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Abstract

:

Image-guided surgery (IGS) can reduce the risk of tissue damage and improve the accuracy and targeting of lesions by increasing the surgery’s visual field. Three-dimensional (3D) medical images can provide spatial location information to determine the location of lesions and plan the operation process. For real-time tracking and adjusting the spatial position of surgical instruments, two-dimensional (2D) images provide real-time intraoperative information. In this experiment, 2D/3D medical image registration algorithm based on the gray level is studied, and the registration based on normalized cross-correlation is realized. The Gaussian Laplacian second-order differential operator is introduced as a new similarity measure to increase edge information and internal detail information to solve single information and small convergence regions of the normalized cross-correlation algorithm. The multiresolution strategy improves the registration accuracy and efficiency to solve the low efficiency of the normalized cross-correlation algorithm.
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1. Introduction


Image-guided surgery, which involves computer vision, biomedicine, imaging, automatic control, and other disciplines, is an interdisciplinary research direction [1,2,3,4,5]. Through the comprehensive application of a variety of medical image information, it carries out the preoperative diagnosis, disease analysis, planning of surgical path, intraoperative localization of the lesion, real-time tracking of surgical instruments, and adjustment of the spatial position of surgical instruments to achieve an accurate diagnosis [6,7].



Image navigation surgery’s success largely depends on the registration accuracy of preoperative image data and intraoperative image data and the accuracy of the 2D/3D registration algorithm. Image registration is developed for the integration of multisource image information. Image registration’s primary purpose is to find the spatial transformation mapping relationship between two or more images in the same location to obtain the maximum image information [8]. Although there are many research and clinical applications, the image registration procedures in image navigation surgery still need further improvement [9,10,11,12,13]. Therefore, developing more advanced registration methods is necessary to accurately and effectively register medical images.



Two-dimensional/three-dimensional registration can be divided into pseudo-multimodal registration and multimodal registration. Generally, 3D CT imaging is used before the operation, and 2D X-ray imaging is used during operation [7,14]. Although the imaging principles of the two imaging methods are almost the same, the differences of the photon energy and detector characteristics and radiation and artifact will cause the difference of image gray [15,16]. MRI is the preoperative imaging method, while X-ray image is the intraoperative imaging mode [8]. Three-dimensional images and two-dimensional images must be unified into the same dimension to perform 2D/3D registration. By converting 3D images into 2D images or 2D images into 3D images, the former generates 2D/2D registration, while the latter generates 3D/3D registration [17,18]. More specifically, we can achieve dimensional unification through projection, back-projection, or reconstruction strategies [19,20].



The advantage of projection-based methods is that they only need little or no segmentation [21,22], so they hardly depend on the segmentation algorithm’s accuracy [23,24]. In addition, only one 2D image may be enough to achieve 2D/3D registration in the projection and back-projection strategy. However, the reconstruction method requires at least two or more 2D images to reconstruct 3D images with high enough accuracy to achieve accurate and robust 3D/3D registration for high-resolution 3D images collected before surgery [4,25,26]. In general, the greater the number of intraoperative 2D images, the higher the registration accuracy. However, in clinical practice, due to a long time of image acquisition and reconstruction and the limitation of radiation dose on human health, it is unrealistic to obtain multiple X-ray images simultaneously during the operation [22,27,28]. However, because a GPU can offset the projection algorithm’s time cost and other hardware-accelerated calculations, it is possible to realize clinical 2D/3D image registration by using the projection strategy [29].



There are a few research pieces on 2D/3D medical image registration using deep learning in recent years. Generally speaking, there are two strategies in the current literature [30]. The first is to estimate the similarity between images using a deep learning network instead of the traditional similarity measure, thus driving the iterative optimization strategy to optimize gradually. The second is to directly obtain the spatial transformation parameters through the end-to-end deep regression network without iterative execution. For example, Miao [30,31,32,33,34] directly predicted the spatial mapping relationship between two images using an end-to-end depth network. Furthermore, Miao used a convolution neural network (CNN) to perform a 3D model for 2D X-ray image registration to estimate the position relationship between surgical instruments and human tissues in real time. However, using deep learning to achieve registration requires many pairs of medical images for training, and the clinical data do not have such an amount of data [35].



