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ABSTRACT

This paper presents an approach for fusion of the two major cardiovascular imaging modalities, angiography and
intravascular ultrasound (IVUS). While the path of the IVUS catheter, which follows the vessel curvature during
pullback, is reconstructed from biplane angiograms, cross-sectional information about the vessel is derived from
IVUS. However, after mapping of the IVUS frames into their correct 3-D locations along the catheter path, their
orientations remain ambiguous. We determine the relative catheter twisting analytically, followed by a statistical
method for finding the absolute orientation from the out-of-center position of the IVUS catheter. Our results as
obtained from studies with cadaveric pig hearts and from three patients undergoing routine coronary intervention
showed a good match of the absolute orientation by the algorithm. In all tested cases, the method determined the
visually correct orientations of the IVUS frames. Local distortions were reliably identified and discarded.

Keywords: 3-D reconstruction, multimodal fusion, coronary artery system, quantitative analysis, biplane angio-
graphy, intravascular ultrasound, catheter twist, absolute orientation.

1. INTRODUCTION

While intravascular ultrasound (IVUS) gains increasing importance,'™ assessment of vasculature still lacks a ge-

ometrically correct 3-D reconstruction. The IVUS frames are usually stacked up to form a straight vessel, thus
resulting in distorted interpretation and quantification.> Our approach combines the advantages of IVUS with those
of biplane angiography, namely obtaining the vessel curvature from the angiographic projections, while the vessel
cross-sections are analyzed from the IVUS data (Fig. 1). The 3-D catheter path as well as the vessel lumen borders
are reconstructed automatically from their angiographic projections using a previously developed method.®” The
IVUS images are segmented to yield wall and plaque borders using our well-established graph-search approach.®

The problem of assigning the IVUS data into 3-D space is two-fold: 1) They have to be related to 3-D locations,
and 2) their orientations have to be determined. Early approaches identified the location of the transducer —and
thus of the respective IVUS image — by constant angiographic supervision during the pullback,”'? which is accurate
but not acceptable in clinical routine. Using a constant pullback speed, which can be assured by automated devices,
the location of each IVUS frame can be derived from the time function of the pullback.!! Another complex task is
the identification of the spatial frame orientation. The relative changes in orientation between adjacent IVUS frames
are determined analytically based upon the Frenet-Serret rules.!?13 However, the absolute orientation in 3-D remains
ambiguous. The problem is comparable to fitting a sock on a leg:'* While the leg (catheter path) is stable, the sock
(axial frame orientation) can freely be rotated around the leg, but fits optimally only in one orientation. Current
approaches either try to match the IVUS contours with the angiographic profiles by backprojection,'® or rotating
the entire set interactively until the images approximately match the angiographic outline.'* The use of branches as
natural landmarks is frequently unreliable since their origins may be difficult to identify with sufficient accuracy in
both angiograms and IVUS images.'®
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Figure 1. Fusion approach; the IVUS frames are mapped on the 3-D trajectory of the imaging catheter.
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Figure 2. Bending of the imaging catheter within the vessel due to vessel curvature; the catheter is seeking a
position of minimum energy.

We present a new method for automated determination of the absolute orientation using the bending behavior
of the imaging catheter as a reference, which is expected to fall in the position of minimum energy within the
vessel (Fig. 2). In both angiograms and all IVUS frames, the out-of-center position of the catheter relative to the
inner lumen is analyzed (Fig. 3). Using a non-iterative statistical approach, the optimum fit of the IVUS frame
set is calculated.

2. METHODS

The outline of the system is displayed in Figure 4. First, the 2-D catheter path and vessel outline are extracted from
both angiograms and then reconstructed to a 3-D model. From the 3-D catheter path, the relative catheter twist can
be estimated and serves as a basis for the relation between adjacent IVUS frames. The [umen is segmented in both
IVUS image data and angiograms, where the angiographic lumen is represented in 3-D by elliptical contours derived
from the 2-D outlines. In both data sets, the out-of-center position of the imaging catheter relative to the lumen
is determined. Then, the IVUS data is mapped into 3-D using an initial orientation along with the relative twist.
For each frame location, the out-of-center strength and the difference angles of angiographic vs. IVUS reconstruction
are determined. Within a mowving window of arbitrary but fixed size, a statistical analysis is performed. A reliability
weight is calculated for each location of the moving window, giving higher weight to locations with high out-of-center
strength, and limiting those with a high standard deviation of the difference angle function, which is indicating local
distortions. A single correction angle is determined and applied to all IVUS frames relative to the initial orientation.

