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Abstract
We are investigating image processing and analysis techniques to improve the ability of dual-energy
digital radiography (DR) for the detection of cardiac calcification. Computed tomography (CT) is
an established tool for the diagnosis of coronary artery diseases. Dual-energy digital radiography
could be a cost-effective alternative. In this study, we use three-dimensional (3D) CT images as the
“gold standard” to evaluate the DR X-ray images for calcification detection. To this purpose, we
developed an automatic registration method for 3D CT volumes and two-dimensional (2D) X-ray
images. We call this 3D-to-2D registration. We first use a 3D CT image volume to simulate X-ray
projection images and then register them with X-ray images. The registered CT projection images
are then used to aid the interpretation dual-energy X-ray images for the detection of cardiac
calcification. We acquired both CT and X-ray images from patients with coronary artery diseases.
Experimental results show that the 3D-to-2D registration is accurate and useful for this new
application.

I. INTRODUCTION
Cardiovascular disease is the leading cause of death in the United States, responsible for
approximately 500,000 deaths per year [1]. More than one millions Americans have heart
attacks or angina every year. The increasing incidence of cardiovascular disease makes accurate
and noninvasive imaging of early cardiovascular disease increasingly important.

The relationship between coronary artery calcification and atherosclerotic heart disease has
been well established [2]. A large body of literature about the detection of cardiac calcification
with standard film-screen technology and fluoroscopic techniques exists. Although those
techniques have high positive predictive values for the detection of calcium, they have limited
sensitivity for the detection of coronary artery disease [3]. The enhanced capabilities of electron
beam computed tomography (EBCT) and, more recently, of multi-detector computed
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tomography (MDCT) to detect coronary calcium have established these techniques as potential
screening tools for coronary artery disease [4]. Although these sophisticated techniques have
shown considerable promise in the evaluation of coronary artery disease in high-risk
populations, whether screening the general population with these advanced techniques will be
cost-effective is still unclear.

Recently, digital radiography (DR) has markedly improved imaging of cardiothoracic disease
[5]. Digital technology has enabled the use of dual-energy techniques in digital radiography
systems. With recently advancements in digital radiography and flat-panel technology, dual-
energy subtraction techniques can produce a conventional high-peak-kilovoltage (kVp) image
and a low-peak-kVp image with a less than 200-msec temporal separation. Post-processing of
these two images results in the following images: a standard image (high kVp image), a
subtracted soft-tissues image that removes bone contrast from the underlying lung and
mediastinum soft tissue contrast, and a bone image that displays bone and calcified thoracic
structure [6]. The detection of calcified cardiothoracic structures is improved on low-energy
bone images [7]. In addition to being helpful in the detection of valvular and myocardial
calcification, the subtracted bone image is particularly useful in the detection of coronary artery
calcification. Unfortunately, standard radiographic images lack 3D spatial information that is
important for accurate localization of lesions.

In order to evaluate the ability of digital radiography with dual-energy subtraction for the
detection of cardiac calcification, we use three-dimensional (3D) MDCT images as the “gold
standard”. We propose a 3D-to-2D registration scheme for CT image volumes and dual-energy
X-ray images. We first use a 3D CT volume to generate digitally reconstructed radiographs
(DRRs) and then register them with dual-energy X-ray images. We call this 3D-to-2D
registration. The goal is to fuse the CT projection images with the corresponding X-ray images
and thus to aid the interpretation the X-ray images for the localization and detection of calcium.

3D-to-2D registration techniques have been applied to image-guided surgery and image-guided
radiotherapy [8-14]. First, DRR images are generated from a 3D CT volume. A variety of
methods, such as ray casting, light field, or shear-warp rendering, progressive attenuation
fields, and wobbled splatting, are used [15,16].

