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Abstract — Data fusion of biplane angiography and intravascu-
lar ultrasound (1 VUS) facilitatesgeometrically correct reconstruc-
tion of coronary vessels. Thelocations of 1VUS frames along the
catheter pullback trajectory can beidentified, however the IVUS
image orientations remain ambiguous. An automated approach
to determination of correct IVUS image orientation in 3-D space
isreported. Analytical calculation of the catheter twist isfollowed
by statistical optimization determining the absolute IVUS image
orientation. The fusion method was applied to data acquired in
patients undergoing routine coronary intervention, demonstrat-
ing the feasibility and good performance of our approach.

Index Terms — Data Fusion, Multimodal 3-D Reconstruction,
Biplane Angiography, I ntravascular Ultrasound.

. INTRODUCTION

For the assessment of atherosclerotic disease, two major
imaging modalities are commonly utilized. Quantitative Coro-
nary Angiography (QCA) is a well-established standard, for
which many semi-automated systems are available [1]-{4]. By
using biplane angiography, any spatial structure visiblein both
projectionscan be geometrically reconstructedinthe 3-D space.
Information about the imaging geometry [5]-7], and the as-
signment of corresponding vessel segments between both pro-
jections are the prerequisites [8],[9]. Recently, intravascular
ultrasound (1VUS) evolved asacomplementary method; acom-
prehensive overview of the existing methods for IVUS image
acquisition and analysis can be found in [10]. While selec-
tive angiography depicts the vessel lumen only, IVUS allows
to analyze vascular wall and plague. However, IVUS lacks a
geometrically correct 3-D representation since it provides no
information about vessel curvature. Current 3-D IVUS systems
reconstruct vessels by straight stacking of the frames[11].

Fusion of 1VUS and biplane angiography may yield a geo-
metrically correct assignment of the volume elementsinto 3-D
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space, retaining the original relationships between them even
intortuousvessels. Analytical derivation of the curvatureusing
the Frenet-Serret formulas can solve the problem of determin-
ing the relative orientation changes (twist) between adjacent
IVUS frames[12]. However, the definition of the absolute ori-
entation remains mostly unconsidered. The problem is com-
parable to fitting a sock on aleg [13]: While the leg (catheter
path) is stable, the sock (axial frame orientation) can be freely
rotated around theleg, but fits optimally only in one orientation.
Current approaches either try to match the IVUS contourswith
the angiographic profiles by backprojection [14], or rotate the
entire set interactively until the images approximately match
the angiographic outline [13]. The use of branches as natural
landmarks is frequently unreliable since they may be difficult
to identify in both the angiogramsand IVUS images [15].

This paper focuses on the absol ute orientation problem. We
are using the bending behavior of the imaging catheter as a
reference. The catheter is expected to fall in the position of
minimum energy within the vessel (Figs. 1,2). The out-of-
center position of the catheter within the lumen is used as a
reference for the determination of the absolute orientation of
the IVUS frames. After reconstruction of the catheter path and
the cross-sections using an initial orientation, the difference
angles between the out-of-center positions derived from the
angiogramsvs. the IVUS data are compared. The overall error
isminimized by applying acorrectiveaxial rotationtoall IVUS
frames calculated using a statistical approach.

Il. METHODS
A. 3-D Catheter Path and Veessel Outline

The biplane angiograms used for extraction of the catheter
path as well as the outline of the vessal lumen are taken im-
mediately before the IVUS pullback start and are corrected for
geometrical distortionsin a preprocessing step [15]. Within a
specified region of interest, the catheter path is automatically
determined from the angiograms by applying a dynamic pro-
gramming approach [16]. In a second step, the vessel borders
are extracted based upon the detected catheter path.

From the known imaging geometry, both the catheter path
and the vessel outline are reconstructed using the method pre-
viously developed and validated at the German Heart Institute
of Berlin[17],[18]. The reconstruction yields a combined 3-D
model of the catheter and the vessel lumen, the latter restricted
to elliptical cross sectional shapes.
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Fig. 1. Angiograms of a circumflex artery in a patient heart using (a) 30° right and (b) 60° Ieft anterior oblique projections, with catheter inserted and the vessel
lumen outline detected; (c) automated detection of the lumen border in one of the IVUS images, note the out-of-center position of the catheter.
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Fig. 2. Bending of the imaging catheter within the vessel due to vessdl curve-
ture, seeking position of minimum energy, and associ ated out-of-center position
in IVUS images. While the absolute orientations of the |\VUS cross-sections
in the images are arbitrary, their orientations relative to each other are fixed.

