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Abstract 

Objectives: To evaluate different deformable image registrations (DIRs) for cone 

beam computed tomography (CBCT)-based dose calculations.  

Methods: The registration accuracy were evaluated using CIRS phantom and five 

patients. Deformable planning computed tomography (pCT) and CBCT images 

registration of prostate cancer cases were conducted using 14 default registration 

methods and Anatomically Constrained Deformation Algorithm (ANACONDA) 

registration methods. Quantitative indices of image quality were uniformity, 

contrast-to-noise ratio, and signal-to-noise ratio for the phantom, and structural 

similarity index measure, mean absolute error, and peak signal to noise ratio (PSNR) 

for the patients. Registration accuracy was evaluated using Target Registration Error 

(TRE) and the Dice Similarity Coefficient (DSC). 

Results: Compared to CBCT, dCT demonstrated considerably improved uniformity 

75%, 65%, 77%, contrast-to-noise ratio 214%, 213%, 215%, and signal-to-noise 

ratio of 108%, 107%, 107% relative to those of CBCT in phantoms with iterative 

optical flow, B-spline, and ANACONDA registration methods, and improved 

structural similarity index measures by 14%, 9%, 9%, 11%, 21% and 14%, PSNRs 

98%, 87%, 87%, 76%,  94%, and mean absolute errors 98%, 87%, 87%, 76%, 97%, 

93% in patients for the Iterative Optical Flow (IOF), B-Spline, Systematic Force 

Demons (SFD), double force demons (DFD), free form (FF) and ANACONDA 

registration methods, respectively. Whereas the ANACONDA registration methods 

improved registration accuracy, within 0.2 cm TRE of prostate landmarks and by 

more than 90% DSC of critical organs, both IOF and B-Spline algorithms failed to 

reproduce the geometry for patients. 

Conclusion: Therefore, ANACONDA registration has the potential to contribute to 

the improvement of adaptive radiotherapy. 

Keywords: CBCT, deformable image registration, Radiotherapy 
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Introduction 

     Over the last two decades, radiation therapy has improved significantly via the 

incorporation of three-dimensional anatomy into planning systems, the development of 

intensity-modulated radiation therapy and image-guided radiation therapy techniques that 

allow for the individualisation of treatment [1-3].  Compared with three-dimensional 

conformal radiotherapy, these advancements in technology have improved dose coverage 

to the prostate without compromising radiation exposure to the surrounding normal tissues 

[4-5]. These developments have led to maximising tumour coverage and dose and/or 

generating a steep dose gradient with simultaneous reduction of toxicity, which has 

translated to an increase in the therapeutic index [6-7].   

 

     Image guided radiation therapy including the cone beam computed tomographyCBCT) 

images of patients are acquired daily using a Linac, Halcyon or Ethos unit for adaptive 

radiation therapy as well as online imaging verification [8]. CBCT images besides 

immobilization devices, and planning structures are mainly used for setting up 

reproducibility and managing internal organ deformation caused by normal physiological 

processes such as tumor shrinkage, and cavity filling [4, 9-10]. CBCT images can also be 

used to calculate the daily doses in many regions of the body, adjust the dose map to take 

into account the patient's accumulated dose, and auto-contour regions of interestROIs) [5, 

11-13]. To accurately calculate the dose for CBCT prostate cancer patients, two features 

should be ensured:1) that the intensity values on CBCT are the same as those on planning 

computed tomographypCT), and2) that the geometry of the pelvis structures is the same as 

that on CBCT. However, CBCT images without correction are associated with an 

inaccurate HU that propagates into the dose distribution due to many reasons such as a 

large amount of scatter owing to the type of filter and collimator and acquisition 

parameters. [4, 14-15]. Furthermore, setup errors and internal organ motion are accounted 

for by using expansion margins to the clinical target volume, but these margins also 

increase dose to healthy tissues. These issues can be resolved by using deformable imaging 

registrationDIR) [16].  

