vision of the inter-
nal vessel walls (figure 1(a)), determining the extension,
distribution and treatment of the atherosclerotic, fibrotic
plagues and thrombus, and their possible repercussion on
the internal arterial lumen. Angiography images provide
an external vision of the vessel shape and tortuosity (fig-
ure 1(b)). The main difference between the ultrasound and
the angiography images, as the most used image modali-
tiesfor vessel diagnosis, deals with the fact that the most of
the visible plague lesions with IVUS are not evident with
angiogram.

(b)
Figure 1. (8) IVUSimage. (b) Corresponding angiography.

Studies on intravascular ecography have shown that
the reference vessel segment has the 35-40% of its sec-
tional area occluded because of the plague, although it ap-
pears as normal in the angiography. Besides its capacity of
demonstrating the plague extension and distribution inside
the vessels, IVUS offer information about the composition
of the internal lesion; in particular, about calcium deposits
as the most important isolated predictors to evaluate if a
particular lesion will respond to a catheter treatment.

The studies about stents! carried out with IVUS show
that the appearance in the angiography of a good stent de-
ployment can hide two possible problems: the incomplete
apposition (a portion of the stent is not making pressure on
the vessel wall) and the incomplete expansion (a portion of
the stent remains closed athough the expansion of the rest
of the stent areas). Both problemsare very significant since
they can be worse than the problem they aretrying to solve.

Both methods (IVUS and angiogram) provide a lot
of information about the internal and the external shape of
the coronary vessels, respectively, as well as about vessel
therapy (e.g. stent, etc.). The fusion of al thisinformation
will allow the physiciansto interact with the real extension
and distribution of the disease in the space, making easier
the arduous task of having to imagineit.

One of the problems of dealing with IVUS is the fact
that the images represent a 2D plane perpendicular to the
catheter without any depth information. This IVUS prop-
erty hidesthereal disease’s extension and representsavery
unnatural way of conceptualization. The foremost limita-

1gpiral metallic mesh implanted inside a coronary vessel to save the
stenosis effect



Figure 2. Siemens C-Arm angiocardiographic system.

tion of IVUS on the pre- and post-treatment studies is the
need of correlating lesion images in seria studies. This
limitation is due to the lack of third dimension that gives
much more global information about the internal and exter-
nal vessel structure. This problem can be solved by using
the information given by the angiographies. Using two pro-
jectionsin fixed angles and taking into account the calibra-
tion parameters, we are able to create a curve in the space
representing the catheter tortuosity. It allowsto placelVUS
images and define exact correspondence between datacom-
ing from both image modalities.

The article is organized as follows: section 2 is de-
voted to the 3D reconstruction of the catheter from multi-
ple views of angiograms. Section 3 discusses the process
of locating IVUS images in space. Section 4 explains the
validation process and the article finisheswith conclusions.

2 3D Reconstruction of IVUS Catheter from
Angiograms

Intravascular ultrasound images are acquired during a pull-
back of catheter through the vessel. Using an angiogram-
guided process, the catheter is introduced in the vessel
to diagnose, and positioned after the vessel lesion. Af-
terwards, a pullback with constant speed is performed
acquiring the IVUS images. Therefore, the obtained
stack/sequence of images define a spatio-temporal datathat
allow to scan the morphology of the vessel lesion in space.

In order to locate IVUS images in space we need
an 3D reconstruction of the catheter trgectory. To this
purpose, we need to register the catheter in two views
of angiograms before and after the pullback of the IVUS
catheter. Moreover, to assure precise 3D reconstruction of
the catheter from both X-ray views, minimal spatial dis-
placement of the catheter should occur during the process
of acquisition of multiple views of X-ray images. A hi-
plane X-ray system provides two views of the catheter at
the same time that yield better conditions for a precise 3D
reconstruction of the catheter. However, today many hos-
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Figure 3. (a) Original X-ray image and (b) after applying
local enhancement.

pital environments are equipped with mono-plane X-ray
devices (figure 2). Considering the general case, given a
mono-plane X-ray image system, we use ECG-gated X-ray
images and the patient is asked to keep its breathing during
aninstant X-ray image acquisitionin order to keep minimal
spatial displacement of the catheter.