Angiographic
Projection
with Catheter

Figure 3. Appearance of out-of-center position of the imaging catheter in angiographic and IVUS images.
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Figure 4. Flow-chart for the fusion approach (see text for details).

2.1. 3-D Catheter Path and Vessel Outline

The biplane angiograms used for extraction of the catheter path as well as the vessel outline are taken immediately
before pullback start and are corrected for geometric distortions in a preprocessing step.'® After the catheter path is
determined by applying a dynamic programming approach,'” it is used as a guide line for the detection of the vessel
borders by a modified version of the algorithm of Beier.!®

From the known imaging geometry, both catheter path and vessel outline are reconstructed using the method
previously developed and validated at the German Heart Institute of Berlin.®7 The projection rays of corresponding
points (e.g. the transducer tip) can be reconstructed into 3-D space, and — with respect to the epipolar constraint —
the original 3-D location of the point reconstructed at the minimum distance between these rays. The calculation of
the rays depends on the assumed imaging geometry. Two contrary concepts of determining the imaging geometry
exist: Either it is calculated analytically from the gantry parameters,'® or it is obtained from imaging a calibration
object.?° Newer approaches calculate a relative description between the two gantries from a set of corresponding
reference points without any calibration object.2!»22 Our system utilizes the available gantry parameters for an initial
geometry, which is then refined using 2-5 corresponding points in the angiograms as reference.”

Along the extracted path of the catheter, corresponding elements are found using the epipolar constraint.?3-24
The reconstruction yields a combined 3-D model of the catheter and the vessel lumen for each of these elements,
where the lumen is restricted to elliptical cross-sectional shapes.%”
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2.2. IVUS Frame Location Matching

For an IVUS catheter with a sheathed design,’? the location of the catheter as shown in the angiograms before
pullback start indicates the path of the catheter core during the pullback, since the sheath remains in its position
while only the core is moved (Fig. 2). From the time-stamps of a specific frame vs. the frame at pullback start,
along with the known speed of the pullback, the distance of this frame to the start frame on the catheter trajectory
can be calculated.!!

However, as we could show earlier, the manual pullback is affected by unavoidable tolerances and thus cannot be
treated as constant-speed.?® Using an automated pullback device ensures a proper matching of the frame. After iden-
tification of the 3-D locations, the angiographically determined elliptic contours are assigned to their corresponding
IVUS frames.

2.3. Frame-to-Frame Relative Orientation

The catheter twist is defined as the relative axial changes of the catheter orientation when the catheter is influenced
by vessel curvature and torsion.” The relative twist between adjacent IVUS frames is calculated using our sequential
triangulation method described in detail elsewhere.!3:16

From the orientation of the previous frame and the local path of the catheter, the orientation of the next frame is
calculated by a discrete version of the Frenet-Serret'? rules. Using the three points of the catheter path next to the
two adjacent frames, a circumscribing circle is calculated. The sector between the two images is considered a part of
the circle. Thus, the new frame is calculated by rotating the previous frame around the normal n; of the circle by
the enclosed angle a; (Fig. 5). This algorithm has been extensively validated in phantom studies.!?16

2.4. Initial Orientation of the Frame Set

The estimation of the absolute orientation is based on error minimization. Since no indication of the IVUS frame
orientation is available at the beginning of the process, the frames are first mapped into 3-D space using an
initial orientation. The reconstruction error is calculated from the out-of-center vectors, indicating magnitude and
orientation, and then a correction angle relative to the initial orientation is generated.

The initial orientation is obtained from the orientation of a reference plane, which was already introduced for the
evaluation of the relative twist.2® This plane is calculated by bilinear regression from the set of catheter elements
as reconstructed from the angiograms. The horizontal axis of the first IVUS frame is then oriented parallel to this
reference plane, while the axes of the subsequent IVUS frames are oriented with respect to the relative twist as
determined before.

2.5. Calculation of the Out-of-Center Vectors

From the angiograms, the out-of-center vectors can directly be determined using the reconstructed elliptical contours
and the catheter trajectory. The intersection of the catheter path with the generated ellipse is determined at the
level of the corresponding IVUS frame. The out-of-center vector is then calculated as the 3-D vector beginning at
this intersection point and ending at the center of the ellipse.

For the IVUS frames, the determination of the center point is more complex since the contour may have a free
shape. Assuming a homogeneous distribution of the contour points, the centroid for contour j containing n; points

[wij,vi;] is calculated by
njfl

_ 1
Si = [, 03] = — > iz, vig) (1)

7 i=0
The location of the catheter within the 2-D image is fixed, usually at the center of the image. Both centroid and
catheter points are mapped into 3-D by using the frames reconstructed with the initial orientation. Again, the 3-D
out-of-center vector is the vector beginning at the catheter point and ending at the mapped centroid of the contour.

