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ABSTRACT 

 
Coronary CT angiography (CTA) with multi-slice helical scanners is becoming the integral part of major 
diagnostic pathways for coronary artery disease. In addition, coronary CTA has demonstrated substantial potential 
in quantitative coronary plaque characterization. If serial comparisons of plaque progression or regression are to be 
made, accurate 3D volume registration of these volumes would be particularly useful. In this work, we propose a 
coronary CTA volume registration of the paired coronary CTA scans using feature-based non-rigid volume 
registration. We achieve this with a combined registration strategy, which uses the global rigid registration as an 
initialization, followed by local registration using non-rigid volume registration with a volume preserving 
constraint. We exploit the extracted coronary trees to help localize and emphasize the region of interest as 
unnecessary regions hinder registration process, which results in wrong registration result. The extracted binary 
masks of each coronary tree may not be the same due to initial segmentation errors, which could lead to subsequent 
bias in the registration process. Therefore we utilize a blur mask which is generated by convolving the Gaussian 
function with the binary coronary tree mask to include the neighboring vessel region into account. A volume 
preserving constraint is imposed so that the total volume of the binary mask before and after co-registration 
remains constant. To validate the proposed method, we perform experiments with data from 3 patients with 
available serial CT scans (6 scans in total) and measure the distance of anatomical landmarks between the 
registered serial scans of the same patient. 
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1. INTRODUCTION 
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Coronary CT angiography (CTA) has recently become an effective clinical tool for non-invasive assessment of 
coronary arteries due to the introduction of 64-slice CT scanners with fast gantry rotation times [1; 2]. coronary 
CTA has the potential to become an integral part of popular diagnostic pathways for CAD. Nonetheless, current 
coronary CTA state-of-the-art techniques which are used to detect coronary plaques and assess their characteristics 
are usually manual, subjective, and associated with high observer variability [3]. Thus accurate and robust 
quantification of plaque changes including progression and regression from the paired coronary CTA scans would 
be desirable. To this end, accurate serial volume registration of high resolution coronary data is of great importance 
and is the focus of this work. 
 
Nonlinear registration refers to the process of estimating nonlinear mapping function which transforms each 
point in one image to a point in target image and it has been one of main subjects in medical imaging with 
many applications in image-guided surgery [4], multi-modality registration [5-7] and motion correction and 
determination [8]. Especially nonlinear registration plays a crucial role in detecting structural changes over 
time as well. 
 
While many registration techniques have been proposed for the application of measuring volume or shape 
changes in MRI scans [9-12] as well as in serial nonlinear registration of CT [13-17]; to the best of our 
knowledge, none of this techniques have been applied to coronary CTA imaging. This imaging technique is 
particularly challenging because of the motion and the small size of the coronary arteries (2-3 mm in the 
diameter). In addition, plaque progression is particularly challenging because areas with plaque changes 
consist of small local changes within coronary arteries. Correspondingly, accurate registration for assessment 
of serial coronary CTA is challenging because the algorithm must deform the source image in the coronary 
artery region while preserving true plaque changes, and there can be significant intensity differences between 
the two data sets due to acquisition at different times. 
 
In this paper, we propose a novel fully-automatic serial registration method for coronary CTA scans using a 
dense nonparametric registration model via diffeomorphism. It has advantages of using a binary feature mask 
obtained by segmentation of coronary artery and nonlinear registration. To remedy the difficulties mentioned 
above, we introduce a 3D blur mask that takes the coronary artery region and its neighboring region into 
consideration and a volume preserving constraint that is used to guarantee a constant volume before and after 
the registration.  
 

 

2. METHODS 
 

In our registration scheme, we consider two transformations that consist of a global displacement and a local 
deformation. The global displacement is initially obtained by the optimal rigid transformation and the local 
deformation is subsequently obtained by the optimal non-rigid transformation that is represented by 
diffeomorphism with a volume-preserving constraint. In this process, we utilize coronary trees that are initially 
obtained by the existing workstation software (Siemens, Circulation workstation) and use them as initial feature 
masks in the registration process. The binary 3D map which contain voxels with most of the coronary vessels, 
obtained by the segmentation is subsequently convolved with a Gaussian kernel to ensure that the bias of the 
registration due to the use of pre-segmented binary maps become weaker. The weaker feature masks called “blur 
mask” is useful for guiding the registration process. 
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Fig. 1. Overview of image registration process 
 
2.1. Energy Formulation for Feature-based Non-rigid Registration with Volume Constraint 
 
Let Ω  be an open and bounded domain in nℜ , for arbitrary n . Let , :I J Ω→ℜ  be two volumes to be registered.  
Then the goal of registration is to find the transformation :h Ω→Ω  that maps the source volume J into 
correspondence with target volume I . 
 