This paper mainly studies the 2D/3D medical image registration method based on iterative regression, mostly the rigid registration algorithm in 2D/3D medical image registration. Many scholars have researched and improved the normalized cross-correlation (NCC) method. Wang et al., proposed an improved normalized cross-correlation algorithm for SAR image registration [36]. Heo et al., proposed a robust stereo matching method with adaptive normalized cross-correlation [37]. In this study, on the basis of the original normalized cross-correlation, the correlation coefficient of the Laplacian operator is added to the traditional normalized cross-correlation algorithm. Cosine similarity of linear combination Laplacian of Gaussian operators is proposed. The Gaussian Laplacian operator increases the edge information of the image and the internal details such as isolated points and lines. Based on the improvement of the Sobel operator, the angle between the gradient vectors is introduced, and the sum of the weight function of the angle between the gradient vectors and the normalized cross-correlation are multiplied to increase the sensitivity of the rotation transformation, thereby improving the accuracy and increasing the convergence area. Aiming at the computational efficiency problem caused by the normalized cross-correlation algorithm, a multiresolution algorithm is adopted. In this method, image registration can be achieved by using a single image through projection and back-projection. Compared with traditional 3D reconstruction methods, we use fewer CT images, save time and cost, and allow patients to receive lower radiation doses.




2. Materials and Methods


2.1. Dataset


The algorithms involved in this paper are all based on the open-source software toolkit ITK (Insight Toolkit) [38]. ITK is an open-source toolkit for medical image research, mainly used for medical image registration and segmentation. In addition, ITK includes a large number of image processing algorithms such as medical image reading, image generation, image filtering, and image data statistical analysis.



The DICOM sequence obtained from the human brain model’s CT scan is used as a 3D floating image in the registration experiment. The projection image (DRR) under specific CT parameters is used as a 2D reference image to simulate a real X-ray image. The size of the CT image is 512 × 512 × 283, the voxel spacing is 0.7813 × 0.7813 × 1.0, and the unit is mm. The projected image size is 512 × 512, the pixel spacing is 0.5 × 0.5, and the unit is mm. The 3D screenshot of the CT image is shown in Figure 1, and the 3D model rendered by the CT image is shown in Figure 2.



Resampling was carried out on CT images to facilitate the calculation and reduce the amount of experimental calculation. The sampled image data are shown in Table 1. The pixel range of all 2D images in the experiment was linearly mapped to 0–255 through (1).


  o u t p u t P i x e l =  (  i n p u t P i x e l − i n p M i n  )  ×   255   i n p M a x − i n p M i n    



(1)








2.2. Methods


2.2.1. Normalized Cross-Correlation Based on Sobel Operator


In this paper, the normalized cross-correlation based on the Sobel operator (NCCS) is proposed by combining gradient vector angle with normalized cross-correlation [39].



The gradient vectors of the reference image    I R    and DRR image    I D    at pixel coordinates    (  x , y  )    can be expressed by   ∇  I R   (  x , y  )    and   ∇  I D   (  x , y  )   , respectively, then the angle   τ  (  x , y  )    between the reference image    I R    and DRR image    I D    at pixel coordinates    (  x , y  )    can be expressed by (2).


  τ  (  x , y  )  = a r c c o s   ∇  I R   (  x , y  )  ∇  I D   (  x , y  )     |  ∇  I R   (  x , y  )   |   |  ∇  I D   (  x , y  )   |     



(2)







We can achieve the registration by comparing the angle between the reference image and the DRR image. The smaller the angle between the gradient vectors, the more similar the 2D reference image and the DRR image and the more accurate the registration result between the 2D reference image and the 3D floating image. In order to make the angle between gradient vectors and normalized cross-correlation function have the same positive and negative trend, the weight function shown in (3) is adopted.


  ω  ( τ )  =   c o s ( τ ) + 1  2   



(3)







The range of gradient vector angle is    [  0 , π  ]   , and the range of  ω  is    [  0 , 1  ]   . When the gradient vector angle between the 2D reference image and the DRR image is equal to zero, the registration result is the worst when the two images’ gradient vector angle is equal to zero. Then, the sum of the weight functions   ω  ( τ )    at all pixels corresponding to the 2D reference image and DRR image can measure the similarity between the 2D reference image and the DRR image [40], and the position relationship between the 2D reference image and the 3D floating image can be measured, as shown in (4).


