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Abstract. Accurate reconstructions of vessels are important in the understand-
ing of blood flow anomalies.  We present a new elastic registration method to
reconstruct the lumen of the femoral artery by fusion of Intravascular Ultra-
sound data and biplane angiography. The catheter path and pullback parameters
are found by minimizing width discrepancy in the back-projections without the
need for explicit catheter segmentation. Preliminary results on real subjects are
promising and show the convergence of the algorithm.

1 Introduction

The construction of realistic models of arteries is important in the understanding of
artery disease and blood flow anomalies. Planar angiograms remain the prevalent
imaging technique but there are serious limitations in working with a single planar
projection when 3D measurements are needed. The limited spatial resolution and the
cost of 3D imaging techniques like CTA, MRA or rotational angiography can also be
a serious drawback.

Intravascular Ultrasound (IVUS) is a powerful imaging technique for evaluating
the lumen, the vessel wall shape and the plaque composition. By performing a con-
stant speed pullback, one can obtain a reconstruction of a straitened vessel as seen by
the tip of the catheter. Without explicit localization of IVUS slices, 3D measurements
are distorted.

Some important work on data fusion of IVUS and angiography data has been con-
ducted by several authors [1, 2, 3]. The main research areas are angiographic system
calibration, catheter path segmentation, bi-planar curve reconstruction and absolute
orientation determination. However, these techniques have some drawbacks when
used on clinical data. First, complex calibration objects are not always available.
Also, explicit knowledge of the catheter path is mandatory. Angiographic images
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sometimes have poor contrast and, in many cases, segmentation of the catheter can be
difficult.

We propose a new 3D elastic registration technique of the lumen model in 2D an-
giographic images. A simple calibration technique using a radio-opaque ruler is used.
A tubular parametric model of the lumen is constructed from IVUS datasets and the
catheter path and absolute orientation are recovered from the projections by an elastic
registration of the back-projected lumen model.

We focus our work on the reconstruction of stenoses of the femoral artery.  Realis-
tic reconstruction of lumen and vessel wall shapes from patients are essential for our
work. Uses will include Computational Fluid Dynamics (CFD) simulation and realis-
tic phantom construction via rapid prototyping technologies.

2 Method

The key idea of our method is to register a 3D b-spline tube representing the lumen
on the angiograms without explicit knowledge of the pullback start/finish positions
and catheter path. We get an estimate of the vessel path from calibrated 2D views.
Using back-projected information, we aim to register this curve to the actual 3D
catheter path. Other registration parameters are the pullback endpoints along the ves-
sel and the absolute orientation of the transducer around the catheter. These three
degrees of freedom are resolved first. A second step estimates the catheter path by an
elastic registration of the lumen model.

2.1  Calibration of 2D Angiograms

Two successive angiographic views of the artery at different angles are taken. A ra-
dio-opaque ruler fixed to the patient leg gives a series of collinear stereo-
corresponding points that will be used for calibration. In this study we use a simple
linear perspective projection model. Amplifier distortion is considered linear in the
central portion of the image. The model could be improved by using more elaborate
techniques to compensate non-linear amplifier distortions and errors in the evaluation
of acquisition parameters [1].

In our model, geometric parameters including the field of view (FOV), the distance
from the x-ray source to the amplifier and the view angles are fixed in the acquisition
protocol. The image calibration procedure involves finding the position of the rota-
tion axis of the c-arm in a common 3D reference frame using the back-projected ruler
endpoints. The projection matrices are then computed in homogeneous coordinates.

Our angiograms were printed on film and scanned using a VIDAR diagnostic pro
film digitizer. For the calibration step, a user must delineate the encompassing circle
of both target images and lines of predefined length on the ruler. A typical image is
shown in figure 1.
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2.2  Construction of 3D Lumen Model

Our IVUS datasets contain about 1000 images acquired during a constant speed pull-
back. For segmentation purposes, these images are resliced in 32 polar-longitudinal
images. Longitudinal contours are extracted using active contours [4] and trans-
formed back into 3D space. An interpolating tubular b-spline surface of degree 3,
centered on the catheter, is constructed from these contour points.

The deformation of the parametric b-spline tube T(u,v) is controlled by a central b-
spline curve C(v). Control points along the tube are positioned in space using a trans-
form function computed from the control curve. We use the model of relative twist of
Whale et al. [2]. This model, built on torsion-free Frenest frames, was validated for
small flexion angles and should hold for the femoral artery. The central curve is sub-
divided in M equidistant points, M being the number of control points of the tube
along the axis. The Z axis of the frame is aligned to the tangent vector to the central
curve. An arbitrary normal (X axis) is given for the first point and the binormal (Y
axis) is computed as the cross product of tangent and normal vectors. The choice of
the first normal will impose an absolute orientation of the tube around its central axis.
Other normal vectors are computed by rotating, without torsion, the previous frame to
align the tangents. Using the computed frames along the central curve, control points
of the surface are positioned in 3D space. Figure 2 shows a few frames along the
control, curve and the corresponding lumen model.

Fig. 1. Initialization process. A user delineates the
encompassing circle, the ruler and a few points
along the artery.

Fig. 2. Deformation of the b-spline
tube by frames computed along the
central curve starting from an initial
absolute orientation.

An estimate of the vessel path is obtained from user supplied points. Using cali-
bration parameters and epipolar constraints, a number of stereo-corresponding points
are found along the two 2D b-splines. These points are reconstructed in 3D space by
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means of ray intersection. A 3D interpolating b-spline is fitted and the result is used
to initialize the central curve for lumen reconstruction. Figure 3 shows the result after
initialization. The initial orientation is arbitrary.

