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ABSTRACT 

At our institution, we are using dual-energy digital radiography (DEDR) as a cost-effective screening tool for the 
detection of cardiac calcification. We are evaluating DEDR using CT as the gold standard. We are developing image 
projection methods for the generation of digitally reconstructed radiography (DRR) from CT image volumes.  
Traditional visualization methods include maximum intensity projection (MIP) and average-based projection (AVG) that 
have difficulty to show cardiac calcification. Furthermore, MIP can over estimate the calcified lesion as it displays the 
maximum intensity along the projection rays regardless of tissue types. For AVG projection, the calcified tissue is 
usually overlapped with bone, lung and mediastinum. In order to improve the visualization of calcification on DRR 
images, we developed a Gaussian-weighted projection method for this particular application. We assume that the CT 
intensity values of calcified tissues have a Gaussian distribution. We then use multiple Gaussian functions to fit the 
intensity histogram. Based on the mean and standard deviation parameters, we incorporate a Gaussian weighted function 
into the perspective projection and display the calcification exclusively. Our digital and physical phantom studies show 
that the new projection method can display tissues selectively. In addition, clinical images show that the Gaussian-
weighted projection method better visualizes cardiac calcification than either the AVG or MIP method and can be used 
to evaluate DEDR as a screening tool for the detection of coronary artery diseases. 
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1. INTRODUCTION 
Cardiovascular disease is the leading cause of death in the United States [1]. The relationship between coronary artery 
calcification and atherosclerotic heart diseases has been well documented [2, 3]. Early detection of cardiac calcification 
is directly helpful for diagnosing heart diseases. Computed tomography (CT) is an established tool for detecting cardiac 
calcification. However, the increasing incidence of cardiovascular diseases requires a cost-effective, accurate, and 
noninvasive screening technique for large-scale populations. At our institution, we are using dual-energy digital 
radiography (DEDR) as a cost-effective screening tool for the detection of cardiac calcification [4,5,6,7,8]. We are 
evaluating DEDR using CT as the gold standard [9,10]. We are developing image projection methods for the generation 
of digitally reconstructed radiography (DRR) from CT image volumes. Unfortunately, it is difficult to visualize 
calcification using traditional projection methods such as maximum intensity projection (MIP) and average-based 
projection (AVG) because cardiac calcification is overlapped with bone, lung and mediastinum in space and because the 
calcium’s volume is less than 1% of the heart. Furthermore, MIP can over estimate the calcified lesion as it displays the 
maximum intensity along the projection rays regardless of tissue types. In order to improve the visualization of 
calcification on DRR images, new visualization methods are needed for this particular application. 
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2. METHODS FOR PROJECTION 
We developed a Gaussian-weighted projection (GWP) method based on the shear-warp factorization perspective 
projection method. We assume that the CT intensity values of calcified tissues have a Gaussian distribution. We use 
multiple Gaussian functions to fit the intensity histogram. Based on the mean and standard deviation parameters, we 
incorporate a Gaussian weighted function into the perspective projection and display the calcification exclusively. We 
applied digital phantom, physical phantom and clinical data sets to evaluate the projection method.  

  

2.1 Shear-warp Factorization Method 

Our projection methods for DRR images are based on a shear-warp factorization method [11]. In this method, a viewing 
transformation is applied to simplify the projection processing. The algorithm uses a principal viewing axis to choose a 
set of CT voxel slices to be resampled for composition. It also determines the order of the slices along the front-to-back 
direction of the image volume.  

Generally, a perspective viewing transformation matrix viewM  includes a permutation P , a shift of the origin 

shiftT , a 3D perspective shear scale shearM , and a 2D warp warpM  as: warpview shear shiftM M M T P= ⋅ ⋅ ⋅  , where  

viewM  is a 4x4 affine viewing transformation matrix that transforms points from the object space to the image space. 

viewM  will be simplified as: warpview shearM M M= ⋅ , where shearM  is the shear transformation, a product of a pure 

shear transformation shM and a perspective scaling transformation sM , i.e., sshear shM M M= ⋅ . The pure shear 

transformation  shM  is represented as:  
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Where xe 0= , ye 0= and ze ρ= −  are X, Y and Z coordinates of the tube focus in the object space. The 

perspective scaling transformation is sM  as the following, 
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Where ρ is the distance between the tube focus and the image plane. Thus the shear transformation matrix shearM  
can be described as: 
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The warp transformation is the product of the view transformation matrix and the inverse of the shear transformation 
matrix. 
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We use the projection parameters that were used for real DEDR image acquisitions. The parameters include the 
distance between the X-ray tube’s focus and the detector plane. We determine the location of the X-ray tube and the 
principal view axis. These parameters are used to compute the perspective transformation matrix. Based the shear-warp 
factorization method, we developed Gaussian weighted projection using a Gaussian function as the weighting function 
during the projection processing.  