  G  (   I R  ,  I D   )  =   ∑    (  x , y  )  ∈  (   I R   ∩   I D   )    ω  (  τ  (  x , y  )   )   



(4)







The final similarity measure   S 1  (   I R  ,  I D   )    is obtained by multiplying the gradient term   G  (   I R  ,  I D   )    with the normalized cross-correlation coefficient. As shown in (5), the gradient information is introduced into the term to enhance the rotation sensitivity by   G  (   I R  ,  I D   )   . The optimization process based on the Sobel operator is shown in (6).


  S 1  (   I R  ,  I D   )  = G  (   I R  ,  I D   )  N C C  (   I R  ,  I D   )   



(5)






   T g  = a r g m a  x T  G  (   I R  , P  (  T  (   I M   )   )   )  N C C  (   I R  , P  (  T  (   I M   )   )   )   



(6)






   I D  = P  (  T  (   I M   )   )   



(7)








2.2.2. Normalized Cross-Correlation Based on LOG Operator


The Gaussian Laplacian can highlight the image’s details by analyzing edge extraction operators while extracting the edge information [41]. This paper proposes combining normalized cross-correlation coefficient with image edge information to overcome the shortcomings of normalized cross-correlation. The Laplacian of Gaussian (LOG) operator extracts image edge information. Normalized cross-correlation (NCCL) based on the LOG operator is obtained. The Laplacian image is obtained by convolution of the reference image and DRR image with the LOG operator. The zero-crossing point in the Laplacian image is no longer needed to obtain the image’s detailed edge. However, two Laplacian images’ consistency is directly measured to use image edge and detail information effectively. This paper uses cosine similarity to measure the similarity between Laplacian images. The new similarity measure composed of normalized cross-correlation coefficient and Gaussian Laplacian operator   S 2  (   I R  ,  I D   )    is shown in (8), and the relationship between    I D    and    I M    is shown in Equation (9).


  S 2  (   I R  ,  I D   )  = N C C  (   I R  ,  I D   )  + N C  (  L o G *  I R  , L o G *  I D   )   



(8)






   T g  = a r g m a  x T  N   C C  (   I R  , P  (  T  (   I M   )   )   )  + N C  (  L o G *  I R  , L o G * P  (  T  (   I M   )   )   )   



(9)







The normalized cross-correlation coefficient between the reference image    I R    and the DRR image    I D    is   N C C  (   I R  ,  I D   )   . The cosine similarity between the Laplacian images   N C  (  L o G *  I R  , L o G *  I D   )    is obtained by convolution of the reference image    I R    and DRR image    I D    with the LOG operator. The optimization process based on the LOG operator can be obtained by substituting Equation (8) into (10). Since the panel’s coordinates are fixed, and NCC and NC are calculated pixel by pixel, both consider the image coordinate information. In addition, the NCC part considers the gray information of the global image. The NC part takes the unique edge information and internal details such as lines and outliers. For medical image registration, the distribution of NCC values is between 0 and 1. The closer the NCC value is to 0, the more significant the difference between the two images. The closer the NCC value is to 1, the stronger the correlation between the two images and the higher the similarity degree is. When the NCC value equals 1, the two images are the same. The value of NC is also distributed between 0 and 1, which has the same meaning as NCC. Therefore, the closer the image registration value is to DR2, the better the image registration effect is.




2.2.3. Multiresolution Strategy


We use the multiresolution strategy to achieve image registration and reduce registration time consumption [42]. A multiresolution registration strategy is a kind of registration technology from coarse to fine, increasing the probability of searching global optimum in parameter space and accelerating the algorithm’s convergence. The basic idea is as follows: first, rough registration is carried out in the case of a low-resolution image, and then the result of low-resolution image registration is taken as the initial value of the next higher resolution image registration, and this step is repeated until the registration reaches the finest scale (original image). This coarse-to-sufficient registration strategy can further improve the image’s robustness by smoothing the low-resolution image.