   
(a)                                                        (b) 
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 (c)                                                                 (d)                                                                 (e) 

  
Fig. 2. Example of registration results from one patient with 2 serial scans. A slice obtained from coronal orientation is shown in the 
top row with the resulting baseline volumes of rigid transformation (a) and the follow-up volume (b). To emphasize region of interest, 
we obtained binary mask (c) and blur mask (d) by convolving Gaussian kernel. The registration result is represented by the 
deformation field (e) that shows a non-rigid deformation from the baseline volume to follow-up volume. 
 
2.1.1. Blur mask 
 

, :I JW W +Ω →ℜ are binary masks of coronary trees in target volume I  and source volume J , respectively which 

are obtained previously using commercial Siemens software. Now we define “blur mask” Iw and Jw in the 
following way: 
 

I Iw W Gσ= ∗  and J Jw W Gσ= ∗ , 
 
where Gσ is a Gaussian filter with standard deviation σ  that is chosen according to the reliability of the 
segmentation results.  We will apply blur mask as a weighting function for the registration and this provides a way 
to emphasize the local neighborhood of regions of interest in registration. 
  
 
2.1.2 Energy Formulation of Local Deformation 
 
 
Our proposed energy functional for local deformation consists of data fidelity term, regularization, and a volume-
preserving constraint as follows: 
 
 

( )22 2( ) ( ) ( ) ( ) ( ) ( )I J JE w x I x J h x dx h x dx w h x dx w x dxα β λ
Ω Ω Ω Ω

= − + ∇ + −∫ ∫ ∫ ∫o o  

 
where 2Ω ⊂ ℜ , :h Ω→Ω  is a diffeomorphism, , :I J Ω→ℜ are given volumes, and , :I Jw w +Ω →ℜ are blur 
masks obtained from the segmentation of coronary tree structure. 
In data fidelity term, we exploit normalized intensity difference in the region of interest as a similarity measure 
given by:  
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We can emphasize the coronary tree region using the blur mask as a weighting function that restricts the 
domain of the similarity measure. Recovering the optimal potential of this objective function is not 
straightforward. Due to the lack of information, the complete recovery of the local deformation field is an ill-
posed problem. The use of regularization is a common practice to overcome this limitation, which means 
smoothness of the pixel-wise motion field is a natural registration assumption.  
 
The regularization term penalizes the large variation of transformation to ensure the displacement ( )h x  to be 
continuous. We adopt so-called diffusion regularization that penalizes the total variation of the flow field, 
which can be expressed as 
 
 

2( )reg h x dxE
Ω
∇= ∫  

 
 

Finally volume preserving constraint enforces the volume of source coronary tree to be preserved after the 
registration.  
 
 

( )2
( ) ( )J Jvol w h x dx w x dxE

Ω Ω
−= ∫ ∫o  

 
 
2.2 Energy Minimization 
 
 
The optimal solution to our problem should minimize the following energy: 

 
 

( ) ( ) ( ) ( )data reg volE E E Ex x x xα β λ= + + , 
 
where α  weights the significance of the data fidelity, β  controls the smoothness of segmenting shapes, and λ  is 
a coefficient of the volume-preserving constraint. We found experimentally that α = 500, β  = 1, and λ =0.045 
provide a good compromise between the two terms based on the distance between landmarks described in 
Section 3.2. A gradient descent is used as a minimization scheme. We omit the detailed derivation of the 
associated Euler-Lagrange equations due to the space constraints. 
 