At this stage, our aim is to create a model of the
catheter recovering its tortuosity in the space from its pro-
jectionsin both X-ray images. Given that X-ray imagesare
characterized with low signal-to-noise rate, an image en-
hancement step is necessary in order to improve the visu-
alization and the performance of the following processing
algorithms. We perform a histogram-based local image en-
hancement (see fig. 3) of X-ray images defined as follows:

I(z,y) = (I(z,y) —a)/(b—a),
a=mingenyenl(z',y')

! !
b=mazyen,yenI(@',y’)

where N(z,y) is a neighborhood of pixel (z,y) of fixed
size.

At this stage, the physician is asked to locate the end
of the catheter before and after the pullback in both views
of angiograms and two 3D points are reconstructed. Note
that these points represent the center of first and last IVUS
images (seefig.4). A short review of the spatial reconstruc-
tion process of an 3D point from its projectionsis given in
the Appendix. For more details, one can consult the refer-
ence [6].

The reconstruction of the whole trgjectory of the
catheter contains 2 steps. a) detection of the catheter pro-
jection from both views, and b) reconstruction of itstrajec-
tory in space. The process of catheter projection consists
of applying the fast marching algorithm that allows to find
a path with minimal geodesic distance between two points
of animage[7]. The fast marching algorithm is a segmen-
tation algorithm that is based on the level set theory. A
surface of minimal action (SMA) is constructed as a level
set of curves L wherethe level correspondsto the geodesic
distance C{L} from an initial point A. Thus, each point,
p from the SMA, U hasavaue U(p) equa to the integral



Figure 4. Localization of catheter head before and after
IVUS pullback.

minimal energy of the geodesic path P starting from the
initial point A and ending at point p:

U(p) = infC{L}:p/pds

It can be shown that the path of minimal geodesic distance
from point B to A can be constructed by following the nor-
mal direction of the level sets beginning from this passing
through point B (seefig. 5).

Once both projections of the catheter has been ob-
tained, M equidistant pointsfrom one of the projectionsare
chosen. It is easy to show that their corresponding points
aretheintersectionsof the corresponding epipolar linesand
the detected catheter projection in the other X-ray view (see
fig. 6). Once defined the corresponding points from both
angiograms, their 3D points are reconstructed and interpo-
lated by a spatial B-spline curve [8] that represents the 3D
reconstruction of the catheter path done between the begin-
ning and the end of the pullback (seefig. 5). Note that this
spatial curverepresentsthe trace of the centers of the IVUS
images.

As a result, considering two projections with the
catheter stopped before the pullback begins and another
two at the end, we create a curve model of the pullback
situating one model’s extreme at the position of the IVUS
catheter before the pullback begins and, using the projec-
tions taken at the end of the pullback, situate the ending
extreme of the model coinciding with the last position of
the catheter during its pullback.

3 Locating IVUSImageson the 3D Catheter
M odel

Our next goal is to place each IVUS plane in space in
order to alow later reconstruction of vessel tortuosity.
The position of each IVUS image is determined by IVUS
catheter trajectory. Most IVUS acquisition systems grab
and save image sequence in an S'VHS videotape, some
of them assuring constant speed of the catheter movement
(0.5mm/sec or Imm/sec). To analyse IVUS information
and fuse it with angiograms, a digitalization of IVUS im-
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Figure5. (a) Preprocessed X -ray image, (b) surface of min-
imal action and (c) geodesic path between points A and B.

ages is necessary (we used a frame grabber to digitize im-
ages at 25 frames per second).

The task of registering IVUS datawith angiogram in-
formation transforms to situating the IVUS images along
the 3D curve. Although using an automatic catheter pull-
back of constant speed (0.5mm/s), we detected different
phases of the catheter movement once the pullback has
been switched on: Delay Before pullback (DB), Posi-
tive Acceleration phase (PA), phase of Constant Move-
ment (CM) of the catheter and Negative Acceleration
phase (NA). Teking into account these characteristics of
the catheter movement and the backprojection of the 3D
catheter trajectory, we can precisely determine the exact
correspondence of 1VUS data with the vessel from the an-
giograms.