    Many studies demonstrated that intensity-based, B-Spline and DIR with histogram 

matching or multilevel threshold image registrations can map the image intensity of pCT 
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voxel-to-voxel on CBCT images with acceptable results. Thus, the effects of Hounsfield 

unitHU) discrepancies between pCT and deformed CTdCT) on dose distribution using 

deformable vector fieldDVF) have negligible impact on dose distribution [13, 17-18]. 

Although Woerner et al. and Varadhan et al. stated that the use of B-Spline can propagate 

a contour from moving CT to a target CT of the same modality with acceptable accuracy, 

Shah e al.2021) argued that B-Spline algorithm fails in terms of accuracy in pelvic region 

when propagating a contour from moving CT to a target CT of the different modalitypCT 

to CBCT) [17, 19-21]. Issues that worsen registration accuracy are poor imaging quality, 

inconsistent visual features, intensity mismatching, differences in bladder filling status, and 

inconsistent visual features, remain [11, 17-18, 22-27]. Although they reported good 

dosimetric agreement, but they did not consider the atypical anatomy encountered in the 

clinic. Therefore, for ART to be reliable and effective, an accurate DIR-propagated scan 

must be generated; therefore, the accuracy of the available DIR algorithms must be 

validated before being applied clinically.  

 

     Currently, no study has considered the effects of both HU discrepancies and anatomical 

changes over the course of a treatment with intensity-based image registration and B-Spline 

image registration algorithms on dose distribution. Therefore, in this study, these two 

aspects were investigated using the default point-based method B-Spline algorithm) and 

intensity-based consistent image registration algorithms for intra-subject registration of the 

pelvis. 

 Methodology 

Data of CT/ CBCT images 

     This study was divided into two parts. First, a CIRS phantom was used to evaluate the clinical 

applications of potential HU discrepancies between the Hounsfield electron density (HU-ED) 

calibration of the pCT and dCT images. A CIRS disc phantom containing nine plugs surrounded 

by a ring phantom containing eight plugs of different electron densities was used in this study [28]. 

Second, 11 patients with prostate cancer were recruited to evaluate the capacity of DIR-based 

techniques in managing atypical anatomy as recommended by TG-132 [29]. Several anatomical 

differences were taken into consideration, such as differences in bladder and rectal filling, as well 

as different positions of the femoral heads. In our analysis, patients with anatomical features that 
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differ from those seen on CBCT images were selected based on visual check of three authorsH.H.J, 

H.A.N and N.B) using checkerboard images of visualization options in the DIR software. CBCT 

and CT were used to contour target and organs-at-risk, and their volumes were compared. We 

included CT images of patient datasets with a volume difference below 95%) in our studies Fig.1. 

Thus, only five out of eleven patients were studied. 

 

 

FIG.1. Comparing volumes of critical targets and organs-at-riskbladder and rectum) using pCT 

and CBCT for five patients. Legend: CT: Computed Tomography and CBCT: Cone Beam 

Computed Tomography. 

     All cases were independently scanned using CT, followed immediately by CBCT. The 

properties of the CT/ CBCT data are documented in Table 1. 

 

 

 

TABLE 1. CT and CBCT data of the phantom and patients. 
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Electron density phantom CIRS phantom) 

Modality CT CBCT 

Company Philips CT 

scanner 

Versa-High precision (HD) Elekta eXtended 

Vision Image-guided therapy (XVI) onboard 

volumetric imaging systemElekta, Crawley, 

UK) 

Voxel size 
0.1 × 0.1 × 0.3 cm3 

0.1 × 0.1 × 0.2 cm3 

Dimensions 406 × 406 × 37 500 × 500 × 132 

Prime factors values 

120 KeV and 213 

mA over 470s 120 KeV and 64 mA over 40s   

Patient cases 

Modality CT CBCT 

Company 

Philips CT 

scanner 

Versa-High precision (HD) Elekta eXtended 

Vision Image-guided therapy (XVI) onboard 

volumetric imaging systemElekta, Crawley, 

UK) 

Voxel size 

0.1 × 0.1 × 0.3 cm3 0.1 × 0.1 × 0.2 cm3 

Dimensions  512×512x168  410×410x84 

Prime factors values 120 KeV and 213 

mA over 470s 

120V and 64 mA over 40s 

Legends: CIRS: Computerized Imaging Reference System, CT: Computed Tomography, CBCT: 
Cone Beam Computed Tomography, KeV: Kilo-electron volt, mA: Milliampere, cm: Centimetre 
and UK: Unted Kingdom.  
 