The application of the IVUS lumen contour requires a previous segmentation. This is performed in a semi-
automated process using heuristic graph search on a frame-by-frame basis. Our algorithm has been validated previ-
ously and proven to be reliable.?

*as defined by differential geometry.
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Figure 6. Determination of the out-of-center vectors, dotted line represents the centers of the elliptical contours
reconstructed from the angiograms; correction angles are sampled within fixed-sized and overlapping moving windows.

2.6. Error Minimization

For each of the IVUS frames, the out-of-center magnitude and orientation are determined in both angiographic and
IVUS data. The magnitude p is calculated as the length of the out-of-center vector in the IVUS data set, where the
in-plane resolution is much higher than in angiography. The difference angle ¢ is calculated as the inclination angle
between the angiographically reconstructed out-of-center vector and the one mapped from the respective IVUS image.

The correction process is a statistically based optimization that incorporates several weighting mechanisms. Due
to local tolerances, either from the reconstruction process, slight mismatches in IVUS localization, resolution, etc.,
the weighting does not only include the effect strength u, but also the reliability of the local data, i.e. the variances of
the difference angle function ¢. This is performed by analyzing the data within a moving window of an empirically
determined fixed size along the catheter path (Fig. 6).

Within the window, each difference angle ¢ is weighted by the vector length u. For each window £, the weighted
mean P, and the weighted standard deviation o(py) of the difference angle as well as the sum of weights Yy are
derived. After those values have been determined for all locations of the moving window, the correction angle is
calculated from the values over all windows. The positive weight (i.e. locations with increased significance for the
estimation of the correction angle) is the sum of weights Yy, while the negative weight (i.e. locations with distorted
out-of-center data) results from the local tolerances o(px). The correction angle results from the weighted mean

P =3 (B2 / > (2) @

k

and is to be applied to all IVUS frames.

3. RESULTS
3.1. In-Vitro Validation

The fusion approach was validated in a series of in-vitro studies using computer models, phantoms, and cadaveric
pig hearts.'32728 For the accuracy assessment of our absolute orientation method, we used a cadaveric pig heart
that was immersed in a water bath and filled with diluted contrast dye for angiography. Manual IVUS pullbacks
of approx. 100 mm were performed using a mechanically driven 2.9F 30 MHz imaging catheter. The catheter path
and the vessel outline were extracted from the angiograms (Figs. 7a/b), vessel lumen and wall borders segmented
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Figure 7. a) Frontal and b) lateral angiograms of a cadaveric pig heart with catheter inserted; c) automatic
detection of the laminae borders in one of the IVUS images, note the out-of-center position of the catheter; d) VRML
scene showing the spatial location and relative orientation of the IVUS frames; e) longitudinal slice through the
reconstructed voxel cube, compare the catheter position with that in the frontal angiogram.

from IVUS (Fig. 7¢), and after calculation of the frame orientations (Fig. 7d), the IVUS data were mapped into
3-D space, generating a volume model (Fig. 7e). The algorithm could identify the relevant areas reliably, e.g. the
arcs where the catheter hits the inner side of the vessel, as well as the straight part where the catheter hits the outer
side of the vessel.

Due to inhomogeneous speed of the manual pullback,?® several localization errors occurred, especially within
the first (distal) half of the pullback. While small deviations are detected from high local tolerances, resulting in a
strongly reduced weight, longer segments exceeding the size of the moving window may falsely seem to be reliable.
In the given example, these errors occurred in the distal arc. Compare the respective segment between the frontal
angiogram (Fig. 7a) and the IVUS reconstruction (Fig. 7e). This matching error of about 15 mm resulted in an axial
mismatch of 33.6° compared to the proximal part, which was considered to be accurate by visual comparison. After
increasing the width of the moving window from 10mm to 25mm, the difference was reduced to 14.7°. Discarding
the distorted subsegment, i.e. setting u = 0 for the involved out-of-center vectors over a length of 15mm, reduced
the mismatch to 9.4° for 10 mm window width.

