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Abstract. A new method is introduce for the three-dimensional (3D) reconstruc-
tion of the coronary stents in-vivo utilizing two-dimensional projection images
acquired during rotational angiography (RA). The method is based on the appli-
cation of motion compensated techniques to the acquired angiograms resulting
in a temporal snapshot of the stent within the cardiac cycle. For the first time re-
sults of 3D reconstructed coronary stents in vivo, with high spatial resolution are
presented. The proposed method allows for a comprehensive and unique quanti-
tative 3D assessment of stent expansion that rivals current x-ray and intravascular
ultrasound techniques.

1 Introduction

Stent deployment is currently the preferred vascular interventional procedure for steno-
sis treatment. During a percutaneous transluminal coronary angioplasty (PTCA) pro-
cedure a stent is delivered to the stenotic segment of a coronary artery using a ballon-
tipped delivery catheter. The stent is crimped on the deflated balloon before insertion
into the patient. The balloon catheter has two metallic markers with high absorption co-
efficients, which help the cardiologist to locate the balloon position in the angiograms.
Once in place, the balloon is inflated, expanding the stent which locks in place and
forms a scaffold. The complete expansion of the stent is essential to treating the steno-
sis. Inadequate expansion of the stent is a major predisposing factor to acute thrombosis,
the formation of a blood clot within the stent resulting in loss of flow and an acute my-
ocadial infarction, i.e. heart attack. Stents are positioned and deployed by fluoroscopic
guidance. Although the current generation of stents are made of materials with some
degree of radiopacity to enable detecting their location after deployment proper stent
expansion is hard to asses. A considerable amount of work has been performed in order
to visualize the coronary stent for improved positioning and outcome control, utilizing
different non-invasive [1,2,3,4,5] and invasive [6,7] imaging modalities. The main lim-
itation of existing imaging methods is the limited spatial resolution, mainly caused due
to cardiac and respiratory motion. While the future trend is heading towards noninvasive
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modalities for diagnosis and post-operative follow-up, there remains an interest to have
a 3D representation of the deployed stent during a PTCA intervention using the same
imaging modality, i.e. X-ray, as used for the stent deployment. The main challenge for
constructing this 3D representation is the presence of cardiac and respiratory motion.
One possible solution to derive more accurate images from moving objects such as the
heart is to apply motion compensation techniques to the acquired data [8,9,10,11,12,13].
In this paper an approach to accomplish a three-dimensional reconstruction of coronary
stents in vivo is presented. In this approach the presence of markers on the balloon
catheter is used to accurately determine their position, thus facilitating motion compen-
sation. A reconstruction with high spatial resolution is achieved, by involving additional
motion compensated projections in the reconstruction.

The paper is organized as follows: In Section 2 the method for accomplishing motion
compensated 3D reconstruction of coronary stents is introduced. In Section 3, initial
results on the application of the proposed method in a clinical settings are presented.
Conclusions and suggestions for future work are given in Section 4.

2 Method

In this section the methodology to derive high-resolution 3D reconstructed stents in-
vivo is presented. The method described in this work is based on the assumption that
the deployed stent has a negligible relative movement to the enclosed part of the guide
wire. Therefore, the extraction of the motion of the stent is based on determining the
motion of the markers on the balloon catheter. First, the data acquisition protocol is
introduced. Second, the image processing methods for determining the position of the
two markers is discussed. Third, it is described how the principles underlying coronary
modeling can be utilized for generating an initial 3D representation of the two bullets
in space. Finally, a 2D transformation matrix for each projection image is determined,
which can be used for motion compensated coronary stent reconstruction.

2.1 Data Acquisition

The projection data are obtained during a continuous rotation of a calibrated mono-
plane C-arm X-ray system (Philips Integris Allura, Philips Medical Systems, Best, The
Netherlands). A propeller rotation starting at 600 RAO and ending at 1200 LAO is used,
which ensures sufficient angular coverage for volume reconstruction. The angiographic
projections were acquired at a frame rate of 30 frames per second resulting in 180
projection images during a 6 second rotational run. During acquisition the ECG signal is
recorded in order to retrospectively determine projections acquired in the same cardiac
phase. All data sets were acquired with a 512x512 image matrix.

2.2 2D Marker Extraction

Figure 1 illustrates a typical X-ray angiogram, which is utilized to ensure correct de-
ployment and positioning of the stent (inspection of the borders) acquired immediately
after stent deployment in a routine interventional procedure. In such images, the balloon
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Fig. 1. X-ray angiogram, acquired immediately after a stent deployment. The markers can clearly
be differentiated due to the high absorption coefficient.

markers can clearly be differentiated due to the high absorption coefficient. The guide
wire, with smaller size, can also be identified. However, the deployed stent surrounding
the guide wire in between the markers is barely visible.

