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Abstract 

Current three dimensional (30 )  vessel reconstruction 
using intravascular ultrasound (IVUS) pull buck is limited 
by the lack of information on the real vessel curvatures, 
because the movement of the catheter is assumed to 
proceed along a straight path. To overcome this limitation 
a method (ANGUS) has been developed to combine 
coronary angiography with data obtained by IVUS [I]. 

The IVUS data represent a cylindrical stack of cross- 
sections. A least-square@ approximation is used to 
reconstruct the 30  path of the catheter axis from two 
biplane X-ray images, after which the stack of IVUS 
contours is wrapped around this 3 0  catheter centerline. 
In order to establish the correct rotational position of the 
stack around the centerline, use is made of ‘landmarks’ 
which are visible in angiograms, as well as in a 
simulation of these angiograms derived from the 
reconstructed 3 0  contour. 

The combination of ANGiography and intravascular 
UltraSound (ANGUS) is promising and provides a unique 
method of three-dimensional reconstruction of coronary 
geometry. 

1. Introduction 
From a sequence of IVUS images, acquired during 

automated, constant-speed pull back, a 3D image of a 
coronary artery can be reconstructed, by stacking the 
acquired frames along a straight axis. This kind of 
reconstruction is extensively described in the literature [2] 
and some commercial available IVUS systems have such 
a possibility build in. However, in these images the 
straight orientation of the vessel segment is a 
simplification, because the catheter tip will in reality 
traverse a spatial curve, the effect of which is hidden from 
the observer. To improve on this subject we added a 
method to reconstruct the spatial curve traversed by the 
catheter tip using a biplane X-ray image of the catheter at 
the start of the pull back procedure. 

We apply, as a first step, the same IVUS technology 
during an automated pull back of a sheathed IVUS 
catheter at a speed of 1 ”/sec. Start of the pull-back 
procedure is recorded by biplane X-ray. The IVUS 
catheter tip will follow the sheath closely during pull back 
and the sheath itself will keep its relative position within 
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the artery during this time. At the completion of the 
procedure biplane coronary angiography is performed 
without any change in geometrical X-ray settings. The 
biplane X-ray images, showing the catheter position 
shortly after start of pull back, allow geometrical 
reconstruction of the position of the catheter’s 
longitudinal centerline, which is assumed to represent the 
path of the catheter tip during pull-back. 

From the IVUS images end diastolic samples are 
selected and from these the contours of the lumen wall 
and extemal elastic membrane are semi-automatically 
detected [3]. These contours are stacked and smoothed by 
removal of the higher frequency components using a 2 
dimensional Fourier transform method. 

Finally, these IVUS contours are combined with the 
reconstructed path of the catheter tip using the features of 
the angiograms to establish the rotational position of the 
IVUS contours around the spatial curve. 

2. Methods 

2.1 Processing the IVUS images 
The IVUS images are recorded during automated pull 

back on a PAL standard S-VHS video tape, resulting in 25 
imageslsecond. A few seconds after pull back has started a 
short biplane X-ray film is made and the start of this film 
is marked on the audio track of the S-VHS tape to enable 
synchronization with the IVUS contours sequence. The 
IVUS picture to be selected is augmented with a marker 
which indicates the occurrence of the R-peak in the 
patient’s ECG. 

By filming the position of the catheter shortly after 
start of pull back, any backlash that the automatic pull 
back system might experience has disappeared and a 
precise relation between the echo image location in the 
filmed biplane images and the recorded IVUS pictures can 
be established. This is done by locating the ultrasound 
crystal as seen in both of the biplane film images. 

Following the acquisition, the S-VHS images are 
semi-automatically processed [2 ]  to detect the contour of 
both the lumen wall and the extemal elastic membrane. 
Only images containing the R-peak marker are selected, 
thus restricting analysis to the end-diastolic shape of the 
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artery. The X,Y positions of the detected points are 
transferred to a file, together with the R-R interval. The 
time at which each image was recorded is interpreted as 
Z-axis value, making use of the fact that the intravascular 
ultrasound catheter moved at constant speed through the 
artery. 

Using MATLAB, a numeric computation and 
visualization program, the collected points are resampled 
at a constant Z-axis interval of 1 second, which translates 
into 1 mm distances between successive cross-sectional 
images. The contour data are subsequently converted to 
cylindrical coordinates, thus expressing the vessel wall, as 
well as the external elastic membrane by r =Acp,z), where 
r = radius; cp = angle and z = position along z-axis. Next a 
smoothing algorithm is applied to the surface Acp,z) by 
removing the higher frequency components of its 2D 
Fourier transform. The final result is a stack of IVUS 
cross-sectional images (Figure l), all aligned 
perpendicular to and centered around the Z-axis. 

r‘igure 1: 3D View of stack of smoothed I W S  cross- 
sections (Z-axis not to scale). Dark surface: external 
elastic membrane, light surface: vessel lumen. 

2.2 Reconstruction of the centerline 
In order to achieve a true 3D reconstruction of the 

shape of the vessel, we need to assess the real 3D path of 
the IVUS catheter tip. In order to do so, we produce two 
pictures, showing both of the biplane X-ray images with 
the position of the IVUS catheter at the start of the pull 
back procedure. As stated before, we may assume that the 
trajectory projections followed by the catheter tip closely 
coincide with the centerline of the catheter image in its 
biplane projections. 

An alternative to this method would be to record the 
trajectory of the tip by filming its position many times 
during pull back. An investigation of this method showed 
that a considerable amount of additional movement is 

superimposed on the catheter path, even when gating for 
respiration and heart contraction. Therefor, we rejected 
this method because it lacks the required accuracy. 