 

Methodology of default DIR algorithms 

https://www.google.com/search?q=eXtended+Vision+Image-guided+therapy&rlz=1C1GCEA_enIQ1151IQ1151&oq=meaning+of+Versa-HD+Elekta+XVI&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQIxgnMgcIAhAAGIAEMgcIAxAAGIAEMgcIBBAAGIAEMgcIBRAAGIAEMgcIBhAAGIAEMgcIBxAAGIAEMgcICBAAGIAEMgcICRAAGIAE0gEIMjY2N2owajmoAgawAgHxBZuFJBHT1s-9&sourceid=chrome&ie=UTF-8&mstk=AUtExfAbxqaNw4QPV1IhzRyxWyfvMpRvuDBzTsNr7-9aBe5t8uqueeZDHTfJT-X7zbcg5wCF_W9JpyFJN1SP4pqSpUofOTuteJUKJnupX-m36BKkxRpjvjgNzXzGrSFRbLSA9iBzqAabeoyyPkeZL5TCavqZlVtp8xVUlVZSplsFu1bc2wE&csui=3&ved=2ahUKEwjx7Ife8JuRAxWZVPEDHXkBFTkQgK4QegQIARAE
https://www.google.com/search?q=eXtended+Vision+Image-guided+therapy&rlz=1C1GCEA_enIQ1151IQ1151&oq=meaning+of+Versa-HD+Elekta+XVI&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQIxgnMgcIAhAAGIAEMgcIAxAAGIAEMgcIBBAAGIAEMgcIBRAAGIAEMgcIBhAAGIAEMgcIBxAAGIAEMgcICBAAGIAEMgcICRAAGIAE0gEIMjY2N2owajmoAgawAgHxBZuFJBHT1s-9&sourceid=chrome&ie=UTF-8&mstk=AUtExfAbxqaNw4QPV1IhzRyxWyfvMpRvuDBzTsNr7-9aBe5t8uqueeZDHTfJT-X7zbcg5wCF_W9JpyFJN1SP4pqSpUofOTuteJUKJnupX-m36BKkxRpjvjgNzXzGrSFRbLSA9iBzqAabeoyyPkeZL5TCavqZlVtp8xVUlVZSplsFu1bc2wE&csui=3&ved=2ahUKEwjx7Ife8JuRAxWZVPEDHXkBFTkQgK4QegQIARAE
https://www.google.com/search?q=eXtended+Vision+Image-guided+therapy&rlz=1C1GCEA_enIQ1151IQ1151&oq=meaning+of+Versa-HD+Elekta+XVI&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQIxgnMgcIAhAAGIAEMgcIAxAAGIAEMgcIBBAAGIAEMgcIBRAAGIAEMgcIBhAAGIAEMgcIBxAAGIAEMgcICBAAGIAEMgcICRAAGIAE0gEIMjY2N2owajmoAgawAgHxBZuFJBHT1s-9&sourceid=chrome&ie=UTF-8&mstk=AUtExfAbxqaNw4QPV1IhzRyxWyfvMpRvuDBzTsNr7-9aBe5t8uqueeZDHTfJT-X7zbcg5wCF_W9JpyFJN1SP4pqSpUofOTuteJUKJnupX-m36BKkxRpjvjgNzXzGrSFRbLSA9iBzqAabeoyyPkeZL5TCavqZlVtp8xVUlVZSplsFu1bc2wE&csui=3&ved=2ahUKEwjx7Ife8JuRAxWZVPEDHXkBFTkQgK4QegQIARAE
https://www.google.com/search?q=eXtended+Vision+Image-guided+therapy&rlz=1C1GCEA_enIQ1151IQ1151&oq=meaning+of+Versa-HD+Elekta+XVI&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQIxgnMgcIAhAAGIAEMgcIAxAAGIAEMgcIBBAAGIAEMgcIBRAAGIAEMgcIBhAAGIAEMgcIBxAAGIAEMgcICBAAGIAEMgcICRAAGIAE0gEIMjY2N2owajmoAgawAgHxBZuFJBHT1s-9&sourceid=chrome&ie=UTF-8&mstk=AUtExfAbxqaNw4QPV1IhzRyxWyfvMpRvuDBzTsNr7-9aBe5t8uqueeZDHTfJT-X7zbcg5wCF_W9JpyFJN1SP4pqSpUofOTuteJUKJnupX-m36BKkxRpjvjgNzXzGrSFRbLSA9iBzqAabeoyyPkeZL5TCavqZlVtp8xVUlVZSplsFu1bc2wE&csui=3&ved=2ahUKEwjx7Ife8JuRAxWZVPEDHXkBFTkQgK4QegQIARAE
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    In this study, deformable image registration was performed using the open-source toolkit based 

