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ABSTRACT 

For transcatheter-based minimally invasive procedures in structural heart disease ultrasound 
and X-ray are the two enabling imaging modalities. A live fusion of both real-time modalities 
can potentially improve the workflow and the catheter navigation by combining the excellent 
instrument imaging of X-ray with the high-quality soft tissue imaging of ultrasound. A recent-
ly published approach to fuse X-ray fluoroscopy with trans-esophageal echo (TEE) registers 
the ultrasound probe to X-ray images by a 2D-3D registration method which inherently pro-
vides a registration of ultrasound images to X-ray images. In this paper, we significantly acce-
lerate the 2D-3D registration method in this context. The main novelty is to generate the pro-
jection images (DRR) of the 3D object not via volume ray-casting but instead via a fast ren-
dering of triangular meshes. This is possible, because in the setting for TEE/X-ray fusion the 
3D geometry of the ultrasound probe is known in advance and their main components can be 
described by triangular meshes. We show that the new approach can achieve a speed up factor 
of 18 and does not affect the registration accuracy when used in conjunction with the gradient 
correlation similarity measure. The improvement is independent of the underlying registration 
optimizer. Based on the results, a TEE/X-ray fusion can be performed with a higher frame 
rate and a shorter time lag towards real-time registration performance. The approach could 
potentially accelerate other applications of 2D-3D registrations, e.g. the registration of im-
plant models with X-ray images. 
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1. DESCRIPTION OF PURPOSE 
More and more procedures in the field of structural heart disease become minimally invasive 
and catheter-based. This includes for instance trans-catheter aortic valve implantation, trans-
catheter mitral valve repair, closure of atrial septal defects and left atrial appendage occlusion. 
The drivers for this trend from open-heart surgery to trans-catheter procedures are the availa-
bility of new catheter devices and the intra-procedural imaging. Usually, these procedures are 
performed under fluoroscopic X-ray and trans-esophageal echo (TEE) guidance. Intra-
operatively these modalities are mainly used independently. An image fusion of both systems 
could yield a better mutual understanding of the image contents and potentially even allow 
new kinds of procedures.  

Usually the images move relatively to each other, because their position is changed 
by the operator, but also because of patient-, heart- and breathing motion. Therefore there is a 
demand of an almost real-time update of the relative position of both images.  

An approach for the fusion of ultrasound with fluoroscopic X-ray that does not re-
quire additional tracking hardware was recently suggested by Gao et al. [1]. A TEE probe is 
detected in the X-ray image and thereby derives the 3D position of the TEE probe relatively 
to the X-ray detector, which inherently provides a registration of the ultrasound image to the 
X-ray image. To estimate the 3D position, a model of the TEE probe is registered to the X-ray 



image via a 2D-3D registration algorithm [2]. The method does not need a modification of the 
ultrasound device and no specific set-up of the system for each procedure. But its main limita-
tion is the runtime of a registration step which currently does not allow interactive registration 
updates for the image fusion. Therefore, there is a need to accelerate the generation of digital 
reconstructed radiographs (DRR) which is the most time-consuming part of the overall 
process. 

2. METHODS 
The task of an image registration of TEE and X-ray can be stated as a 2D-3D registration 
problem which is well-known in medical imaging [2]: The goal of a 2D-3D image-based reg-
istration system is to estimate the 3D-position of an object only with the available 2D infor-
mation. Here, the 3D object is the rigid tip of the TEE probe and the 2D images are fluoros-
copic X-rays. The final 3D-position of the object is computed by an iterative process starting 
with an initial 3D-position. In each iteration the similarity of the X-ray image and the pro-
jected image of the 3D object is computed based on a similarity measure. Here we use Gra-
dient Correlation (GC) which is most suitable for our purpose, because it is sensitive to high 
image contrasts, e.g. the metal of a probe [3]. For the registration, a 2D projection of the 3D 
TEE probe model is obtained by simulating a 2D X-ray imaging process, called digitally re-
constructed radiograph (DRR). The direction and step size for the three translational (tx, ty, tz) 
and three rotational (ɵx, ɵy, ɵz) parameters are changed from iteration to iteration and are de-
termined by an optimization algorithm. If the algorithm converges correctly, the correct regis-
tration is the final result. Practically, the most time consuming part of the registration process 
is the generation of the required DRRs which is usually done with ray-casting algorithms. 

In contrast to this, we propose a new method for fast generation of DRR-like images 
based on triangle meshes. The underlying 3D volume of TEE probe was recorded with C-arm 
CT with a resolution of 5123 voxel. From this volume we created two triangle meshes TA and 
TB by an isosurface-extraction algorithm. We used a high isovalue for TA (representing struc-
tures with high contrast) and a low isovalue for TB (which includes low contrast structures like 
the covering hull of the ultrasound probe). To improve the mesh quality, the generated mesh-
es were preprocessed manually, e.g. by closing holes and removing metal artifacts. Addition-
ally, the number of triangle faces is reduced significantly to 2500 faces per mesh to achieve a 
higher rendering performance. 

To generate a DRR-like image, the two meshes are rendered with the projection geo-
metry of the X-ray image. The X-ray-like translucent effect is obtained by alpha blending 
with different alpha values. The use of higher alpha values for TA results in an enhancement of 
high-contrast structures in the final image. Comparative examples are given in Figure 1 for a 
ray-casting DRR and for a mesh-rendered DRR. 