The multiresolution registration strategy’s key is a multiresolution sampling of the reference image and floating image multiresolution technology. Wavelet transform [43], Laplacian pyramid [44], Gauss pyramid [45], average pyramid, and sampling pyramid are widely studied. This paper needs to obtain low-resolution images from the original high-resolution image, so a Gaussian pyramid in downsampling is used. Compared with the wavelet transform, downsampling can improve the signal-to-noise ratio. In addition, it samples and stores the sampling information of each point signal to improve the registration speed. At the same level, the Gaussian low-pass filter is used to smooth the image to increase the smoothing factor.



Moreover, smoothing in the low-resolution subsampled image can avoid the significant fluctuation of the registration objective function, thus preventing the optimizer from falling into the optimal local value. As a result, the registration algorithm can skip the optimal local value in low-resolution registration. As a result, the success rate of registration is improved. Multiresolution technology has strong robustness to image noise, speeding up the optimization speed and improving the capture range [46,47].






3. Experiments and Results


The environment configuration for this experiment is as follows:



CPU: Intel Core i7-8700K; RAM: 16GB; GPU: Nvidia GeForce RTX 2060S; Operating system: Microsoft Windows 10; Development tools: Microsoft Visual Studio2015; Development language: Microsoft C++.



3.1. Experiment Process


In this paper, the image pyramid is divided into three levels: the shrinkage factor of the first level is 4, the second level is 2, and the third level is 1. Each layer is the standard single-resolution image registration. Firstly, the CT image is transformed according to the initial space transformation parameters. Since this paper is for the human brain model registration, the rigid transformation model is adopted. Then, the DRR image is generated by the projection of the CT image. First, the projection threshold is set to 0 to obtain the DRR image, mainly composed of bone information. Next, the similarity measure between the DRR and reference images is calculated. After taking the similarity measure as the objective function, the Powell Brent optimization algorithm optimizes the space transformation parameters until the iteration stop condition, stop registration, and output space transformation parameters are reached. The flow chart of image registration is shown in Figure 3.



In CT image projection, the traditional ray casting algorithm is inefficient and not conducive to registration experiments. Therefore, a fast Siddon Jacobs ray tracing algorithm is adopted [48,49]. The algorithm sums up the iterative formula of ray path according to the geometric law. According to the formula, it then calculates the intersection point of ray and voxel space. The Siddon Jacobs algorithm is at least one order of magnitude faster than the ray tracing algorithm based on linear interpolation. Before using the projection algorithm, it is necessary to establish the projection coordinate system, that is, the coordinate registration system. In this paper, the coordinate system, as shown in Figure 4, is designed. Since the patient is almost in the X-ray field center when taking X-ray images, the center of initial CT volume data is set at the coordinate system’s origin. The coordinate system is established according to the direction of CT volume data. The projection panel is located on both sides of CT volume data. This projection coordinate system is similar to the real shooting scene. The standard LPS (left poster superior) coordinate system can reduce the calculation [50,51]. In practical application, if the CT image is used to register with the real X-ray image, when the X-ray imaging coordinate parameters are unknown, it is necessary to calibrate the X-ray image to determine the relevant parameters of the projection coordinate system.




3.2. Experimental Evaluation Criteria


In this paper, the difference between the images after registration is selected for qualitative analysis, and repeated registration experiments are carried out. Furthermore, the mean absolute error (MAE) [52], target registration error (MTRE) [53], and iteration time are selected for quantitative analysis. The registration is considered successful when the errors of rotation and translation parameters are less than 5.



MSE is represented by Equation (10), and MAE is represented by Equation (11).


  M S E =  1  d i m       ∑   i = 1   d i m      (   T  r e g    ( i )  −  T  t r u t h    ( i )   )     2   



(10)






  M A E =  1  d i m       ∑   i = 1   d i m      |   T  r e g    ( i )  −  T  t r u t h    ( i )   |   



(11)







The original normalized cross-correlation (NCC) algorithm is used as the registration experimental control group to verify the effectiveness and accuracy of the normalized cross-correlation algorithm with the Sobel operator (NCCS) and the normalized cross-correlation algorithm with the LOG operator (NCCL). The experiments are divided into two categories. The first one is to register the original single-resolution image directly. The second is to use a multiresolution strategy for registration.