MATLAB Math Works, Natick) script software tools  deformable image registration and adaptive 

radiotherapy research (DIRART, version 2) and a computational Environment for Rdiological Research 

(CERR, version 2) in addition to  Anatomically Constrained Deformation Algorithm (ANACONDA) 

available in Raystation treatment planning system [8, 30].  The classes of the four DIRART and CERR 

algorithms were applying that Optical flow, Demons, Level-set and B-spine algorithm. All experiments 

were performed on a personal LAPTOP-F2TVIRLR with 8 GB memory, Windows 11 Home system 

version 24H2) with 3 cores running at 3.3 GHz, utilizing only the CPU, without GPU acceleration. 

 

1- DIR algorithms of DIRART and CERR     

The registration process in DIRART used the following steps.  Both sets of images were firstly 

converted from the DICOM format to the CERR format using the CERR software and were then 

processed. That is, all the pCT and CBCT images were pre-processed before executing the 

registration. The pre-processing included cropping of the image through removing the treatment 

table and immobilisation tools using the free, open-source software CERR scripts, leaving only 

the patient volume in the image, and resizing and resampling the mages to match the size and 

resolution of CBCT and reduce the computing time. Thus, the pixel volumes of both images were 

(1, 1, 2) in the direction vector (x, y, z). Whilst the fractional weekly CBCT images are regarded 

as the reference images and the pCT image is rigidly registered to each CBCT image via the 

DIRART. The workflow of image registration is shown in Fig. 2. In this study, thirteen intensity-

based DIR algorithms were evaluated using an open-source toolkit, called DIRART. These DIR 

algorithms include iterative optical flow (IOF), Optical Flow (OF), combined Horn–Schunck and 

Lucas Kanade (CHL), Original Lucas KanadeOLK), HS method with Issam’s Non-linear 

smoothness (HSINS), Improved Lucas Kanade (ILC),  Original Schunck Horn Memory saving 

OSHMS), Modified Demons (MD), Systematic Force Demons (SFD), Double Force Demons 

(DFD), Original Demons (OD), Fast Demons with Elastic Regularization (FDER), and Free Form 

(FF). Finally, pCT images were registered to CBCT images using DVF created using algorithms 

mentioned in last section, yielding dCT via DVF. The mutual information (MI) similarity measure 

was used in this study. 

 

 

https://scholar.google.com/scholar?cluster=12916700721328033062&hl=en&as_sdt=2005&sciodt=0,5
https://scholar.google.com/scholar?cluster=12916700721328033062&hl=en&as_sdt=2005&sciodt=0,5
https://cerr.github.io/CERR/
https://cerr.github.io/CERR/
https://cerr.github.io/CERR/
https://cerr.github.io/CERR/
https://cerr.github.io/CERR/
https://cerr.github.io/CERR/
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FIG. 2: Workflow for deformable pCT to CBCT images registration as determined by an 

open-source DIRART and CERR software and Commercial Raystation software. 