We start positioning the last IVUS image at the
curve's extreme, corresponding to the ending of the pull-
back, perpendicular to the curve and go on situating the
other images along the curve at a distance given by the
pullback speed and the images discretization. To this pur-
pose, we haveto cal cul ate the normal s and binormals of the
3D curve. Given that we are using B-Splines, we can an-
alytically calculate the Frenet triangle (%, 7, b), where i'is
the curve tangent, 7 is the curve normal and b isthe curve
binormal of the B-spline catheter model. We take into ac-
count that the IVUS image plane is perpendicular to the
catheter that means that coincides with the normal plane
defined by the normal and binormal of the catheter model.
Thus, taking into account the distance the catheter head has
moved from the end point of the catheter model (computed



Figure 6. Each point on the catheter projection defines its
corresponding point by the epipolar line on the other X-ray
view.
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Figure 7. Registration of angiogram and IVUS data: the
red point in the angiogram (top on the |eft) correspondsto
IVUS transversal plane (top on the right) and to the blue
linein the longitudinal view of IVUS data (bottom)

from IVUS data) and the 3D length of the catheter model
(computed from the angiograms data), we can locate the
IVUS planein space.

It can be shown that using the triangle of Frenet cre-
atesan artificial rotational effect of 1VUS planesaround the
tangent direction of the catheter. In order to minimize the
rotational transformation between two consecutive planes,
we project the normal and binormal vectors of the previ-
ous IVUS plane to the actual one, applying the following
formulae:

gz’ = tZ X 1l

Once placed al 1VUS images along the 3D curve of
the catheter model that is described during the catheter pull-
back, we can determine the correspondence between IVUS
and angiogram data (see fig.7). This fact alows to the
user to define corresponding data between angiograms and
IVUS data. Note that this fact is very important since an-
giograms give information about the external view of the
vessels, distance to ramifications, lesions, stents and other

Figure 8. Phantom used to estimate catheter movement.

anatomic parts of the hearts, while IVUS images provide
information about the internal shape of the vessel eg. its
morphological structure, vessel wall thickness and compo-
sition, plague, calcium deposits, etc.

4 Resultsand Validation

Given that the different cycles of the catheter motion de-
pend on the catheter mechanical properties, we estimated
them on a phantom provided by Boston Sci (see fig.8).
We performed 13 pullback image acquisition on a phantom
and estimated the mean and standard deviation of measure-
ments. The mean velocity of the catheter is shown in fig.9
and the estimates of the different phases are given in ta-
ble1.

Coupling both information from multimodal images
permits to know where IVUS images are in space as well
as to show the IVUS image corresponding to given point
of the angiography. The user has to select a point on the
angiography. Then, automatically its corresponding point
on the other X-ray image is determined using the epipo-
lar line. Doing a back-propagation of the given point, the
3D point is reconstructed in the space. From the position
of the desired point on the 3D model of the pullback, the
nearest IVUS image to the point is determined. Moreover,
its position in the longitudinal IVUS images is visualized.
Analogously, given a short-axis IVUS image, its position
in the IVUS stack is visualized in the longitudinal 1IVUS
data and the corresponding 3D point and its projection on
the X-ray imageis displayed to the physician (see fig.7).

In order to validate the proposed approach we pro-
ceeded with two groups of tests: in-vivo and in-vitro. The
first group of tests had as a purposeto validate the approach
avoiding the artifacts coming from the vessel motion. We
used 7 IVUS pullbacks on a phantom (see fig. 10) pro-
vided by Boston Scientific with a calcium deposit (CD).
Once reconstructed the catheter path in space and detected
the CD on the IVUS image, we estimated its position in
space and tested its appearance from the angiograms. Note
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Figure 9. Average movement speed of the catheter mea-
sured on a phantom.