 

2.2 Gaussian Weighted Projection Methods 

Gaussian distribution as a model of quantitative phenomena in the natural and behavioral sciences is due to the central 
limit theorem. Many measurements and physical phenomena (like photon counts and noise) can be approximated well by 
the Gaussian distribution [12]. While the mechanisms underlying these phenomena are often unknown, the use of the 
Gaussian distribution model can be theoretically justified by assuming that many small, independent effects are 
additively contributing to each observation. 

To indicate that a random variable X is normally distributed with a mean of µ and a variance of σ2, we write X~N 
(µ, σ2). The probability density function of the Gaussian distribution is a Gaussian function, 
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Where σ is the standard deviation, and, µ is the expected value, and 
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is the density function of the "standard" normal distribution. 
We assume that CT intensity values of calcified tissue have a Gaussian distribution and that CT intensity values of 

all tissue can modeled as one or more Gaussian distributions.  

1

n

n nX= N( ) (2.7),µ σ∑  

In addition, the sum of various Gaussian distributions is also Gaussian distributed with:  
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Actually, the accumulation of calcification in the coronary arteries is a process similar to new bone formation [2]. 
Histological studies support the association of tissue densities of 130 HU with calcified plaque [1]. The CT values within 
a calcification region can be described as a series of variables with an approximate Gaussian distribution. The image 
intensities within this region are described as I~N (µ, σ2).  

In our projection method, we use a Gaussian function, which is same with the calcification distribution, to weight 
the volume. That will enhance the voxel within the calcification distribution and limit other voxels outside of the 
distribution. Thereby, we can highlight the calcification from the heart or body voxels. The weighted projection factor is 
a Gaussian function as follows: 
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During the Shear-warp factorization processing, the viewM matrix becomes: 

warpview shearM M M Weight (2.10)= ⋅ ⋅  
To selectively reconstruct and project a calcification region, we use a Gaussian function as the weighting factor 

during the projection processing. The projection result depends on the mean µ and the standard deviation σ. 

3. EXPERIMENTS 
3.1 Digital Phantom Experiments 

We used simulated digital phantoms to verify the selectivity of Gaussian Weighted Projection method. The phantom 
includes three objects and their intensity distributions meet three Gaussian distributions, i.e.  N(50, 30), N(450, 280) and 
N(1025, 65). The objects are to simulate soft tissue, calcium, and bone tissue, respectively. We use multiple Gaussian 
functions to fit the histogram of the digital phantom, and then generated DRR images using the mean and standard 
deviation parameters of the fitting results. We compared the DRR images with the ground truth to evaluate if the 
Gaussian Weighted Projection can differentiate the three objects, respectively. 

 

3.2 Physical Phantom Experiment 

We designed a physical phantom with fiducial markers to evaluate the selectivity of the Gaussian Weighted Projection 
method. As shown in Figure 2 (Right), we first developed a physical phantom that included 101 different concentrations 
of Ca(H2PO4)2 samples from 0.25ug/ml to 0.25mg/ml with a step concentration 2.5ug/ml and an addition blank sample 
as the reference. All samples were sealed and put into a plastic tube. Nine fiducial markers were applied to the plastic 
tube to assist identification of the sample position.  

We acquired micro-CT images from physical phantom using a micro-CT system (X-SPECT®, Gama Medica, 
Northridge, CA) at the 45-KVp 750-microAmp energy level. The resolution of the micro-CT images is 0.1 mm. The 
image was acquired by size 512x512x512. To avoid the affect of air bubble or other materials, we select middle portion 
of the images for the subsequent processing, i.e. histogram calculation and Gaussian function curve fitting. We generated 
DRR images using the mean and standard deviation parameters of the fitting results and then evaluate the DRR images. 

 

3.3 Clinical volume experiment 

We identified a group of 12 clinical patients with findings suspicious for cardiac calcification on the dual-energy digital 
radiography (DEDR) images. These patients had undergone multi-detector CT (MDCT) evaluation of the chest within 
12 months of chest X-ray digital radiography. 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. 
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We extracted the heart from one clinical chest CT volume and then manually segmented coronary calcification to do 
the histogram processing and Gaussian function curve fitting. The heart volume is a cube between the aortic arch and the 
diaphragm, including all chambers of the heart. The volume size is 200x200x160. The image volume of the segmented 
coronary calcification is the same size of the heart volume, while only containing the calcification. We generated DRR 
images using the mean and standard deviation parameters of the fitting results and then examined the DRR images. 

To compare the visualization effect, we used the heart volume to perform projections using the AVG, MIP and 
GWP methods. Each method does projection at 190 degrees and 280 degrees from the posterior to anterior direction. . 
We used the manually segmented calcium as the reference to evaluate the visualization from the three projection 
methods.   