 Legends: pCT: planning Computed Tomography, Cone Beam Computed Tomography, 
dCT: deformed Computed Tomography and DVF: Deformable Vector Field.  

 

2- DIR algorithms of CERR 

Using an open-source DIR tool in CERR, we applied DIR between each patient's pCT and CBCT 

image. It is possible to configure CERR in single-stage or multistage modes to implement a wide 

variety of control parameters and registration algorithms. The purpose of this tool is to optimize 

specific parameters, including subsampling rates and cost function metrics to achieve more 

accurate registrations. Therefore, a multiresolution method to implement the b-spline deformation 

algorithm in three stages was applied in this study. To align scans, CERR does not require manual 

alignment since it has a translation stage that assists in aligning images in the first stage, if required. 

There are two phases to the DIR registration process. Due to the superior performance of SSD 

when compared to MI, a similarity measure has been calculated simultaneously with CBCT 

preprocessing. A spline-based method of registration was developed for CERR, including b-spline 

and thin-plate splines. DVF was created by applying the b-spline registration method to the CT 

scans. MATLAB script was used to create dCT images by applying the generated DVF to a pCT 

image.  
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3- DIR algorithms of ANACONDA 

     Better registration accuracy for the local and global image than a regular default step 

registration was obtained when using ANACONDA registration method. In the Raysearch 

software, the ANACONDA was verified for the registration of different imaging modalities and 

also used to propagate contours from pCT to CBCT image in pelvic region using controlled hybrid 

algorithm [19]. However, the ANACONDA was not verified for scan registration. Therefore, it 

was adapted in this study and compared with CBCT scan. 

    Furthermore, Raystation does not directly deform pCT to CBCT. The deformation process in 

Raystation is achieved by using the script in mhd format and then mhd format is converted to 

DICOM format using Slicer version 5.2.1). ANACONDA combines anatomical information with 

image informationHU) which are provided by contoured image sets. The registration process was 

as following: First, after image processing for intensity-based and B-Spline-based registrations 

mentioned above, both sets of images were converted from the CERR format to the DICOM format 

using the CERR software as well. Second, both images were uploaded to Raysearch software tool 

and independently aligned. The MI similarity measure was used in this study. Finally, CT images 

were registered to CBCT images using DVF created using the uncontrolled and controlled 

algorithms, yielding dCT via DVF.  

 

Evaluation of registration methods  
   The accuracy of registration was evaluated using image-quality, registration accuracy and 

dosimetry verification analysis.  

     For the phantom, image-quality analysis included signal-to-noise ratio (SNR), contrast-to-noise 

ratio (CNR), and HU bias as evaluation indices. The HU bias between the reference pCT and 

CBCT or dCT was calculated as the mean ± standard deviation (SD) and the Identity Function 

Profile IFP) of the plugs of the CIRS phantom. 

CNR was calculated using the following formula: 

CNR = MeanMuscle−MeanAdiposeStdMuscle+StdAdipose  × 2 ………………... (1) 

In the muscle and adipose inserts, MeanMuscle and MeanAdipose correspond to the means of voxel 

values, whereas Stdmuscle and StdAdipose correspond to the SDs in voxel values. The SNR was 

calculated by dividing mean by its SD for five ROIs and then calculation the mean SNR. To 

calculate uniformity, we used the percentage differences between the two mean values.  
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     For the patients, image-quality analysis included the mean absolute error (MAE), the structural 

similarity index measure (SSIM), and peak signal-to-noise ratio (PSNR). The simulated pCT 

images were used as reference images. 

The MAE can be calculated as follows: 

 

MAE = 
∑ |CT೛ೞ೐(௫೔)−CTೝ೐೑(௫೔)|೙೔ = 1  ௡  …………(2) 

Where n is the total number of voxelsxi) at the index position I, CTpse is the dCT, and CTref  is the 

reference CT image. 