 
 

3. RESULTS 
 
 
3.1. Patient Data 
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3 paired coronary CTA datasets (6 scans in total) obtained on a dual source CT (DSCT) scanner were considered 
in this retrospective analysis. The imaging protocol has previously been described in detail by Dey et al. [18]. All 
coronary CTA scans were obtained with the same a 64-slice DSCT scanner (Definition; Siemens Medical 
Solutions, Arlanglen, Germany) with gantry-rotation time of 330 milliseconds and standard detector collimation of 
0.6 mm. 80 cc of intravenous contrast was administered before each scan. Raw data were reconstructed using 0.6 
mm slice thickness, 0.3 mm slice increment, a 250×250 mm field of view, a transverse field of view encompassing 
the heart (ranging from 159-241 mm2 in the tested datasets), single-segment reconstruction and a medium-smooth 
reconstruction kernel (B26f). The time difference between baseline and follow-up scans ranged from 4 to 15 
months. More detailed patient characteristics and image parameters are described in Table I. The best phase of the 
cardiac cycle for visualization of coronary arteries was determined by an expert reader at the time of clinical 
assessment, which ranged from 70% to 80%. The study was conducted according to the guidelines of the Cedars-
Sinai Medical Center Institutional Review Board, and all patients gave written informed consent to the 
retrospective use of their data.  
 
 

TABLE I 
Patient Characteristics and image parameters of baseline and follow-up scans 

 
 
3.2. Validation of Proposed Method 
 
Serial coronary CTA registrations were performed on an Intel Core2 Duo CPU with a clock speed of 2.5 GHz and 
a 4 GB memory. The mean computation time for the whole process (both global displacement and local 
deformation) was 5 minutes. 
 
For the initial validation of our proposed algorithm, we obtained anatomical landmarks from each scan including 
Left Main (LM) artery origin, bifurcation of LM and Left Cicumflex (LCX), Right Coronary Artery (RCA) origin 
and bifurcation of Left Anterior Descending (LAD) and first Diagonal (D1). We measured the difference distance 
using those points after the registration and the results are presented in Table 2. In Figure 2, we demonstrate the 
alignment of serial scans with the use of “roving window” technique. 
 
 

Table 2 
Mean distance of anatomical landmarks between registered source and target 

 
 Subject 1 Subject 2 Subject 3 Mean± Std 

Mean distance (mm) 1.95± 0.81 2.01± 0.51 2.03± 0.67 1.99± 0.69 
 
 

 Subject 1 Subject 2 Subject 3 
Gender Male Male Male 

Age 79 64 82 
Time Difference 4 months 15 months 11 months 

Matrix Size of Baseline (Pixel) 512× 512× 417 512× 512× 306 512× 512× 684 
Matrix Size of Follow-up 

(Pixel) 512× 512× 406 512× 512× 404 512× 512× 404 

Pixel Size of Baseline (mm) 0.43× 0.43× 0.3 0.39× 0.39× 0.4 0.4× 0.4× 0.29 
Pixel Size of  

Follow-up (mm) 0.47× 0.47× 0.3 0.45× 0.45× 0.3 0.45× 0.45× 0.3 

Cardiac Phase of Baseline 70% 70% 70% 
Cardiac Phase of  

Follow-up 80% 70% 70% 
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(a)                                                                   (b) 

 

    
(c)                                                               (d)                                                                (e) 

 
Fig. 3. Example of registration results. Baseline volume is registered to the target volume. The original source image before (a) and 
after (b) registration is shown. Panel (c) shows the target volume. As shown in (d), original volume is significantly misaligned. The 
“roving window” (yellow) technique using a portion of the registered image from (b) to the target volume in (c)  shown in (e) is a 
technique to verify the alignment of serial CTA scans. 
 
 
 

4. CONCLUSION 
 
 
We presented an efficient nonlinear 3D volume registration algorithm with “blur mask” generated by the 
segmentation of coronary trees with novel application to registration of serial coronary CTA scans. This feature 
mask was used to guide registration and meet a volume preserving constraint. In this paper we proposed a novel 
registration algorithm in a variational framework.  A rigid transformation was performed to find the optimal global 
displacement based on the segmented coronary tree structures from coronary CTA scans.  Then, non-rigid 
transformation using diffeomorphism was performed to find the optimal local deformations where blur mask was 
introduced as a weighting function favoring regions of interest given by the segmentation of coronary tree 
structure. This feature mask was also employed for a volume preserving constraint.  The results show accurate 
registration of serial volumetric coronary CTA scans which has potential of this approach for a clinical application 
in evaluation of plaque regression and progression from paired coronary CTA scans. 
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