The Powell optimization algorithm’s one-dimensional search accuracy in the experiment is set to 0.01. The algorithm’s overall iterative accuracy is set to 0.001, and the maximum number of iterations is set to 1000. For the original resolution image registration, three groups of experiments are set up, and the rigid body transformation parameters are arranged according to the order    (  α , β , θ ,  t x  ,  t y  ,  t z   )   . The first three parameters are rotation along the X-, Y-, and Z-axes. The last three parameters are translation along the X-, Y-, and Z-axes. The true values of the first group of experimental reference images are set to (−3,4,2,5,5,5). The second group of experimental reference images is set to (−3,4,2,10,10,10). Finally, the third group of experimental reference images is set to (5,6,7,8,9,10). In the experiment, the initial value is optimized by (0,0,0,0,0,0). As shown in Figure 5, the DRR image projected by CT at the initial value is shown. The reference images of the three groups of experiments are shown in Figure 6a–c and correspond to the reference images of experiment 1, experiment 2, and experiment 3, respectively.



The results of the first group of experiments are shown in Figure 7. The second group of experimental results is shown in Figure 8, and the third group of experiments is shown in Figure 9. NCCS represents normalized cross-correlation based on the Sobel operator. NCCL represents normalized cross-correlation based on the LOG operator, and NCC represents normalized cross-correlation. Each result display chart is divided into two rows and three columns for comparative analysis of registration results. The first line represents the DRR image generated by CT projection after registration. The second line represents the difference between the reference image and the registered DRR image. The first column corresponds to the normalized cross-correlation based on the Sobel operator from top to bottom. The second column corresponds to the normalized cross-correlation based on the LOG operator. The third column corresponds to the original normalized cross-correlation. The different images of the three experiments show that the difference image is the smoothest when NCC based on the LOG operator is used as the similarity measure. The difference between the registration result and the reference image is the smallest; NCC’s registration effect based on the Sobel operator is the second. The difference between the original NCC algorithm and the reference image is the largest. The NCC based on the LOG operator is the largest. The registration results are similar to those obtained by NCC based on the Sobel operator.



Next, we will verify the experimental results by quantitative statistical analysis of the registration results.



The three rotation parameters of the optimized initial value are selected within   ± 20   degrees for the true value point of    (  0 , 0 , 0 , 0 , 0 , 0  )    for the rigid body transformation. The sampling unit is 5 degrees to analyze the performance difference between the original normalized cross-correlation and the improved normalized cross-correlation. The three translation parameters of the optimized initial value are selected within   ± 30   mm and 5 mm as the sampling unit. MAE, MTRE, and time are taken as the measurement indexes. MAE and MTRE are calculated as the average of multiple tests.



The statistics of registration results of the three similarity measures are shown in Table 2. NCC represents normalized cross-correlation. NCCS represents normalized cross-correlation based on the Sobel operator. Finally, NCCL represents normalized cross-correlation based on the LOG operator.



In order to verify the influence of the Sobel operator and LOG operator on the convergence region of the normalized cross-correlation algorithm,    (  0 , 0 , 0 , 0 , 0 , 0  )    is used as the initial value point of rigid body transformation. However, the sampling space of the rotation parameter truth-value point is expanded to [−40,40] degrees. Furthermore, the sampling space of translation parameter true-value point is expanded to [−40,40] mm. The experimental results are shown in Table 3. The data of the two experiments are recorded in the table.




3.3. Multiresolution Registration Experiment


This paper introduces the multiresolution strategy to realize the registration step by step from coarse to fine to speed up the registration algorithm’s convergence speed and improve the registration efficiency. At each registration experiment level, the Powell optimization algorithm’s one-dimensional search accuracy is set to 0.01. The algorithm’s overall iterative accuracy is set to 0.001, and the maximum number of iterations is set to 1000. The rigid-body transformation parameters are arranged in    (  α , β , θ ,  t x  ,  t y  ,  t z   )   . The first three parameters are rotation along the X-, Y-, and Z-axes, and the last three are translation along the X-, Y-, and Z-axes. The experimental results show that when the initial value is optimized, the true value point of the rotation parameter is    (  0 , 0 , 0 , 0 , 0 , 0  )    and is sampled within   ± 30   degrees. Likewise, the true value point of the translation parameter is sampled within   ± 30   mm.