The GC similarity measure first computes the horizontal and vertical gradient images 
of X-ray and DRR images and then calculates the Normalized Cross Correlation (NCC) be-
tween the resulting vertical and horizontal gradient images. Determine that Gx and Gy denote 
the horizontal and vertical gradient images for the X-ray (Ia) and DRR (Ib) images, GC is then 
defined as: 
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We use OpenGL to render the meshes and CUDA for fast calculation of the image 

gradients and the evaluation of GC. We also used the OpenGL interoperability of CUDA to 
provide the OpenGL rendered meshes directly as input of the following CUDA processing. 
The CUDA implementation was optimized specifically to the Gradient Correlation measure 
by parallelizing the gradient image computation and the following NCC with utilization of 
efficient texture and shared memory lookups and fast GPU reduction algorithms. 



We compared our method with a conventional ray-casting approach regarding per-
formance and accuracy of the DRR generation and similarity measure evaluation. The test 
datasets contained various sequences from real clinical cases and animal experiments. The X-
ray images have a resolution of 512×512 pixels and were processed by full image edge detec-
tion and similarity measure calculation. The DRRs were generated on 512×512, too. All ex-
periments were performed on a mobile computer with 2.2 GHz Intel CPU (8 cores) and an 
NVIDIA QUADRO 1000M graphics cards (96 CUDA kernels). The volume-based DRRs 
were generated with the help of a ray-casting algorithm implemented in CUDA. Here, we 
calculated the GC similarity measure with the help of the open source computer vision library 
OpenCV. 

We evaluated the accuracy of our method by using 1D plots of the similarity measure 
(see Figure 2). For all six degrees of freedom, the 3D model was stepwise translated and ro-
tated away from the expected ground truth position of our test datasets. 

3. RESULTS 

The results of the comparison of both approaches for one of the images from the evaluation 
data set are illustrated in Figure 2. It shows the similarity measure values around the ground 
truth registration for the variation of two parameters for both the mesh-based DRR simulation 
approach and the volume-based ray-casting DRR approach. It can be seen that the local max-
imum for both approaches is close to the ground truth and differs just slightly between the 
two approaches. This holds for the in-plane parameters, like the translation along the horizon-
tal axis (X-translation), as well as for the out-of-plane parameters, such as an out-of plane 
rotation (X-rotation). 

For the runtime of the DRR generation based on volume ray-casting we measured a 
mean value of 45 ms and for the standard implementation of the similarity measure a mean 
value of 20 ms. The DRR simulation by mesh rendering takes in average 1.8 ms, the CUDA-
based evaluation of the GC similarity measure needs in average 1.7 ms. Therefore, the overall 
evaluation time for our implementation of the mesh-based approach is 3.5 ms compared to 65 
ms for the standard implementation of the DRR-based approach. 

The results show that the mesh-based approach can yield the same registration accu-
racy but has a significantly faster runtime. 

4. NEW OR BREAKTHROUGH WORK TO BE PRESENTED 
We present a new algorithm to significantly accelerate the runtime of a 2D-3D registration 
algorithm to fuse ultrasound images and X-ray images towards real-time performance. It rep-
laces the usual volume image based ray-casting DRR generation by a simulation of the DRRs 
by rendering of a triangular mesh model of the ultrasound probe.  

We evaluated the runtime and registration accuracy performances for our new ap-
proach on clinical data sets. We show that the runtime is significantly accelerated compared 
to a volume based DRR approach. At the same time our mesh based approach shows the same 
accuracy when performed with the Gradient Correlation similarity measure. 

         
 

Figure 1: Comparison of volume-based DRR (a-c) and mesh-based renderings (d-f).  
(a) volume rendering, (b) ray-casting DRR, (c) vertical gradient image of the DRR, (d) mesh ren-

dering, (e) mesh based DRR simulation, (f) vertical gradient image of the simulated DRR. 
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The new algorithm is flexible to be used with any optimization method in the 2D-3D 
registration pipeline to finally compute a fusion of the images.  

5. CONCLUSION 
Real-time fusion of ultrasound and X-ray images for trans-catheter based could become a 
useful clinical tool for trans-catheter structural heart disease procedures. We propose a mesh 
based DRR simulation algorithm together with an optimized implementation on graphics 
hardware to accelerate the 2D-3D registration approach for this fusion problem. The algo-
rithm achieves comparable evaluation results on the Gradient Correlation similarity measure 
and can therefore yield comparable registration accuracies. 

Additional runtime optimization might be feasible to allow interactive frame rates al-
so on lower-cost hardware. With an improved mesh generation our approach could even im-
prove the registration accuracy, because the triangular mesh accuracy is independent of any 
voxel resolution. The algorithm could also be applied to other registration problems if a mod-
el of the 3D object is known before, e.g. for the registration of implants in trauma surgery. 

DISCLAIMER 

This work is nowhere being published. The concepts and information presented in this paper 
are based on research and are not commercially available.  
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Figure 2: Left: Exemplary dataset with the final registration (indicated by the green structures). 
Right: Exemplary evaluation of the similarity measure for this image. The Y-axis shows the 

translation (in mm) / rotation (in degree) of the 3D model relative to the ground truth position (at 
0). The X-axis shows the computed result of the GC similarity measure. Solid line: mesh rendered 

DRR, dotted line: ray-casting DRR.  
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