The SSIM is defined by the following equation: 

SSIM (x,y) = (2mxmy+c1)(2sxy+c2)(2mx2+my2+c1)(2sx2+sy2+c2)……………………………..(3) 

 

Where the average and variance of x are mx and sx2, respectively; the average and variance of y are 

my and sy2, respectively; and the covariance of x and y is sxy. C1 and C2 are constants calculated as 

C1 =k1L)2 and C2 =k2L)2, respectively, where k1, k2, and L are 0.01, 0.03, and 2B −1, respectively.  

     The PSNR is defined by:   

PSNR = 10.log10( MAXI21xy ∑ ∑ [I (i,   j) − K(i,   j)]2y − 1j = 0x − 1i = 0 ) ……………………(4) 

Where MAXI is the probable maximum value of an image pixel, and x and y are the image sizes.    

     Registration accuracy analysis was evaluated as stated by TG-132 by using visual inspection, 

the Dice similarity coefficient (DSC), and target registration error (TRE) [28]. In the framework 

of the visual evaluation, the differences between the dCT and CBCT images as well as the checker 

board images were checked for the phantom and the patients. In DSC, annotations and 

segmentation outcomes are quantified based on their volumetric overlap.  A DSC of 0.0 indicates 

no overlap, whereas a DSC of 1.0 indicates complete overlap [31]. The DSC is calculated as: DSC = 2|X∩ Y||X|+|Y|………………… (5) 

 

where |X| and |Y| are the number of elements in the X and Y sets, respectively.  

The TRE is the image registration error derived from the difference in position between the 

corresponding points on the CBCT image and the deformed image. It is calculated as: 
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TRE = 
  ∑ |௫−௫′|೙ೕ = 1௡ …………………… (6) 

Where n represents the total number of pairs, and x and x’ are the position vectors of the floating 

and deformed images, respectively. 

Data analysis 

     The correlation of HU values was assessed using the Spearman correlation coefficient. The 

Kruskal-Wallis H-test was used for performance variations of different DIRs on the same ROI. 

Whenever the null hypnosis was rejected, a post-hoc test was used to determine a mean that is 

responsible for rejection of null hypothesis. All statistical analyses were implemented using 

Microsoft® Excel® 2016 MSOVersion 2211 Build 16.0.15831.20098) 64-bit, and the statistical 

significance levelthe ߙ-level) used was p = 0.05.  

 

Results 

Image quality of phantom study 

     Fig. 3 illustrates the visual assessment of the DIRART, CERR and Raysearch algorithms to test 

the best algorithm that can rationally propagate and calculate the intensities and general shapes of 

the phantom components. All algorithms were able to propagate the HU values from CT to CBCT, 

but most intensity-based consistent image registration algorithms were unsuccessful in adequately 

registering CT to CBCT. As shown in Fig. 3, with the exception of IOF, which also failed  to 

satisfactorily register adipose and liver inserts, OF, CHL, OLK, HSINS, ILC, OSHMS, MD, SFD, 

DFD, OD, FDER, and FF were unable to reproduce the local and global shapes of the phantom 

components. In addition to IOF, B-Spline algorithm and ANACONDA also performed fairly well 

in terms of HU values and shapes, matching the globaldisc and head) and localplug) shapes. 
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FIG. 3. Assessment of DIR algorithms for the deformation of the phantom. In this stage, CT 

images  are deformed to match CBCT images. The first two columns demonstrate the moving 

images and base images before registration. The other columns demonstrate each of the deformed 

images estimated to the base imageCBCT). 

  Legends: CT: Computed Tomography, CBCT: Cone Beam Computed Tomography, IOF: 

iterative optical flow, B-S: B-Spline, ANACONDA: Anatomically Constrained Deformation 

Algorithm, ILC: Improved Lucas Kanade, OF: Optical Flow, OSHMS: Original Schunck Horn 

Memory saving, MD: Modified Demons, DFD: Double Force Demons, OD: Original Demons, 

FDER: Fast Demons with Elastic Regularization, FF: Free Form, OLK: Original Lucas Kanade, 

HSINS : HS method with Issam’s Non-linear smoothness, SFD: Systematic Force Demons and 

CHL: combined Horn–Schunck and Lucas Kanade. 