After digitization of the biplane projections using a 
custom build program, MATLAB routines are used to 
perform the necessary calculations to reconstruct the true 
3D path of the catheter from its biplane shadow images. A 
first 3D guess is described in Fourier parameter form. 
Using an independent variable (0 2 s 2 1) the catheter 
centerline R(s) can be described by: 
~ ( s )  = n + b . s + c . s i n ( 2 x . s ) + d . c o s ( ~ n . s ) +  
- - -  - 

- - 
e.sin(4n .s) + f.cos(4n .s)+ .... . ..... 

Using a Gauss-Newton optimization method the 
parameter vectors U ,  6, e ,  a‘, e, f .... are adjusted, such 
that the projection of the ‘guessed’ 3D curve onto each of 
the image intensifier planes coincides as closely as 
possible, according to a minimum cost algorithm, with the 
filmed images of the I W S  catheter centerline. 

Although it can be shown that not all possible curves 
can be reconstructed in this way, due to the existence of 
‘blind planes’: planes that are perpendicular to both of the 
image intensifier entrance screens, with some caution and 
experience it is possible to select a constellation of both 
image intensifier planes, such that sections of the curve in 
the ‘blind’ position are avoided. 

- - - _ - -  

2.3 Combination of angio and IVUS data 
After having acquired a stack of cross-sections as 

described in section 2.1, and a 3D centerline as described 
in section 2.2, the stack has to be ‘fitted’ around the 
centerline. Because the start signal from the fluoroscopy 
film camera is recorded on the audio track of the IVUS 
VHS video, the position of the stack along the centerline 
is known. It is also known that the stack of cross- 
sectional images contains pictures at 1 mm intervals, 
measured along the centerline. Two different unknowns 
however have still to be taken into account: 

a) Under certain conditions, the catheter tip will 
exhibit a twist with respect to an external, fixed system of 
axes (Figure 2.). 

b) The rotational position of the stack of images is 
unknown. 
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Figure 2: Twist of catheter tip depends on the course of 
the spatial curve. The top point at 12 o'clock has become 
the forward point at 9 o'clock 

The effect under (a) can be explained as follows. If the 
catheter itself is assumed to be torsion free, the catheter 
tip will twist if the curve enters another plane. The amount 
of twist can be found from the Frenet formulas [4], from 
which it can be derived that the tip will rotate if the third 
derivative (d3 R/ds3 ) of the parametric curve R(s) does 
have a non-zero component in a direction perpendicular to 
both T and N, where T denotes the tangent (T  = dRlds) to 
the curve R(s) and N denotes the normal (N = dT/ds) to 
the curve R.  Knowing this, one can devise an algorithm 
that takes this relative rotation i.e. the rotation from one 

cross-sectional image to the next, into account. The 
algorithm we use to reconstruct the 3D vessel by 
wrapping successive cross-sectional IVUS images around 
the reconstructed 3 D catheter centerline, takes the relative 
rotational differences between successive cross-sections 
into account by considering the change in local radius of 
the computed catheter centerline. 

This finally leaves us with the problem mentioned 
under (b). Although the rotation of each vessel cross- 
section is known .with respect to the former one, the 
rotational position of the first cross-section remains 
unknown. If we change the rotational position of the first 
cross-sectional image around the catheter centerline, the 
whole of the vessel wall will rotate around the fixed and 
curved centerline. We refer to this phenomenon as 'sock 
rotation', because of the similarity of the situation with a 
sock on a leg. 

In order to assess the correct sock rotation, the 
reconstruction of the 3D vessel wall is computed for all 
sock rotations between 0" and 360" in IO" steps. The two 
biplane projections of these 3D reconstructions are then 
computed resulting in 36 reconstructed biplane frames. 
While single stepping forward and %backward through this 
sequence of pictures a visual comparison is made between 
each of the computed pictures and the biplane angio as 
recorded at the end of the pull back procedure. Because 
real vessels always exhibit landmarks in the form of 
irregularities, side branches and bends, the most suitable 

I 
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sock rotation can be estimated from this procedure. 

reconstruction of the vessel. 
A final computation is then made to arrive at a ful l  3D 

3. Results 
In order to assess the accuracy of the method 

described here, a phantom has been constructed, 
consisting of a plastic cylinder with a diameter of 120 
mm, into which we cut a helical groove, with a width of 3 
mm and a depth of 3 mm. The bottom of the groove is 
semicircular. The pitch of the groove is 100 mm for one 
complete 360 degree tum. The groove was covered with a 
watertight flat plastic ribbon acting as a lid. Because of 
the rounded bottom and flat lid, the groove exhibits a D- 
shaped cross-section. The groove was filled with X-ray 
contrast medium and the afore mentioned protocol was 
followed to obtain the IVUS images and the biplane X-ray 
pictures from this phantom. 

Studying the trajectory within this phantom, a high 
accuracy was found, with a distance between real and 
reconstructed trajectory < 1 mm. First application in a 
human right coronary artery in-vivo (length: 75 mm) 
showed a difference of 2% between the length of the 
reconstructed trajectory and the pull-back distance. 
Location and shape of stenoses in simulated projections of 
the 3D reconstructed lumen matched well with biplane 
angiography (Figure 3). 

Figure 4: The position of a sclerotic plaque in a inside 
bend (a) or outside bend (b) influences its extent, withoui 
a marked change in I W S  image (c). 

This reconstruction method might also find use in 
studies where one attempts to reconstruct the flow pattern 
in diseased arteries using finite element analysis. 
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