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Abstract. Cardiac resynchronization therapy (CRT) is an effective
treatment for patients with congestive heart failure and ventricular dys-
synchrony. Despite the overall efficacy of CRT, approximately 30% of
patients receiving CRT do not improve. One of the main technical prob-
lems related to the CRT procedure is inadequate visualisation in X-
ray fluoroscopy of the venous anatomy in relation to accurate cardiac
chamber visualisation. This paper proposes a novel approach for 3D
reconstruction of coronary veins from a single contrast enhanced intra-
operative fluoroscopy image. For this application, the method uses back-
projection geometry and a Euclidean distance/angle-based cost func-
tion. The algorithm is validated on a phantom and five patient datasets,
comprising six view-angle orientations for the phantom dataset and two
view-angle orientations for each of the patient datasets. Median(inter-
quartile range) 3D-reconstruction accuracies of 1.41(0.55-3.00) mm and
3.28(2.10-4.89) mm were established for the phantom and patient data,
respectively. The technique can facilitate careful advancement of the can-
nulating guide over a guidewire or a diagnostic catheter positioned in
the coronary sinus, and consequently, improve the chances of response
to CRT.
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1 Introduction

Cardiac resynchronization therapy (CRT) has been shown to improve outcomes
in a growing subset of patients with congestive heart failure. Although the major-
ity of patients who meet the criteria for CRT under current guidelines derive
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benefit, approximately one-third of patients do not respond to this pacing modal-
ity [15]. Most of these failures are due to difficulty accessing the coronary sinus
(CS) ostium or advancing the pacing lead into an adequate, stable position [11].
In order to maintain the accuracy of the guidance information, thereby allow-
ing accurate determination of pacing treatment sites, volumetric coronary vein
roadmaps overlaid on X-ray fluoroscopy can be used. Coronary vein anatomy
can be provided pre-operatively with multislice computed tomography (CT) [9].
However, CT requires an additional use of ionizing radiation and nephrotoxic
contrast agents. Cardiac MR (CMR) imaging is also used to depict the anatomy
of the venous system of the heart [3], although a high-spatial resolution and
longer scan time is required to adequately depict the relatively small coronary
vessels.

The standard visualisation method is a 2D X-ray examination using an injec-
tion of contrast material, called a venogram. This uses less radiation than CT
and is able to visualise vessels that cannot be seen in CMR [5]. Many methods
exist for reconstruction of coronary arteries from venograms [4]. The vascular
tree can be reconstructed in 3D by triangulation from venograms if at least two
views of the coronary vascular tree are obtained. For reconstruction of the vas-
cular tree, however, corresponding vessels must be identified either manually or
by use of the vessel hierarchy [6]. Corresponding points along the vessel center-
lines can then be established by means of an epipolar-line technique [13]. Paired
images for 3D coronary vein reconstruction can be acquired using a biplane X-ray
system [2,14], although these are less common than a monoplane system in the
clinical setting, and involve increased radiation exposure for both the patient and
the clinician. Alternatively, 3D reconstruction of coronary veins can be achieved
using a monoplane system. This requires either acquisition of a rotational X-
ray sequence [1], which involves a long radiation exposure, or two sequences at
arbitrary orientations [10]. Such techniques require both cardiac and respiratory
phase matching of the images.

In this paper, a novel semi-automatic approach is presented for 3D recon-
struction of coronary veins to overcome the limitations of the already proposed
techniques. Unlike all previous techniques the proposed technique can recon-
struct the coronary vein centrelines from a single contrast enhanced X-ray fluo-
roscopic image registered to an MR segmentation. This technique reduces radi-
ation dose and simplifies clinical workflow.

2 Methods

In this section the formation of a 3D model of the coronary veins, reconstructed
from a single contrast injected X-ray fluoroscopy image, is described. The work-
flow of the image analysis framework is illustrated in Fig. 1. Initially, the left
ventricle (LV), segmented from preoperative MR, is registered to an intraoper-
ative X-ray fluoroscopic image. The coronary veins are manually annotated on
the contrast injected X-ray fluoroscopic image and back-projected to the 3D reg-
istered LV mesh. The algorithm makes use of the 3D intersection points between
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Fig. 1. Illustration of the proposed workflow. The section numbers (2.1, 2.2, etc.) refer
to the corresponding section numbers in the text.

the back-projected rays and the surface of the LV mesh to search for and locate
the position of the coronary veins around the LV surface.

2.1 Registration of LV Mesh and Coronary Vein Annotation

The LV is automatically segmented from pre-procedural MRI. A fully-automatic
slice-by-slice segmentation and propagation of the epicardial LV borders in long
(two-, three- and four-chamber) and short axis images is computed. The system
then generates a mesh of the epicardial cavity that follows the epicardial contours
at end diastole, using a model-based segmentation algorithm [8].