B. IVUSFrame Location Matching

For a sheathed catheter, the location of the catheter as shown
in the angiograms before the catheter pullback start indicates
the pullback path of the IVUS transducer, since the sheath
remains in its position and only the core is moved (Fig. 2).
In-vivo, ECG-gating is mandatory to avoid mismatches due to
heart motion. From the time-stamps of a specific frame vs.
the frame at the pullback start, along with the known speed
of the pullback, the distance of this frame to the start frame
on the catheter trgjectory can be calculated. The use of a
motorized pullback device ensures asufficiently constant speed
of the transducer and consequently a proper matching of the
frame positions. The respective 3-D catheter location and the
angiographically determined elliptic contour are assigned to
their corresponding IVUS frame.

C. Twisting of the IVUS Catheter

The IVUS catheter is twisting whenever the local direction
of the pullback tragjectory enters anew plane of different spatial
orientation. The relative orientation of adjacent IVUS images
reflects the catheter twist and can be calculated from the 3-D
catheter pullback trajectory using our sequential triangulation
method described in [12]. 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 formulas. This algorithm has been extensively validated
in several in-vitro studies[12],[19].
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D. Initial Orientation of the Frame Set

To determine the absolute orientation of the IVUS frame set,
the out-of-center positions are derived from the initia frame
orientation, which is in theory arbitrary. For reasons of better
reproducibility and validation of the catheter twist, the initial
orientation is aligned with a reference plane [20]. This refer-
ence planeis calculated using bilinear regression from the 3-D
catheter trgjectory points previously reconstructed from the bi-
plane angiograms (Fig. 3), thus minimizing the distance of the
planeto thetransducer path. Thebaselineaxisof thefirst IVUS
frame is oriented parallel to this reference plane. The axes of
the subsequent IV US frames are determined with respect to the
first frame according to the relative change of orientation as
calculated from the relative catheter twist as described above.

E. Calculation of Out-of-Center Vectors

Calculating the out-of -center vectors requires previous (lon-
gitudinal) segmentation of the vessel lumen in both angio-
graphic views as well as (cross-sectional) lumen segmentation
in all ECG-gated 1VUS images of the sequence. Segmenta-
tion in angiography is performed as described in subsection A.
The IVUS segmentation uses our previously validated semi-
automated approach [21].

Thelongitudinal detection of the angiographic vessel outline
in 2-D yields aset of pairsfor the left and right edges (profile).
Since the catheter path is already known, for each [VUS frame
location, the 2-D profiles of both angiographic projections are
reconstructed to an elliptical contour [17],[18]. From a point
withinthe ellipsein which the catheter path intersectsthelumen
cross-section, the out-of-center vector iscal cul ated asthe vector
beginning at the intersection point and ending at the center of
the ellipse.

Similarly, the center points are determined for the IVUS
frames. This process is more complex since the 1VUS-based
lumen contour may have a free shape. Assuming a homo-
geneous distribution of the contour points, which is true for
most vessel shapes except in severe stenoses, the centroid for a
contour j containing n; Points [u,;, vs;] is calculated by:

S; = [u;,v5] = ni > g, vig] (1)

J =0
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Fig. 3. Referenceplanefor specification of theinitial orientation; thehorizontal
axis of thefirst IVUS frameis aligned paralel to the plane.

The location of the catheter within the 2-D image is fixed
at the center of the image. Both centroid and catheter points
are mapped into the 3-D space by using the image frames
reconstructed with the initial orientation. The IVUS out-of-
center vector isthe vector beginning at the catheter point (image
center) and ending at the calculated centroid of the respective
IVUS contour.

F.  Error Minimization

For each of the IVUS frames, the out-of-center vectors re-
constructed from the biplane angiograms are compared with
those determined from the IVUS data. In agreement with the
image acquisition geometry, the IVUS frames are expected to
be oriented perpendicular to the catheter path. The ellipses
reconstructed from the angiograms are orthogonal to the vessel
centerline, which may differ from the orientations of the IVUS
frames. Thus, they have to be projected onto their correspond-
ing frames. Afterwards, the errors (magnitude . and difference
angle ¢, Fig. 4) are determined for each frame.

