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Abstract

Cross–entropy (CE) is a measure that quantifies the difference between two probability density functions (pdfs). The concept is applied to intrinsic volume image registration for image sets from multi-modalities. This review summarized the basic principle of CE and its optimization approach by minimizing or maximizing CE. When the joint distribution of the voxel values of two images is known, CE is minimized to achieve optimal registration. In most cases when such estimate is not available, CE is maximized to give a joint distribution from the unlikely ones, as much as possible. The relevance of CE optimization to medical image reconstruction and visualization was also discussed. Published works in this area were also explored to propose further extension of ideas. 
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1    Introduction

Medical imaging plays an important part in clinical diagnosis, surgical planning and intervention procedures. Different imaging modalities are used to acquire anatomical or functional information. The information is usually complementary in nature, thus proper integration of two sets of images can improve diagnostic accuracy, assess lesion progression, monitor treatment effectiveness and assist in surgical and radiotherapeutic planning [1]. The critical step to integration is image registration, which overcomes different geometrical references with respect to different modalities.  

Various algorithms were studied and developed. A comprehensive review and classification can be found [2]. The optimization usually consists of more than one technique, frequently a fast but coarse approach followed by a slow but accurate one. Extrinsic registration using markers and fiducials are giving way to intrinsic approach. In particular, voxel-similarity approach using entropy-based and mutual-information algorithms, is the most prominent in recent years because the method allows automatic calculation and hence quantitative assessment of the registration outcome. Moreover, they do not rely upon data reduction, do not require segmentation and require little or user interaction. 

The review focused on application of cross-entropy measure, or relative entropy, or Kullback-Leibler distance, to image registration. Basic principle of CE optimization and other published work in this area   are included in Section 2. Its relevance to Medical Image Reconstruction & Visualization is also briefly discussed. Further extension based on CE is also included in the concluding section. 

2      CE Optimization
 

CE can be defined for any pdfs of any-dimensional random variable. Considering the grey value of a voxel/ pixel between two images, a vector variable (u,v) can be defined such that u and v are the voxel grey values of a pixel in image A and B correspondingly. Assume the joint pdf of random variable (u,v) is p(u,v).

Minimization Approach
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In the case where a prior estimate of the joint pdf of random variable (u,v) can be determined, say q(u,v), the CE of (p,q) can be defined as, 

Each registration gives an estimate of the joint pdf defined above. The algorithm minimizes CE as it search for the best registration. Hence optimization is achieved via CE minimization process.

Maximization Approach 

In the case where a prior estimate is not available, unlikely joint pdf need to be defined. Unlikely joint pdfs include a uniform distribution and a distribution where the two images are independent. The later is statistically represented by the product of the marginal pdfs of u and v respectively; the definition of mutual-information can be derived from this approach. Based on equation (1), the various possible forms of cross entropy for  unlikely distributions are listed as follows : 

Where joint pdf is uniform, q = c :
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Where joint pdf is product of marginal pdfs, i.e. for 2 independent images :
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In all above cases, optimization is achieved by maximizing CE such that the joint pdf is different from the unlikely ones, as far as possible. Maximization can be performed either independently or weighting the various CE. 

For an equally weighted sum, CE becomes :
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For  true pdf to be different for all possible conditions of independent images, CE takes the form : 
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Other related works 

	Author/ Year
	Article
	Description
	Relation to main article

	Yang-Ming Zhu, 2002
	Volume Image Registration by Cross-Entropy Optimization
	Evaluation of CE optimization; 7 sets of images; modalities: MR, Nuclear Transmission & Emission
	Main article reviewed 

	Maintz et al, 1997
	A Survey of Medical Imaging Registration
	Detail classification of image registration according to 9 salient criteria 
	All available   methods for registration

	West et al, 1996
	Comparison and Evaluation of Retrospective Intermodality Brain Image Registration Techniques
	Comparing different image registration techniques; result of 12 groups of investigators using 16 techniques; modalities: CT,  PET & MR
	Performance of other methods and general limitations

	Holden et al, 1999
	Voxel Similarity Measures for 3D Serial MR Brain Image
	Comparing performance of joint entropy with 7 other similarity measures; simulated presence of extra-dural tissue; modality: MR
	Application of joint entropy measure for mono-modality registration,

	Penney et al, 1998
	A Comparison of Similarity Measures for Use in 2D-3D Medical Image Registration
	Comparing 6 similarity measures in intensity based 2D-3D image registration; soft tissue & interventional instrument were added into phantom to evaluate its effect on registration; modalities: CT & fluoroscopy
	Limitations of 2D-3D image registration; how this can be solved by CE method


3    Relevance to Medical Image Reconstruction & Visualization

Three modalities were used in [1] including a MR (MR) scanner, OutLook (Philips Medical System); a Nuclear Transmission (Tx) scanner and Emission (Em) scanner, Prism 3000XP (Philips Medical System). The later machine used Technetium-99m hexamethyl-propolamine-oxime (Tc-99m HMPAO) as the isotope. Nuclear transmission and emission images were acquired simultaneously using the simultaneous transmission emission protocol (STEP). The two simultaneous sets of images were intrinsically registered and were used as a benchmark for comparing registration result using CE minimization.   