2.3 Absolute Orientation and Position

The lumen from IVUS data is not cylindrical. We use this fact to better position the
tube along the central curve. Stenoses will affect the back-projected width profile
along the curve. Asymmetries in the lumen shape will cause variation in the width
profile depending on the absolute orientation. The pull-back speed will scale the
width profile along the curve. As the 3D model is back-projected on both angiograms
with the calibration matrix, we try to match the resulting width profiles to corre-
sponding widths on the images.

On the model side, we use the initial 3D lumen model to construct width tables for
both views. A width table contains values of the back-projected width along the cen-
tral curve as a function of absolute orientation. The zero crossings of the normal and
projection vector dot product are used to extract silhouettes. The width is computed as
the back-projected distance between silhouette contours.

Fig. 3. The initial reconstruction silhouettes
are projected on both views.

Fig. 4. Elastic registration. The distance di

along the normal Ni is minimized for every
silhouette point Pi by moving the control
points Ck along their normal Nk and bi-
normal Bk directions.
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On the image side, the width vectors are defined as the distance between image
edges on both sides of the back-projected central curve. We use a smoothing b-spline
image to compute the sub-pixel image gradient [5] and search for extrema of the
back-projected curve normal and gradient vector dot product.

Translation along the curve and absolute orientation are found by minimizing the
least-squared difference of the image width vectors and a subset of the model width
tables. The width vectors can be scaled to account for pull-back speed. The new posi-
tion, orientation and pullback speed are fed to the tube reconstruction to generate a
new 3D lumen model.

2.4  Elastic Registration

At this stage, we have an estimate of the catheter path start and stop position and
absolute orientation. The next step is to refine the catheter path by an elastic registra-
tion of the 3D model on the images.

We search for the gradient maximum in the normal direction along the back-
projected silhouettes. As a result, a 3D displacement along the tube normal is gener-
ated for every silhouette point on both views.

The centerline displacement ( id  ) of a surface point ( iP  ) along its normal ( iN ) is

expressed as a linear equation in the central curve local frame:

( ) ( ) ( ) ( )[ ]∑ ⋅⋅+⋅⋅⋅β+⋅×= k,bikk,nikikotiii tNBtNNvrNPd (1)

Unknown parameters in the system are translations of the central curve's control
points in the normal ( tn,k ) and binormal ( tb,k ) direction and a small rotation ( ro ) of the
absolute orientation. The weight of each control point is a b-spline function in the
central curve parameter space ( βk( vi ) ). Translation parameters are evaluated in the

tube normal direction along the control point normal ( kN ) and binormal ( kB ). Fig-

ure 4 shows the components of the linear system.
With the solution of this least-squared system, the curve's control points can be

translated in 3D space and the absolute orientation updated. The width matching
process from section 2.3 and the following elastic registration can be repeated to
refine the solution. The resulting deformation can also be applied to other segmented
features in the IVUS images like the intima or media borders.

3 Results and Discussion

The whole method was integrated into a C++ software developed at our laboratory.
The software inputs the bi-plane angiograms and the IVUS contours. It allows inter-
active reconstruction and visualization of the lumen back-projections. Results are
exported as VRML or IGES files to be used as input in CFD, finite element analysis
or rapid prototyping software.
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The preliminary validation study is based mostly on visual assessment of the algo-
rithm convergence on real data. The views are taken at 30-degree angle. The vessel
model asymmetry appears in the width maps in figure 5. We see the width values
changing with absolute orientation (left to right) and the darker zones correspond to a
smaller width near the stenose. Figure 6 shows the registered femoral artery with a
stenose. After the elastic registration, the alignment of the stenose and other features
seems adequate.

Figure 7 shows an artery after a dilatation procedure. We found the convergence
was more dependent on the initial path. It did converge to a satisfying result with
good initialization of the catheter start and stop positions.

The whole procedure, including the user delineation of the ruler and initial vessel
path, calibration and fine registration takes less than minute to perform. The only
parameters are the number of iterations and the control point density. Usually 2 itera-
tions are enough. Results can be manually corrected if a convergence problem should
arise.

The choice of control point density will affect the regularity of the final mesh. For
our femoral arteries, we use 32 control points around the vessel. Along the axis, the
density is proportional to the average perimeter density. These values give us a good
regularization of the model while conserving enough precision. The mesh density
could be adapted depending on the quality of the initial IVUS segmentation or the
final mesh usage. For CFD simulation, a very regular surface is needed and fewer
control points should be used.

4 Conclusion

We proposed a new elastic registration technique for 3D lumen and artery wall recon-
struction from IVUS and bi-plane angiography data. The catheter path and orienta-
tion, so as the pullback start and stop positions are found by minimizing width dis-
crepancy in the back-projections. Preliminary results are promising and show the
convergence of the algorithm.

Further validation will be conducted. We shall better evaluate the effect of ampli-
fier distortions. Using cross-validation with views taken from different angles will
give us a better assessment the 3D path reconstruction quality. Simulated images and
images from a realistic phantom could also be used for validation. Full automation is
also an important issue as we aim to use these reconstructions in computer-assisted
intervention.
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Fig. 5. A graphical view of width tables on 0º (top) and 30º (bottom) views. Absolute orienta-
tion changes from left to right. The width along the vessel is mapped vertically, white pixels
meaning larger width.

Fig. 6. An example of reconstruction showing a stenose. The catheter path and silhouettes are
shown on both views (left). The final 3D reconstruction is shown in frontal and lateral views
(right).

Fig. 7. An example of reconstruction after dilatation. The catheter path and silhouettes are
shown on both views (left). The final 3D reconstruction is shown (right).
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