The marker positions in all available projections are automatically extracted based
on a segmentation algorithm, where the sub-pixel precise identification of the bullet
center point is achieved using a coarse to fine approach utilizing scale space techniques
as described in [14,15]. For each marker (M i

1, M i
2), this step yields a 2D position

(x,y)i, which depends on the projection number i.

2.3 Reference 3D Marker Position

Based on the ECG signal, two projection images are automatically selected belonging
to the same cardiac phase where cardiac phases in the end-systole or late-diastole are
preferred. In order to reconstruct a point P3D ∈ R3 in space from two projections, first
its corresponding image points PA ∈ R2 and PB ∈ R2 in the projections must be deter-
mined, as shown in Figure 2(a). With the knowledge of the exact projections parameters
including the location and orientation of the two focal spots FA and FB and the detec-
tor locations, the correspondence can be solved using the epipolar constraint [16]. The
point PB is determined by searching only along the epipolar-line in projection B. The
spatial position P3D is computed by a simple intersection of the lines from the points
on the projections to their respective focal points. If the points PA ∈ R2 and PB ∈ R2 are
acquired for different motion states, the connecting lines from the points on the pro-
jections to their respective focal spot may not intersect (see Figure 2(b)). Nevertheless,
the approximate 3D position can be determined by calculating the midpoint of the line
with the smallest Euclidean distance between the two connecting lines as illustrated in
Figure 2(b).

2.4 Forward Projection

The 2D position corresponding to a 3D point P3D in an arbitrary projection C can be
determined by the forward projection of P3D onto the projection plane C. The forward
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Fig. 2. Illustration of the 3D modeling technique in order to reconstruct a point P3D ∈ R3 in
space from two projections using the epipolar constraint. If the points PA ∈ R2 and PB ∈ R2 are
acquired in the same motion state the connecting lines from the points on the projections to their
respective focal spot intersect (a). If the points PA and PB are acquired for different motion states,
the connecting lines may not intersect (b) and the 3D position can be approximated by calculating
the midpoint of the line with minimum Euclidean distance between the two connecting lines (b).

projection of a 3D location P3D, for a given orientation (α) of the C-arm, onto the
projection plane C at the point PC = (xc;yc) is described by the projection matrix Mα,
according to:
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(1)

In our application, the feature points (markers) are subject to periodic movement due
to cardiac and respiratory motion. Every projection is acquired at a different projection
geometry (Gi) and belongs to a specific cardiac motion state (Tm).

2.5 3D Motion Compensated Stent Reconstruction

In this section we will introduce the methods for determining the motion owing to the
coronary arteries, so as to compensate for this motion in projection images acquired
in a different heart phase Tc0 . Hereto, the 2D position of the two balloon markers are
determined in each projection such as described in Section 2.2. Based on the two im-
ages a 3D model of the two markers is modelled such as explained in Section 2.3. The
two 3D markers are then forward projected into the acquired projections with different
projection geometry and different motion state. Therefore, in each projection two po-
sitions are determined for every marker: the actual position for this specific projection
geometry (Gi) and cardiac motion state (Tm), and a calculated position of the marker
at this projection geometry (Gi) but at the cardiac motion state Tc0 (see Figure 3). All
projections are then motion compensated into cardiac motion state Tc0 , by determin-
ing the transformation that brings the actual position of the marker in correspondence
with the calculated position. In this initial study a affine transformation is applied. All
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(a) (b)

Fig. 3. A projection acquired at motion state Tm before (a) and after warping (b) into the optimal
cardiac phase (Tc0 ) based on a Thin Plate Spline (TPS) transformation matrix (Φ)

corresponding points such as reference marker are warped exactly. The other pixels in
each slice are warped linear depending on the distance to the landmarks. In Figure 3,
a projection is shown for a motion state Tm 3(a) and its warped projection 3(b), trans-
formed into cardiac phase (Tc0 ). Using this approach all projection images are motion
compensated into cardiac phase Tc0 . These projection are then used as an input for a
standard 3D filtered back-projection reconstruction algorithm such as Feldkamp [17].