Second, the 3D model from CT images is rotated and translated until the DRR image is aligned
with the X-ray image. Registration techniques can be generally categorized as feature-based
and intensity-based methods. Feature-based methods extract local image features from the 2D
and 3D data sets and then transform the model to align the features. Intensity-based methods
compare the voxel and pixel values directly using a measure based on image statistics. Different
similarity measures and optimization strategies are used for the 3D-to-2D registration [12].

In this paper, we apply intensity-based registration methods to this new application in the
detection of coronary artery disease. To the best of our knowledge, there is no report on 3D-
to-2D registration of CT volumes and dual-energy X-ray images of the heart. In this study, we
reported an automatic registration scheme for this particular application. Both CT and X-ray
images were acquired from patients with cardiovascular disease. Experimental results,
discussions, and conclusions are also reported.

II. MATERIALS AND METHODS
A. Image Acquisitions

We originally identified a group of 42 patients with findings suspicious for cardiac calcification
on the dual-energy subtracted bone images. In this initial population of 42 subjects, 33 patients
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have also undergone MDCT evaluation of the chest within 6 months of chest radiography. Six
patients with coronary artery diseases were selected for the registration experiments.

Patients were imaged using a digital radiography unit (Revolution XR/d, GE Healthcare). With
dual-energy subtraction, a 60-kVp image (low-energy image) was taken. After a 150-msec
delay, a second conventional 120-kVp image (high-energy image) was obtained. After post-
processing of the two images, a standard 120-kVp image, a subtracted soft-tissue image, and
a subtracted bone image were presented. Hard- and soft-copy images were available for review,
and images were evaluated by two dedicated chest radiologists. The standard posterior-anterior
and lateral radiographs were interpreted first followed by analysis of the subtracted soft-tissue
and bone images.

All CT scans were non-ECG gated studies using 4- or 16-slice MDCT. The CT examinations
were obtained for a variety of clinical indications using imaging protocols that varied
considerably in slice thickness, radiographic technique, and presence or absence of intravenous
(IV) contrast material. The CT studies were analyzed for the presence of coronary artery,
valvular, or myocardial calcification. These 33 patients undergoing both dual-energy
subtraction digital radiography and chest CT were then selected for image analysis. The study
group consisted of 14 women and 19 men who ranged in age from 40 to 92 years. The patients
had undergone chest radiography for a variety of reasons including preoperative surgical
evaluation, pneumonia, and chest pain.

B. Production of DRR Images
We use a shear-warp factorization method to generate DRR images. In this method, a viewing
transformation is applied to simplify the projection processing. First, the algorithm uses a
principal viewing axis to choose a set of CT voxel slices to resample and composite. Second,
it determines the order of the slices along the front-to-back traversal of the volume. Generally,
a perspective viewing transformation matrix includes a permutation, a shift of the origin, a 3D
perspective shear scale, and a 2D warp [17]. The warp transformation is the product of the
view transformation matrix and the inverse of the shear transformation matrix.

The DRR images are simulated using the parameters that were used for real X-ray image
acquisitions. The distance between the X-ray source and the detector plane is 1,821 mm. The
patient stands as close as possible to the detector plane (less than 50-mm). The DRR images
are generated by averaging the CT values of the voxels that intersect with the stimulated casting
X-ray. Although all patients were positioned in an approximately posterior-anterior (PA)
orientation, patient positioning could slightly vary among patients. To simulate this situation,
we generate 21 DRRs images at different angles (±10 degrees) that are centered at the PA
direction.

C. Image Registration
We will register the DRR images with the corresponding dual-energy X-ray image. We use
normalized mutual information (NMI) as the similarity measure because it has been reported
as a robust similarity for many applications [18-21] and because it does not assume a linear
relationship between the gray values of two images.

The image registration is performed to align the DRR image to the dual-energy X-ray image.
Transforming the DRR image (two translations and one rotation), the algorithm automatically
maximizes the NMI between the DRR and X-ray image. We use the downhill simplex method
of Nelder and Mead as the search strategy [23]. Optimization of registration ends either when
the maximum number of NMI calculations is reached (typically 500) or the fractional change
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in NMI is smaller than a tolerance (typically 0.0001). We use IDL (Interactive Data Language,
Research System Inc., Boulder, CO) as the program language.