A single contrast enhanced (end diastolic, end expiration) frame from the X-
ray sequence is automatically selected using Masked-principal component analy-
sis motion gating [12]. As part of the proposed workflow, manual annotation of
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the centrelines of visible vessels is required on the chosen X-ray image (Fig. 1b).
The method requires that the first annotated 2D point should correspond to a
point on the posterior side of the LV. This can easily be identified, as the CS
ostium is always visible in these images and based on the CS cardiac anatomy
it lies on the posterior side of the LV mesh at standard angulations. Finally,
a clinical expert manually registers the segmented LV mesh to the X-ray flu-
oroscopic image using a custom-made visualisation software. This is also done
intra-procedurally (Fig. 1a).

2.2 Back-Projection of 2D CS Vessel Annotated Points

X-ray fluoroscopy follows the ideal pinhole camera model that describes the
relationship between a 3D point and its corresponding 2D projection onto the
image plane. The back-projection of a 2D point in the image plane is a line,
called the projection line, calculated using the camera parameters of the X-ray
fluoroscopy projective modality [7]. The camera parameters are obtained from
the DICOM header of the X-ray images. Using projection geometry, each of the
2D coronary venous positions annotated in Fig. 1b is back-projected to form a
3D line, illustrated in red in Fig. lc.

2.3 3D Reconstruction of Coronary Veins

To reconstruct the coronary veins in 3D (Fig. 1d), the algorithm uses the 15t
reconstructed point and a Euclidean distance/angle-based cost function to deter-
mine subsequent points along the vessel. The first 3D point, part of the coronary
sinus, lies on the 3D line back-projected from the 1% 2D annotated point. This
line intersects the mesh at two points and the correct point must be chosen for
the reconstruction. The 1% 3D point is known to be the posterior point. Follow-
ing the determination of the 1%¢ 3D-reconstructed point, subsequent 3D points
are defined according to

p; = argmin[D(pi; Pi—1) + AA(Pi; Pi—1, Pi—2)] (1)

Pi

where D(p;;pi—1) is a function that computes the Euclidean distance between
the previously defined 3D point, p;_1, and the candidate points, p;, as defined
in Eq. (2). A(p:;pi—1,Pi—2) is a function that computes the angle between p;
and the two previously defined 3D points, p;_1 and p;_2, as defined by Eq. (3)
and illustrated in Fig. 2.

D(pi;pi-1) = [|pi — Pi—1]| (2)
0, ifi<2

1 —cos(0;), otherwise

A(Pi; Pi-1,Pi-2) = { 3)
— Pi—2Pi—1"Pi—1Pi

) ||pi72lpi—1HHP.z‘71pi||. )
angle functions. For this algorithm A = 2 was found to favour a smoothly curving

path of points, which is important at the edges of the projection where the two
distances are very similar.

where cos(6;) A is the weight given to the distance and



70 M. Panayiotou et al.

Fig. 2. Illustration of angle, 6, computation. p;—1 and p;—2, illustrated in orange and
green colours, respectively, are the two previously defined 3D points. The two blue
points are the two candidates for point p;. (Color figure online)

3 Experiments

3.1 Data Acquisition

The proposed algorithm was quantitatively and qualitatively evaluated on a
phantom data set and clinical images acquired from 5 different patients under-
going CRT; these comprised a total of 6 view-angle orientations for the phantom
dataset and 2 view-angle orientations for each of the clinical datasets. The phan-
tom experiments were performed to evaluate the proposed approach in a clinical
imaging environment with a known ground truth registration. The LV epicardial
surface (segmented from an MR image) was 3D printed and wires were attached
to model the vascular tree. Intra-operative data were then obtained by acquiring
a cone beam CT, which provided the registered LV mesh and 6 X-ray images.

Imaging of three of the clinical datasets was carried out using a monoplane
25 cm flat panel cardiac X-ray system (Philips Allura Xper FD10, Philips Health-
care, Best, The Netherlands) while imaging of the phantom dataset and the
remaining two clinical datasets was carried out using a biplane cardiac X-ray
system (Artis, syngo X Workplace VC10N, Siemens Healthcare GmbH). This
study was approved by our Local Ethics Committee.

3.2 Gold Standard 3D Reconstruction of Coronary Veins

Multiple view-angle orientations were used to obtain a manual ground truth
coronary vein reconstruction for each of the tested datasets. Using projection
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Fig. 3. Illustration of ground truth 3D-reconstruction workflow. (a) 2D manual coro-
nary vein annotation. (b) Use of epipolar line to manually annotate corresponding
points in the second view. (c) Back-projection of annotated points from each view
angle. (d) 3D coronary vein reconstruction from closest points of intersection between
the back-projected rays from each view angle.

geometry, each of the 2D coronary vein positions was carefully annotated
(Fig. 3a). Each annotated point was back-projected to form a 3D line, which was
then forward projected to generate a 2D epipolar line (Fig. 3b) in a 2" view that
contains the corresponding 2D coronary vein position. For each epipolar line gen-
erated, the corresponding coronary vein position was manually detected. Each
pair of matching points from the two projection planes was then back-projected
(Fig. 3c) to reconstruct the coronary veins in 3D (Fig. 3d).