2.6 Initial Experiments on Patient Data

In this work we present initial results of patient data sets of an ongoing study carried
out at the Division of Cardiology at the University of Colorado Health Science Center
(UCHSC). The objective of the study is to investigate the feasibility of fully automated
3D reconstruction of deployed coronary stents and other intra-cardiac devices in-vivo
to enable device assessment and monitoring immediately after deployment and long-
term. Angiograms are selected for inclusion in this study from patients who undergo
coronary stent deployment in the proximal or mid left anterior descending (LAD), the
proximal or mid circumflex (CX) artery, obtuse marginal branches (OM), or the prox-
imal, mid, or distal right coronary artery (RCA). Up till now, data sets from 11 pa-
tients with intracoronary stents (CYPHER R© Sirolimus-eluting Coronary Stent) were
acquired. Depending on the size of the respective stenosis, three different stent sizes
were used: the diameter of the stents were either 2.75mm or 3.0mm and the stent length
(unexpanded) varied between 8mm and 23mm. The acquisition protocol was carried out
such as explained in Section 2.1. The acquisition was performed directly after stent im-
plementation. The heart rate of the patients varied between 52 and 71 beats per minute.
Since the center of the heart is not on the central axis of the patient, but located within
the left thorax, the patients had to be positioned off-iso-center to ensure proper align-
ment of the iso-center of the system with the center of the heart. The diameter of the
image intensifier was preferably chosen at 5 inch. However, the acquisition of large pa-
tients was carried out at 7 inch assuring the correct iso-centering of the system with the
center of the markers.
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Fig. 4. Volume rendered images of a 3D reconstructed stent deployed in patient one, utilizing
the original data set (a) and utilizing motion compensated data set (b). The struts of the stent
have a diameter of approximately 40µm.C ut planes perpendicular (c) and parallel (d) to the
longitudinal direction of the volume rendered images of the reconstructed stent are visualized
revealing information about the in-stent lumen.

(a) (b) (c)

Fig. 5. Illustration of volume rendered images of a deployed stent in patient two. Different cut
planes perpendicular to the tangential direction of the stent have been chosen to visualize the
inner-stent lumen.

3 Results

In all 11 cases the deployed stent could be reconstruction successfully enabling high
resolution images. The image quality varied based on the patient size and best results
could be achieved in small patients(< 60kg). In Figure 4 exemplary images of a 3D
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reconstructed stent in-vivo, utilizing the original data set (Figure 4(a)) and utilizing a
motion compensated data set (Figure 4(b)) are presented. From Figure 4(b) it can be
seen that the meshes (Ø < 114µm) of the stent can be visualized, which shows that a
very high spatial resolution is achieved. In Figures 4(c,d) cut planes perpendicular(c)
and parallel(d) to the longitudinal direction of the stent are visualized revealing infor-
mation about the in-stent lumen. Volume rendered images of stents in different patients
are illustrated in Figure 5. Different cut planes perpendicular to the tangential direc-
tion of the stent have been chosen to visualize the inner-stent lumen. Different viewing
angles are selected to demonstrate the 3D aspect.

4 Discussion

A fully automatic method has been presented that produces a 3D reconstruction of
coronary stents after deployment in patients. The proposed method achieves a high
spatial resolution (up to 40µm), by implementing additional projections that have been
motion compensated in the reconstruction algorithm. The method was applied to 11
patient data sets and is subject of an ongoing study at the UCHSC. The coronary stents
could be reconstructed and visualized in all cases. Best results were achieved utilizing
the smallest image intensifier size (Ø 5inch).

The proposed method supports cardiologists in allowing an immediate assessment
of the completeness of stent deployment and expansion during a PTCA procedure. This
method of X-ray based automatic 3D reconstruction has the potential to replace the
need for intravascular ultrasound. The 3D stent reconstruction can be used to identify
which stents do and which do not need addtional high-pressure balloon inflations to
optimize treatment of the stenosis and minimize the risk of stent thrombosis. Unlike
intravascular ultrasound that requires addtional equipment and adds more complexicity
to the procedure, 3D stent reconstruction uses the existing imaging system and will add
minimal time to the procedure. Thus, the 3D stent reconstruction tool could provide
a cost-effective and rapid assessment of stent deployment leading to improved patient
outcomes. Clinical studies showing the economic and patient outcomes effects will be
executed after further technical refinements. A limitation of the method is the need of
the markers positions in each projection. Thus, the proposed method can only be carried
out during a invasive procedure. Furthermore the proposed method is only accurate
for stent segments enclosing the guide wire segment between the markers. In future
work more accurate results might be achieved by 1) incorporation of the guide wire
between the two markers. 2) determination of the 4D motion vector field of the markers
and guide wire in space; 3) incorporation of markers into the body of the stent itself
obviating the need of using the guide wire and delivery balloon markers.
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