Since the proximal part seems undistorted, we focused the evaluation on locations 48-102mm of the pullback
(Figs. 8-10). The out-of-center position u shows several minor peaks, while the difference angle ¢ is stabilizing from
distal to proximal. Applying the moving window, the out-of-center sum Xy is almost constant with a tendency to
higher values towards the end of the pullback, and the standard deviation o(py) is clearly decreasing. Consequently,
the reliability weight function (Fig. 10) increases in the proximal window locations. Note that the remaining high
tolerances due to the mismatches (50-55mm) are successfully discarded, while a local peak (58-60 mm) resulted from
a temporary stabilization of the difference angle function around ¢ = —90°.
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3.2. In-Vivo Application

Up to now, the approach was applied to three patients with stable coronary artery disease, undergoing coronary
revascularization and stent placement in native coronary arteries, and which were imaged as part of their clinical
procedure. The visually correct orientations of the IVUS frames were found in all cases. An example of a stenosed
left anterior descending artery is shown in Fig. 11, with a segment of 40 mm evaluated. The biplane angiograms were
acquired both at the beginning and at the end of each pullback at a biplane Siemens HICOR cath-lab with DICOM
output on CD-R. Sheathed 2.9F and 3.2F 30 MHz catheters (Boston Scientific, San Jose, CA) and automated
pullback with a constant speed of 0.5mm/s were used for IVUS imaging.

As can be seen from Fig. 12, the out-of-center strength p varies between a peak in the second quarter of the
pullback (10-20mm) and values below angiographic resolution. The difference angle function ¢ is most stable at
the peak, while it is almost random at the location with low out-of-center strength. Thus, the second quarter was
automatically assigned the highest weight for the determination of the absolute orientation. Some possible sources for
distortions can be identified from this example: At the beginning of the pullback, a slight wobbling of the catheter can
be seen, and the stenotic part suffered from a differently reconstructed shape from angiograms vs. ultrasound. Both
zones were successfully identified and discarded, along with the zones that contain minimal out-of-center information.

To estimate the effect of the width of the moving window, the vessel was analyzed with three different window
sizes (Fig. 13). The smaller the window size, the higher are the peaks. As expected, increasing the window width
results in smoothing of both the reliability weight and the mean angle functions. However, the curves for a width
of 12.5mm are not simply the result of smoothing the curves for a width of 5.0mm by the respective ratio. While
the difference of the resulting correction angle was 20.4° between 5.0 and 7.5 mm window widths, it was just 2.8°
between 7.5 and 12.5 mm window widths.

4. DISCUSSION

Along with our previously developed and validated methods for geometrical 3-D reconstruction from biplane an-
giograms,®” border segmentation from intravascular ultrasound,® and analytical calculation of the catheter twist,!3:'6
the presented method has a high potential to overcome a major problem in the determination of the absolute ori-
entations of the IVUS frames. Using the catheter itself as an artificial landmark does avoid the need for detecting
frequently unreliable natural landmarks or the application of markers directly on the vessel.

However, like other methods working on angiographic or ultrasound image data, some limitations are obvious:
The use of manual pullback, as well as any manual handling of the imaging catheter during acquisition, introduces
mismatches in the localization of the IVUS frames and artificial superimposed twist.?> When mechanically driven
catheters are used, additional distortions are caused by phase shifts along the rotating core.2® A general problem of
angiography is the possible foreshortening, which occurs whenever a specific vessel segment is not oriented orthogonal
to both projections.2?30 Despite the fact that our method is considering ambiguities in the reconstruction of the
ellipses,% " foreshortening should be minimized to allow optimal performance of our algorithm for the determination
of the absolute orientation. Strong foreshortening can even result in a distorted reconstruction of the catheter path,
since ambiguities in the assignment of corresponding path elements between the projections may occur.?43! Several
methods to detect and to correct inappropriate imaging geometries have been proposed to avoid this problem, either
by using visual guidance,? or by analytical adaptation of the gantry parameters.30:33-35

The developed system has shown to be robust against the above problems, and misinterpretations occur only in
severe cases, e.g. if a distorted area is consistent within a width of the moving window, thus impeding a detection by
the reliability weight. The analysis of the calculated function for the difference angles concerning systematics should
be straightforward and will further help to detect and discard distorted areas.

5. CONCLUSION

We reported a comprehensive approach to fusion of intravascular ultrasound and biplane angiography, based upon
usage of IVUS catheters in sheathed design. We presented a new method for determining the absolute orientation
of the IVUS frames in 3-D. This method uses the out-of-center position of the IVUS catheter as a reference. By the
introduction of a reliability weight along with a moving window technique, possible errors are successfully detected
and discarded. Thus, our system delivers a high-quality reconstruction of the IVUS data, and allows geometrically
correct analyses of coronary vessels. The presented fusion approach operates on a highly automated level and
substantially improves the clinical applicability of cath-lab imaging.
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Figure 11. Detail in a) 30° right and b) 60° left anterior oblique projections of an in-vivo acquisition of the left
anterior descending artery; c) transmission image through the generated voxel cube in lateral view, catheter location
and segmented lumen borders have been marked in the 2-D IVUS images before mapping.
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