 

The IFP using CBCT and dCT with IOF and B-Spline, SFD, DFD, FF and ANACONDA 

algorithms is shown in Fig. 4. As shown in Fig. 4, many subsets of pixels are markedly divergent 

from the ideal profile, indicating that there are HU values of pixels that are significantly different 

from the pCT upon application of the original CBCT. On the other hand, the consistency of the 

pixel intensity improved significantly with the application of DIR. For instance, the percentage 
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difference ranged from 13.48% to 99% for CBCT, while with DIR, the differences were within 

26.82%) for all plugs when using IOF, B-Spline and ANACONDA. 
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(h) 

FIG. 4. Correlation of HU values between pCT and CBCT scansa) and dCTa, b, c, d, e, f, g and 

h). HU correlations were plotted for CBCT without correction and dCTIOF),B-

Spline),SFD),DFD), FF) and ANACONDA). 

 Legend CBCT: Cone Beam Computed Tomography, pCT: planning Computed Tomography, 

dCT: deformed Computed Tomography, FF: Free Form, SFD: Systematic Force Demons, DFD: 

Double Force Demons, ANACONDA: Anatomically Constrained Deformation Algorithm and 

HU: Hounsfield Unit.  
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     Table 2 contains the image quality indices derived for the five CT modalities: pCT, CBCT, 

IOF-based dCT, B-Spline-based dCT,  combined-based CT and ANACONDA-based dCT. In all 

three metrics, uniformity, CNR, and SNR, CBCT performed worse than the other metrics. The 

dCT generated by the proposed different types of DIR methods showed noticeable enhancement 

in uniformityrelative decreases of 75%), 65%), 75%) and 77%), CNRrelative increases of 214%), 

213%), 215%) and 216%, and SNRrelative increases of 108%),107%), and 107% for IOF, B-

Spline, and steps relative to those of CBCT, respectively. DIR-based dCT also showed good 

improvement over CBCT in terms of image quality. 

TABLE 2 demonstration of  the results of the CIRS phantom for image quality. 

Index pCT CBCT IOF B-

Spline 

ANACONDA 

Uniformity 1.000% 2.000% 0.500% 0.700% 0.460% 

CNR 9.480 -8.150 9.300 9.250 9.440 

SNR 3.500 -78.560 6.330 5.880 5.870 

Legend: CIRS: Computerized Imaging Reference System, pCT: planning Computed Tomography, 
CBCT: Cone Beam Computed Tomography, IOP: Iterative Optical Flow, ANACONDA: 
Anatomically Constrained Deformation Algorithm and SNR: Signal-to-Noise ratio CNR: 
Contrast-to-Noise ratio.  
 

Image quality and registration performance of patient cases of the patient study 

     Fig. 5 tests on whether algorithms of the DIRART, CERR and Raysearch software items can 

rationally calculate and propagate the HU and global in addition to local shapes of the pelvic 

structures in prostate cancer cases. Based on visual check using checkerboard images of 

visualization options in the DIR softwarebefore and after registration), although all algorithms 

were able to propagate the HU values from CT to CBCT, all default registration algorithms were 

unsuccessful in adequately registering CT to CBCT. In contrast, the ANACONDA registration 

methods succussed in registering pCT to CBCT in terms of HU values and shapes, matching the 

globalbody) and localtarget and organs at risk) shapes. This is because when optical flow is 

combined with override, theoretical condition of optical flow, which states that the intensity of 

objects in successive images must remain constant, is followed [32]. 
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FIG. 5. Quality evaluation of deformable registration for the prostate cancer cases. CT images 

and CBCT images were registered to create dCT images. 