3.3 Success Rate and Accuracy of Reconstruction

A successfully reconstructed vessel was defined as one that was reconstructed
on the correct side of the LV mesh, following a path similar to the gold
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standard reconstruction. In cases where the wrong path of a vessel was cho-
sen by the algorithm the reconstruction of the specific vessel was considered
a failure. Percentage success rates were computed as the proportion of vessels
that were successfully reconstructed, for the phantom and patient datasets. The
accuracy of the successfully reconstructed vessels, for both the phantom and the
patient datasets, was calculated as the mean of the mm distance from each 3D
reconstructed point and the nearest point on the gold standard reconstruction.

4 Results

For both the phantom and patient datasets the algorithm was applied on all
available view-angle orientations and the coronary veins were reconstructed from
each view. Example results of the reconstructions are shown in Figs. 4 and 5. For

Primary angle: —0°

I[Erimgry angle: —60.3°] [Primary angle: 89.6°]

(a)

Fig. 4. (a) Registration of the LV printed mesh to the X-ray image for three view-
angle orientations. (b) 3D-reconstructed coronary veins (red) and gold standard (blue).
The black arrows illustrate the vessels that were unsuccessfully reconstructed by the
algorithm. (¢) 3D-reconstructed coronary veins overlaid onto the 16 segment colour
coded LV epicardium mesh. (Color figure online)
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Fig. 5. Example reconstructions of patient data. See the caption to Fig. 4 for the mean-
ing of each image.

the phantom dataset, the gold standard registration of the segmented LV mesh
to the X-ray fluoroscopic image is illustrated in Fig. 4a, for the three view angles
that included failed reconstructions. Figure4b illustrates the 3D-reconstructed
coronary veins. As part of the planning stage of the CRT procedure the LV
surface is divided into 16 segments using the standard 16-segment American
Heart Association (AHA) model of the LV for regional analysis. Since clinical
decisions for the optimal pacing site are made per segment, Fig. 4c illustrates
the 3D-reconstructed coronary veins overlaid on the 16-segment colour coded
LV mesh. Figure5 is a similar illustration, with manual registration of the LV
mesh, for one of the patient datasets.

The success rates of the phantom and patient datasets were computed to be
86% and 100%, respectively. The accuracy of the successfully reconstructed ves-
sels is 1.41 mm (inter-quartile range 1.15-2.01 mm) for the phantom and 3.28 mm
(2.2-3.72 mm) for patient data. As shown in Fig. 4, the accuracy of the algorithm
is reduced for vessels at the edge of the LV projection, and this is where all of the
failures occurred. This is because the distance between the two possible recon-
structed points is considerably smaller at the edges, and consequently the angle
constraint increases in importance resulting in the algorithm failing to choose
the correct 3D point. The accuracy of the unsuccessfully reconstructed vessels
varies between 3.5-8.19 mm. Even though these vessels are considered failures
of the algorithm when compared to the gold standard vessels, they will usually
reach the same segments when overlaid onto the 16-segment colour coded mesh
given that the average segment width is around 5cm. As a result, this will not
negatively affect the guidance during the CRT procedure, as the clinicians only
need to know the segments through which the coronary veins pass.
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5 Conclusions

This paper presents a novel and clinically useful algorithm for 3D-reconstruction
of the coronary veins from a single contrast enhanced intra-procedural X-ray
image. Unlike all previously developed techniques, this technique does not dis-
rupt the CRT clinical workflow, it does not require any additional radiation
dose to the patient and staff, and there is no requirement to phase match X-ray
images or to find the correspondences between points along the vessels in differ-
ent projections. This technique enables a superior single shot 3D visualisation of
the coronary venous system in relation to the regions of the LV. This may enable
placement of the LV lead in the optimal location and therefore improve response
rates to CRT. It could also be applicable to other procedures, such as percu-
taneous coronary intervention for chronic total occlusions and radio frequency
ablation procedures. A limitation of the method is that the 3D reconstruction
may be inaccurate in cases where a vessel is found at the edges of the LV reg-
istered mesh. The accuracy is also very dependent on an accurate registration
of the mesh to the X-ray. Future work will focus on automating the procedure
by replacing the manual centreline annotation step with an automatic coronary
vein detection using a deep learning technique, and by using an automatic reg-
istration method.
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