The process of determining the absolute orientation of the
IVUS pullback image set is using statistical optimization in-
corporating several weighting mechanisms. The goal is to
minimizethe angular difference between the out-of -center vec-
tors derived from the angiographic and the IVUS data. There
are several local inaccuracies originating from the reconstruc-
tion process, such as limited resolution, slight mismatches in
IVUS localization, etc., that may affect the error minimiza-
tion [19],[20]. To maximize the influence of the reliably
measured parameters and minimize the influence of possible
inaccuracies, data reliability weight is used in addition to the
error measure strength.  This is performed by analyzing the
data within a moving window of an empirically determined
fixed size along the catheter path.

Within the window, each difference angle ¢ is weighted by
the vector length ., thus giving more weight to larger out-of -
center catheter positions (Fig. 4). Obviously, minimizing a
rotational error for acatheter closeto awall ismorerobust than
minimizing an error for an almost-centered catheter. Due to
the higher resolution, the mapped out-of-center vectors from
the IVUS images are used to determine the weight. For each
window k, the weighted mean &, and the weighted standard
deviation o () of the difference angles as well as the sum
of weights Xy, are calculated. After determination of those
three parameters at al locations of the moving window, the
correction angle is calculated as a weighted mean of al 3.
The reliability weight increases with the value of Xy, while
itislimited by the local tolerances o (). Thefinal correction
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Fig. 4. Determination of the error angle from the out-of-center vectors; the
out-of-center strength u is caculated as the distance from the centroid S to the
catheter location C'; the error angle ¢ isenclosed by C'S and C' A, where A is
the center of the angiographically reconstructed ellipse.

angle .., results from the weighted means:

Peorr = ij (@%) /Ekj (%) (2)

and isthen applied to all IVUS frames.

G. DataAnalysis

The information about the 3-D reconstructed vessel can be
used for geometrically correct visualization as a VRML-2.0
(Virtual Reality Modeling Language) moddl (Fig. 5). This
model provides excellent visualization of the overall geome-
try. However, the complete information delivered by IVUS is
difficult to assess in this way. Thus, the geometrically cor-
rectly positioned 1VUS pixel datain 3-D were mapped into a
voxel cube of aconfigurable size. The voxel cube can be arbi-
trarily sliced to represent visualization at a specific projection
angle, and thus allows a direct comparison with angiographic
images. If independently acquired angiograms are used, such
comparisons may be used for validation purposes (Fig. 6).

1.  RESULTS

The catheter twist cal culation and the 3-D reconstruction ac-
curacy of the catheter trajectory were previously validated in
phantoms and excised pig hearts [12],[19]. No in-vivo vali-
dation was performed until now. The results presented below
demonstrate the in-vivo feasibility of the devel oped approach.
Three patients with stable coronary artery disease undergoing
coronary revascularization and stent placement in native coro-
nary arteries were imaged as part of their clinical procedure.
The devel oped data fusion method was applied to vascular seg-
ments of interest in theleft anterior descending, left circumflex,
andright coronary arterieswith 40, 64, and 77 mminlength, re-
spectively. Theangiogramswereacquired at abiplane Siemens
HICOR cath-lab with DICOM output on CD-R. IVUS imag-
ing was performed after advancing the transducer 5mm past
the target segment into the distal vessel. The IVUS images
were obtained using sheathed 2.9 F and 3.2 F 30 MHz catheters
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Fig. 5. Interactive VRML visudlization of the geometrically correct recon-
structed vessel of interest. The vessel geometry is determined from biplane
angiography, the vessel lumen was segmented from |V USimages some of them
being shown correctly positioned and oriented.

(Boston Scientific, San Jose, CA). The motorized pullback de-
vice was activated for 8 s (4 mm, speed 0.5 mm/s) to straighten
the catheter core within the vessel. Two pairs of biplane an-
giogramswere acquired in different angulationswith the IVUS
catheter inserted in the distal location. One of the angiographic
pairs was used in the data fusion, the other pair was used for
validation. Sincenoreliableindependent standard existsfor pa-
tients, only limited quantitative validation was possiblein-vivo
and results were mainly assessed qualitatively.