Figure 10 shows the difference image between CT and DRR image registration results under the multiresolution framework. The true value image is shown as    (  − 13 , 4 , 2 , 10 , 20 , 10  )   . NCC’s true value points are based on the Sobel operator, NCC based on LOG operator, and original NCC from left to right.



Table 4 shows the statistical registration results of the three similarity measures under the multiresolution registration framework.





4. Discussion


From the intuitive comparison of the three experiments, it can be concluded that after introducing gradient information or edge information, the registration performance of the new normalized correlation is significantly improved compared with the original normalized cross-correlation. Furthermore, from the perspective of image qualitative analysis, the improved normalized cross-correlation based on the LOG operator is better than that of the Sobel operator. Finally, we will verify the above conclusion through the quantitative statistical analysis of the registration results.



From the statistical results, when CT and DRR simulated X-ray images are registered, the average values of MTRE and MAE of NCC based on the LOG operator are significantly improved compared with the original NCC. NCC’s performance based on the Sobel operator is also improved compared with the original NCC in MTRE and MAE’s mean value. It is smaller than the NCC based on the Sobel operator, but the gap is smaller. NCC’s registration time based on the Sobel operator or LOG operator is longer than that of the original NCC. This is because the two improved algorithms need to extract image features through the Sobel operator or LOG operator while calculating the original NCC. Each iteration of the rigid body transformation parameter update needs to re-extract features. However, due to NCC calculation and feature extraction’s sequential execution, unnecessary time waste can be caused. Hence, the registration time gap can be further reduced by optimizing the code.



According to the results in Table 2, when the translation parameter is small and the rotation parameter reaches 40 degrees, both the original NCC and the log-based NCC cannot achieve accurate registration. In contrast, the NCC based on the Sobel operator can still achieve enough registration accuracy. However, the accuracy is slightly reduced compared with the registration experiment with a small angle. When the rotation parameter is small and the translation parameter reaches 40 mm, NCC registration based on the Sobel operator can still be achieved within acceptable accuracy compared with the original NCC and LOG operator. Compared with the original NCC experiment, the larger the difference between the true value point and the initial value point in the rotation parameters, the more difficult it is to approach the true value. This is because the order of rigid body transformation is rotation first and then translation. NCC is more sensitive to translation, so it is challenging to ensure rotation accuracy, limiting the translation’s accuracy. The improved Sobel operator increases the algorithm’s sensitivity to the rotation, thus increasing NCC’s convergence range.



To sum up, introducing edge information through the LOG operator or introducing angle information of the gradient vector through the Sobel operator can reduce the registration indexes MAE and MTRE of normalized cross-correlation. Both can improve registration accuracy and registration stability. The LOG operator’s edge information can significantly improve the normalized cross-correlation as far as the registration accuracy is concerned. However, the gradient vector’s angle information introduced by the Sobel operator can increase the NCC measure’s sensitivity to rotation transformation to improve the registration accuracy and increase the convergence range of the algorithm. The multiresolution strategy can accelerate the convergence speed of registration, which is very beneficial to improve registration efficiency. However, the multiresolution strategy does not affect the convergence region of registration. Sometimes, it will lead the registration process to fall into local optimization. The registration may not be successful if the parameter settings of the optimizer are changed. This shows that the multiresolution registration depends on the parameter setting of the optimizer.




5. Conclusions


This paper introduces a 2D/3D medical image registration method based on normalized cross-correlation. It analyzes the advantages and disadvantages of normalized cross-correlation. It is only suitable for small-angle rotation. The registration accuracy is relatively low to solve the normalized cross-correlation algorithm only using global gray information. An improved normalized cross-correlation algorithm is proposed. Based on the LOG operator’s improvement, based on the original normalized cross-correlation, the cosine similarity of linear combination Laplacian of Gaussian operators is proposed. The operator increases the edge information and the internal details such as outliers and lines. Based on the improvement of the Sobel operator, the angle of the gradient vector is introduced. The sum of the gradient vector angle’s weight function is multiplied by normalized cross-correlation to increase the rotation transformation’s sensitivity to improve the accuracy and the convergence region. The multiresolution algorithm is adopted to aim at the computational efficiency problem caused by the normalized cross-correlation algorithm. The experimental results show that the improved normalized cross-correlation has higher registration accuracy. The multiresolution strategy can reduce the registration algorithm’s initial value sensitivity and reduce the algorithm’s probability of falling into the local optimum.