4. RESULTS 
Figure 1 shows the histogram of the digital phantom. The curve fitting results in three Gaussian functions, i.e.  
N(49.54,29.92), N(449.34, 283.36) and N(1024.66, 64.75).  Compared to the ground truth N(450, 280), N(50, 30) and 
N(1025, 65), the fitting results are excellent. The projection images show that the Gaussian-weighted projection 
algorithm can selectively display each type of simulated tissue, which was not achievable by the MIP and AVG 
methods.  

Figure 2 shows the histogram of the physical phantom, which was fitted with five Gaussian functions. They were 
related with noise, the plastic tube, calcification crystal, the glass tubes and calcification solution. Figure 3 shows the 
projection images of the physical phantom using the three projection methods. The Gaussian weighted project method 
can selectively display each material. 

Figure 4 shows the histogram of the heart CT images. The curve fitting resulted in two Gaussian functions: N(34.77, 
18.51) and N(-27.00, 49.01). Based on the projection images and the range of the parameters, we believe that first 
function is related with the myocardial and blood and that the second is related with the fat tissue.  

Figure 5 shows the histogram of the segmented calcification volume. Three Gaussian functions, i.e. N(-21.90, 
45.23), N(59.78, 124.19) and N(302.76, 228.15),  are related to the fat tissue, fabric tissue and calcium, respectively. 
Compared to the AVG and MIP image, the GWP method can display each type of real tissue selectively. The 
distribution of the calciumcan be modeled as N(302.76, 228.15) in this patient. 

Figure 6 shows the visual comparison among the AVG, MIP and GWP methods for the heart. The GWP method 
used the parameters N(302.76, 228.15), which were derived from the segmented calcium . The GWP image 
demonstrated that the calcified tissue  presents as the tortuous thin and long slices. But it is difficult to visualize the 
tissue by either AVG or MIP. The GWP better visualizes the calcium than the MIP and AVG methods. 

Figure 1: Left:  The histogram of the digital phantom. Right: Gaussian weighted projection for the digital phantom.  The 
phantom consists of three simulated tissues that have the intensity distributions of N(450,280),  N(50, 30) and  N(1025, 65), 
respectively. The three Gaussian functions, i.e. N(49.54,29.92), N(449.34, 283.36) and N(1024.66, 64.75), well fit the 
histogram. As computed to the original objects (A), the MIP image (B) and the AVG image cannot selectively display any 
one of the three objects. However, the Gaussian-weighted projection method can display each of the three objects using 
different Gaussian functions.  
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Figure 2: Left: Histogram of the physical phantom. Right: Pictures of the physical phantom. The draw of the phantom (A) 
show the micro-tubes and the nine markers. B is the picture of phantom with the markers. 

 

 
Figure 3: Gaussian weighted projection for the physical phantom. The histogram was fitted with five Gaussian functions 

that represent different materials. A: N(60.21,124.76) is the background noise; B: N(460.35, 131.22) is the plastic tube; 
C: N(1636.03, 230.22) is calcification solution; D: N(2595.09, 619.07) is the crystal of the calcification; and E: 
N(732.41,593.39) is the glass tubes. It is possible to differentiate different materials using the Gaussian-weighted 
projection method. The AVG and MIP cannot selectively display each material.  

 

  

Figure 4: Left: Histogram of the heart. Right: Gaussian weighted projection for the heart.. Gaussian function A N(34.77, 
18.51) is the myocardial and blood. Gaussian function B N(-27.00, 49.01) is the fat tissue outside of the pericardium. 
The AVG and MIP images are shown below for comparison. 
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Figure 5: Left: Histogram of the segmented calcification. Right: Gaussian weighted projection for the segmented 

calcification. Gaussian function A N(-21.90, 45.23) is the fat tissue. Gaussian function B N(59.78, 124.19) is the the 
fabric tissue.Gaussian function C N(302.76, 228.15) is the calcium. The AVG and MIP images are shown below for 
comparison. 

 

 
Figure 6: Visualization of calcified coronary artery. Top:A1-A4 are the projection images at 190 degrees from the PA 

direction. Bottom: B1-B4 are the projection images at 280 degrees. A1 and B1 are the MIP images; A2 and B2 are the 
AVG images; A3 and B3 are the GWP images; and A4 and B4 are the manual segmentation and visualization of the 
coronary artery calcification. The calcium presents as the tortuous thin and long slices. GWP visualizes the calcium 
better than MIP and AVG methods. 

5. CONCLUSIONS 
We have developed a Gaussian weighted projection method for the visualization of cardiac calcification. Our digital and 
physical phantom studies show that the GWP method can selectively display different type of tissues. Clinical images 
show that the Gaussian-weighted projection method better visualizes cardiac calcification than either AVG or MIP. This 
GWP projection method can be used to evaluate DEDR as a screening tool for the detection of coronary artery diseases. 
The visualization method can also have other applications such as image-guided catheterization for cardiac interventions. 
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