In all three analyzed in-vivo cases, the reported data fu-
sion approach successfully determined the geometrically cor-
rect coronary vessel representation. For the data sets, VRML
scenes were created (Fig. 5), 3-D data cubes were constructed
and reprojected at angles corresponding to the second pair of bi-
plane angiogramswhich were not used for datafusion (Fig. 6).
The 2-D data were quantitatively analyzed to approximate the
IVUS reconstruction accuracy by comparison of thefinal result
with the initial orientation of the IVUS frames. Fig. 6 shows
the reconstructed 3-D cube and the functions for . and ¢, as
well as the total reliability weight for the artery presented in
Fig. 1. For this vessel, the analysis of the 2-D projectionsin
frontal angulation showed a centerlinemismatch in object level
of 0.73+0.35mm (max. 1.5mm) after establishing the abso-
lute orientation, compared with 1.914+0.90mm (max. 3.6 mm)
intheinitial orientation.

IV. DISCUSSION

The presented al gorithm delivered the true frame orientation
inall cases. In contrast to other methods [13],[14], it does not
rely on an iterative matching of the angiographic 2-D outlines
and projections from the IVUS contours. Instead, it uses an
initial IVUS frame orientation to directly calculate a correc-
tion angle in 3-D, resulting in the assessment of the optimal
orientation in asingle step without user interaction.

Vessal segments considered ‘reliable’ were successfully de-
tected even in cases of poor angiographic visibility of the ves-
sel outling, and vessel segments categorized ‘distorted’ were
automatically discarded. Fig. 6 illustrates the weighting mech-
anism; the distal part (0-30mm) consists of an increasing out-
of-center position u (curve d), while the difference angle ¢
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(e) has a relatively high variance. Consequently, only a few
windows could earn a high weight (f). Especially around the
25 mm location, where the left anterior oblique angiogram was
highly foreshortened, the reliability weight is minimized. The
proximal part of the vessel showed higher stability in the angle
function ¢ along with some peaksin the out-of-center position
1 (eg. a 46mm). Thus, the corresponding values at these
locations of the moving window were higher weighted.

In stenosed vessels, irregular shapes (i.e. inaccurate fitting
of the ellipse) may cause a large variance in the angle func-
tion. Furthermore, if the out-of-center position is less than
angiographic resolution (0.5mm), the angle function is highly
distorted as well. Our algorithm ensures that those segments
are discarded. However, the existence of at least one ‘reli-
able’ segment that exceeds the width of the moving window is
necessary for the successful application of our method.

In previousin-vitro studies, we encountered effectsthat cause
a linear rotationa phase shift in the IVUS images, presump-
tively due to friction of the imaging core against the sheath in
high curvature[19]. Solid-state catheterscould avoid thisprob-
lem, but are usually not sheathed and cannot provide a stable
pullback path as required by our method. Friction effects are
mostly additive and thus monotonic, and show some systemat-
icsintheanglefunction. Consequently, the presented approach
provides a good basis for detecting and correcting distortions
introduced by the imaging system, resulting in a correction
function over the pullback length rather than in asingle value.

Along with our previously developed and validated methods
for geometrical 3-D reconstruction from biplane angiograms,
border segmentation from intravascular ultrasound, and anal yt-
ical calculation of the catheter twist, the presented method has
a high potential to overcome a major problem in the reliable
determination of the absolute orientations of the IVUS frames.
Using the catheter itself as an artificial landmark avoids the
need for detecting frequently unreliable anatomic landmarks
like vessel branches, or the application of artificial landmarks
on the vessdl itself.

V. CONCLUSIONS

A novel method for determination of the absol ute orientation
of the IVUS pullback image data was developed and incorpo-
rated in our data fusion approach for geometrically correct
reconstruction of coronary vessels. The first employment of
this complex but neverthel ess highly automated data fusion ap-
proach in human patientsin-vivo was reported. The developed
system is able to deliver a high quality reconstruction of the
IVUS data, and alows geometrically correct analyses of the
vessel, which substantialy improves the clinical applicability
of both involved modalities.
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