The medical image data, primary of the brain of seven patients, were summarized as follow: 

	Modal
	Image
	Size
	Slices
	Voxel (mm3)

	MR
	Sag
	256 x 256
	128
	1.0 x 1.0 x 1.5

	
	Sag
	180 x 180
	120
	1.41 x 1.41 x 1.5

	
	Sag
	192 x 256
	120
	1.41 x 1.41 x 1.5

	
	Axi
	192 x 256
	24
	1.17 x 1.17 x 6.0

	Tx / Em
	Axi
	64 x 64
	vary
	7.12 x 7.12 x 7.12

	
	Axi
	64 x 64
	vary
	6.23 x 6.23 x 7.12

	
	Axi
	64 x 64
	vary
	3.50 x 3.50 x 3.50


Registration was performed using commercial software, Image Volume Registration, by Nuclear Medicine Division, Philips Medical Systems., with some modifications. The computer used in the study was Digital AlphaStation with 192 MB memory, OS was Digital Unix V4.0D.

The study focused on the registration performance and there is no mention of the visualization algorithm adopted or image reconstruction technique used in the commercial software. The result obtained showed some limitation of the CE optimization, which will be discussed.

4    Assumptions

Several assumptions were made in the article in evaluating the registration results:

(a) Transformation is restricted to rigid-body transformation

(b) A tolerance of 0.0001 was used as a stopping criterion to indicate optimization

(c) Images from nuclear transmission (Tx) and emission (Em) are intrinsically registered by the scanner

(d) Registration result assumed to be close to unknown truth if result is visually acceptable

(e) Prior distribution was based on interactive manual registration

5    Validation & Expansion of Idea

Validation

CE has been applied to retrospective 3D image registration. Its performance under various prior estimated pdfs have been evaluated and compared [1]. Seven patients were scanned and CE optimization was used to register the corresponding images.

CE Minimization approach

Manual registration by a trained radiologist was obtained to serve as good prior estimate of the joint pdf. CE minimization was repeated across 3 sets of experiment. The registration parameters (translations in x, y and z, and rotations in x, y, and z axis) obtained were found to be very close to that of manual result. The differences between the 3 sets of experimental parameters were well below the perceivable threshold of a trained technician. It was noted that this minimization process is not fully optimized since the prior estimation available was only based on manual registration.

CE Maximization Approach

CE maximization using weighting objective method was compared against the existing mutual information approach. Registration parameters using algorithms 0011 & 0111 representing equations (3) and (4) respectively, were compare against algorithm 0100, the mutual information registration. From the seven pairs of images, all algorithms showed good accuracy. The weighted approach, algorithms 0011 & 0111, exhibited a higher success rate (100% compare to mutual information method 57%) and shorter registration time (3 to 4 times faster). 

Work in [4] further proved effectiveness of entropy measure in mono-modality registration in a simulated study of tissue growth (addition of extra-dural tissue to one set of image)

Expansion of Ideas

CE optimization, like other intrinsic registration techniques involving voxel similarity measures, requires manual visual inspection of result to avoid large erroneous transformation [1] [3].

If the visual inspection portion can be replaced by an automated algorithm to calculate the difference between two 3D surfaces (corresponding to the two sets of images), optimum registration of the 2 surfaces can be achieve without dependence of a golden benchmark, such as using fiducials, stereostatic frames or skilled technicians.

 CE optimization utilizes voxel grey values, whereas the later utilizes parameters used for creating the 3D surface of the images, such as the position and the surface normal of the voxel at the surface. The difference between the two sets of surface parameters (based on two sets of images) can be calculated and minimized to achieve optimum registration. This approach is similar to those used for registering 3D surfaces in STL (Standard Triangle Language) file format. 

6    Conclusions and Future Work

Basic principle behind CE optimization was presented. Application and validation of CE minimization and maximization to the respective scenarios was also discussed. Research on related articles revealed that joint entropy produced the best accuracy among other similarity measures in image registration [4]. The weighted approach adopted in [1] produces a higher success rate and faster registration time when compared against existing mutual information entropy approach. CE approach utilizes voxel grey value, which cannot be used directly for visual inspection. The need for a manual visual inspection can be overcome by utilizing parameters use in 3D surface rendering to optimize the difference between two 3D surfaces.(corresponding to the images).  
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