This experiment can be improved in the future. In the optimization process of iterative 2D/3D medical image registration, DRR images need to be generated continuously through projection rendering, which will lead to a lot of time consumption. Furthermore, the DRR projection belongs to graphics rendering, so we can consider using a GPU to accelerate the DRR projection process and improve the algorithm’s calculation speed. This study assumes that only rigid body transformation is performed on 3D images. However, in clinical application, some tissues of the human body and between bones will deform to a certain extent. Therefore, 2D/3D registration based on rigid body transformation cannot fully meet the clinical needs. More complex deformation registration problems can be studied in the future.
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Figure 1. Three dimensional CT of the brain model. 
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Figure 2. CT rendering of the brain model. 
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Figure 3. Image registration flow chart. 
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Figure 4. Schematic diagram of projection coordinate system. 
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Figure 5. DRR image at the initial value. 
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Figure 6. Experimental reference images. (a) Experiment 1 reference image; (b) experiment 2 reference image; (c) experiment 3 reference image. 
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Figure 7. Experimental results of group 1. (a) DRR based on NCCS registration; (b) DRR after NCCL registration; (c) DRR based on NCC registration; (d) difference map after registration based on NCCS; (e) difference map after registration based on NCCL; (f) difference map after registration based on NCC. 
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Figure 8. Experimental results of group 2. (a) DRR based on NCCS registration; (b) DRR based on NCCL registration; (c) DRR after registration based on NCC; (d) difference map after registration based on NCCS; (e) difference map after registration based on NCCL; (f) difference map after registration based on NCC. 
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Figure 9. Experimental results of group 3. (a) DRR based on NCCS registration; (b) DRR based on NCCL registration; (c) DRR after registration based on NCC; (d) difference map after registration based on NCCS; (e) difference map after registration based on NCCL; (f) difference map after registration based on NCC. 
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Figure 10. Multiresolution registration difference image. (a) Based on NCCS registration difference image; (b) based on NCCL registration difference image; (c) based on NCC registration difference image. 
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Table 1. Related parameters of image registration.
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	Data
	Size
	Spacing (mm)
	Pixel Range





	CT image
	200 × 200 × 142
	2 × 2 × 2
	−1024~2976



	Analog X-ray image (DRR)
	256 × 256
	1 × 1
	0~255
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Table 2. Single-resolution experimental results.
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Rotation (°)

	
Translation (mm)






	
NCCS

	
MAE

	
0.4955

	
0.9883




	
MTRE

	
1.94117 mm




	
time

	
6012.6 s




	
NCCL

	
MAE

	
0.3189

	
0.7750




	
MTRE

	
1.4759 mm




	
time

	
5765.6 s




	
NCC

	
MAE

	
1.2083

	
1.4079




	
MTRE

	
3.19295 mm




	
time

	
5129 s
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Table 3. Experimental results of single resolution with enlarged sampling space.
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(α, β, θ, tx, ty, tz)






	
Truth point

	
(10,10,10,40,40,40)

	
(40,40,40,10,10,10)




	
Initial value point

	
(0,0,0,0,0,0)

	
(0,0,0,0,0,0)




	
NCCS

	
(10.325, 9.00845, 10.0975

39.6466, 36.2063, 40.0849)

	
(39.6403, 40.2076, 39.8805,

10.0196, 11.3873, 9.70042)




	
NCCL

	
(17.3676, 17.3365, 16.7622

46.5633, 47.9499, 40.5774)

	
(50.6946, 34.7924, 10.1197,

56.3769, 74.0497, 8.35779)




	
NCC

	
(16.1266, 7.13819, 16.4462

41.8934, 47.7294, 40.4012)

	
(49.3488, −8.45826, 0.334837,

−3.30738, 139.747, 5.38556)
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Table 4. Data table of multiresolution experiment results.
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Rotation (°)

	
Translation (mm)






	
NCCS

	
MAE

	
0.5254

	
0.6491




	
time

	
2477.6 s




	
NCCL

	
MAE

	
0.4712

	
0.6250




	
time

	
1202.2 s




	
NCC

	
MAE

	
1.0858

	
1.0259




	
time

	
1291.6 s
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