[ Phase | mean | std. |
DB | 5.23535(2.6177mm) | 0.27125(0.1356mm)
PA | 0.27495(0.1375mm) | 0.19425(0.0971mm)
CM | 0.99345(0.4967mm) | 0.2031s(0.1015mm)
NA |0.02185(0,0109mm) | 0.6243(0.3121mm)

Table 1. Mean and std of different phases of catheter move-
ment.

that the second IVUS images in fig. 10 corresponds to a
point in the X-ray image before the calcium deposit, while
the third IVUS image visualizing calcium corresponds to
a point in the X-ray image inside the deposit. The mean
error of CD estimate was 0.3mm with standard deviation
o = 0.42mm. We explain the localization error by the
human voice annotation of the pullback start and end as
well as the impossibility of recording images with preci-
sion higher than a second in the current 1VUS acquisition
systems.

We have also tested the system with 3 real cases of
patients in the Hospital Universitari ”Germans Triasi Pu-
jol” of Badalona. Patients with vessels lesion that contain
calcium deposits have been chosen and again the proce-
dure of validating the registration between angiograms and
IVUS images was performed. The results showed a mean
error of perror = 1.027mm with standard deviation of
Oerror = 1.2154mm. The localization error increases due
to the vessel motion that leads to less precise 3D recon-
struction of the catheter tragjectory. Nevertheless, this error
is confirmed by the physician team as acceptabl e to the pur-
poses of lesion localization.

5 Conclusions

Fusing IVUS and angiogram data is of high clinical inter-
est to help the physicians locate in IVUS data and decide
which lesion is observed, how long it is, how far from a
bifurcation or another lesions stays, etc. In this study, we
developed tools to estimate and show the correspondence

Figure 10. Validation of localizing calcium deposit by a
phantom.

between IVUS images and vessels in angiograms and have
validated it on an IVUS phantom and patient data.
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Figure 11. Global reference system (x,y,z) with the projec-
tion planes and their local systems.

Appendix

The projection axes of both systemsintersect in the isocen-
ter [6]. The acquisition parameters (distances from the X-
Ray sourcesto theimageintensifiers, angles of rotation and
angulation) are predetermined before the image acquisition
process.

The angles by which aleft-right movement of a sys-
tem, with respect to the patient, can be defined determine
the rotational angles. The angles by which a movement of
a system can be defined towards the head of the patient
(Crania (CR) direction) or the feet (Caudal (CA) direc-
tion) determine the angulation angles. With the imaging
equipment, the heart can be displayed under X-Ray expo-
surefrom Left Anterior Oblique (LAO) view to aRight An-
terior Obligue (RAO) view, with either a cranial or caudal
angulation. Rotational angles are denoted by « and angula-
tion angles by /3. For the frontal and latera rotation angles
a > 0 represent LAO views, a < 0 represent RAO views,
angulation angles 5 > 0 represent caudal viewsand 8 < 0
represent cranial views.

For athree-dimensional reconstruction of the catheter,
we define a global reference system with origin in the
isocenter. We also define alocal reference system on the
image plane to allow the conversion from an image point
to the global reference system (figure 11).

The equations to calculate the local reference system
are

k= (0,—cosa,sina)”

&= (sin 8, sin a.cos 3, cos accos )T
[=kx¢
A data point in the image matrix with coordinate pair

(z,y) istransformed into apair of real coordinates (z x, yx)
in the projection plane by:

/
T = CeqT ANy = ¢,y

Here, c.q isthe calibration factor and ¢!, is the cal-
ibration factor corrected for the pixel aspect ratio. We are

now able to identify a given point in one image plane in
the other image by projecting the epipolar line correspond-
ing to that point in the other projection plane. The epipolar
line in the second projection plane of apoint d; in thefirst
projection plane is computed from:

Vf:f; + ILJFMJ; +F = ZL’kE2 + yll_; +Cy

Theliney;(zy) is represented in the image matrix as
y(x) by applying the inverse transform of (1).

The spatial location of a 3D point can be computed
from both projections of this point (back-projection). The
spatial position of this point is computed by asimpleinter-
section of the lines with vector representation:

ﬁl +T,}E£Ci1 andﬁg +O’f3(i2

Both parameters 7 and ¢ are solved from any two of the
three equations of the vector components by elimination of
the other parameter [6].