For each patient, we register each of the 21 DRR images to the low-energy bone image. As
noted earlier, each DRR image was obtained at a different angle. We compare the final NMI
values among the 21 DRR images. We select the one with the maximum NMI value as the
optimal DRR image that best match the dual-energy X-ray image.

Several preprocessing of the images have been done before registration. X-ray images have
been downsampled to 512×512 to improve the speed of registration. The DRR images have
the same pixel number and resolution as down-sampled X-ray images. During the CT image
acquisition, the two arms are at the patient’s sides. However, the arms are raised to lift the
clavicles and scapular so that they are minimally projected onto the lungs. In order to improve
registration, the clavicle and scapula have been cropped from X-ray and DRR images to
minimize the difference on both images.

The registration was first evaluated by visual comparison. Overlay displays were used to
examine structural overlap. One image was rendered in gray, the other in red, and it was quite
useful to interactively change the contribution of each image using the transparency scale. We
also use difference images and checkerboard display for the evaluation. NMI values were used
to quantitatively evaluate the improvement after registration.

III. MATERIALS AND METHODS
A. CT Projection Images

In Figure 1a-c, 3D volume rendering of the heart from the CT image volume shows extensive
calcium deposits within the left coronary arteries (Figure 1a-b) and the aortic valve (Figure
1c). The projection images from the average projection method (Figure 1d-f) also show the
calcium.

In Figure 1g-i, the dual-energy X-ray images show findings suspicious for coronary artery
calcification that was verified by the CT images. The low-energy bone images (Figure 1g-i)
are superior to the standard high-peak kilo-voltage images and the subtracted soft-tissue images
(not shown) for the detection of calcium.

The CT projection images are quite useful to aid the interpretation of the dual-energy X-ray
images for the detection of calcification. For example, Figure 1f better shows the coronary
artery calcium than Figure 1i. Furthermore, the 3D volume rendering images such as Figure
1a-c verified the location of the calcium.

B. Registration Results
We visually evaluate the registration quality of the CT projection images and the dual-energy
X-ray images. Before registration, checkerboard images show the misalignment of the bones
and other tissues. After registration, the mismatches are corrected in the transformed image.

We also quantitatively evaluate the improvement of the alignment by registration. The NMI
values between the CT projection images and the X-ray images were calculated before and
after registration. For all the six registration experiments, NMI values always increase after
registration. For the 21 different CT projection images that were performed at different angles
for each case, the NMI value reaches the maximum when the projection was taken
approximately in the posterior-anterior direction. This is because the dual-energy X-ray images
were acquired in this direction. For the six experiments, they are located at 3, 1, 1, -1, 2, and
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5 degrees, respectively. For these optimal projections images, the NMI values increase from
0.10±0.02 before registration to 0.13±0.01 after registration.

IV. DISCUSSION AND CONCLUSION
We developed an image processing and analysis approach including projection and registration
for dual-energy digital radiography and CT volume images for the detection of cardiac
calcification. Three-dimensional CT image data including volume rendering and projection
images were used to aid the interpretation of digital radiography. An automatic registration for
3D CT volumes and 2D dual-energy X-ray images was developed and evaluated. This 3D-
to-2D registration algorithm may provide a useful tool for the new application in dual-energy
digital radiography for the detection of cardiac calcification.
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Figure 1.
CT and dual-energy X-ray images for calcium. Top: Three-dimensional (3D) volume rendering
of the heart from the CT image volume that show extensive calcium deposits within the left
coronary arteries (arrows in a and b) and the aortic valve (arrow in c). Middle: CT projection
images using the average intensity method. The rectangular region on the right image is
magnified and shown at the center and right. Image on the right is the inverse of the central
image. Arrows indicate the calcium. Bottom: Dual-energy bone images that display bones and
calcified structures (arrows).
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