 

 

Legend: CT: Computed Tomography, CBCT: Cone Beam Computed Tomography, IOF: 

iterative optical flow, B-S: B-Spline, FF: Free Form, ANACONDA: Anatomically Constrained 

Deformation Algorithm, HSINS : HS method with Issam’s Non-linear smoothness, ILC: 

Improved Lucas Kanade, OF: Optical Flow, OSHMS: Original Schunck Horn Memory saving, 

MD: Modified Demons, SFD: Systematic Force Demons, DFD: Double Force Demons, , OLK: 

Original Lucas Kanade, FDER: Fast Demons with Elastic Regularization, OD: Original Demons  

and CHL: combined Horn–Schunck and Lucas Kanade. 
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     A comparison of the average outcomes of quantitative image quality for the eight CT modalities 

based on patient data is presented in Table 3. As can be seen in Table 3, the DIR methods 

outperformed all evaluation indices. Compared with the original CBCT, the dCTs generated by 

IOF, B-Spline, the SFD, DFD FF and ANACONDA all improved significantly. SSIM values were 

improved by 14%), 9%), 9%), 11%), 21%), 23%) and 14%) for seven DIR methods relative to, 

PSNR improved by 98%), 87%), 87%), 76%), 97%), 94%) and 93%), respectively. The MAE 

range improved from 331.14 for CBCT to 7.9, 41.45, 43.45, 80.53, 8.3, 21.15 and 23 for IOF, 

SFD, DFD FF B-Spline and ANACONDA respectively. Furthermore, according to Table 3, the 

prostate cancer cases were matched by landmarks. In comparison to IOF and B-Spline, SFD, DFD 

and FF-based methods, the error magnitude of average registration was reduced by approximately 

67%)from about 0.7 cm to 0.2 cm) for ANACONDA registration methods.  
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TABLE 3. Results of the patient image quality and mean and standard deviation of TRE for 

landmarks in five prostate tumours, except registration error of CBCT, which is not applicable 

since CBCT was used as the reference. For the five cases of prostate cancer, all landmarks were 

used to calculate the absolute error values. 

Modality SSIM PSNR (dB) MAE 
HU 

Correlation 
Coefficient 

Target Registration 
Error (cm) 

CBCT 0.94±0.020 45.17±1.330 331.140 0.38±0.032 not applicable 

IOF 0.99±0.004 51.71±0.640 7.900 0.70±0.065 0.700 ± 0.600 

SFD 0.97±0.020 49.23±2.110 41.450 0.66±0.061 0.650 ± 0.220 

DFD 0.97±0.020 49.46±1.810 43.450 0.64±0.060 0.600 ± 0.400 

FF 0.97±0.020 50.15±2.230 80.530 0.69±0.064 0.680 ± 0.510 

B-Spline 0.99±0.003 54.79±4.360 8.300 0.51±0.047 0.690 ± 0.350 

ANACONDA 0.98±0.004 51.50±3.230 23.000 0.93±0.087 0.222 ± 0.130 

* Legend: SSIM: Structural Similarity Index measure, PSNR (dB): peak signal-to-noise ratio, 
MAE: the Mean Absolute Error. 
 

     The results of the critical organ and target volume matching are summarized in Table 4. This 

includes the DSC metric calculated for the treatment target and critical organs for sole deformable 

registration IOF, B-Spline, SFD, DFD, FF, registration), ANOCANDA No-controlling structures 

and ANOCANDA Controlling structures). The results indicated that ANACONDA significantly 

improved volume matching. Improvements of about 49.5%) and 46.4%) were observed in the 

average DSC value when comparing the ANACONDA to other deformable registrations. As 

indicated by Brock et al., adequate volume matching for adaptive radiotherapy applications should 

be 80%) or higher. As shown in Table 4, the results of the ANACONDA were suitable for ART 

[33]. Quantitatively, this method improves scan matching of overall image, treatment target and 

the critical at-risk organs by about override ratio of 60%) in comparison to other methods. 

Therefore, override ratio becomes more than 90%) for critical structures. It is evident that the 

overall image and treatment target in addition to the critical at-risk organs are mostly registered 

well with ANACONDA registration.  Generally, with this method, the results of volume matching 

are considerably enhanced.
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TABLE 4. Average DSC for sole registration methods of five patients. 

Organ Bladder Rectum Treatment target 

IOF-based registration 0.516±0.090 0.63±0.080 0.602±0.170 

B-Spline-based registration 0.53±0.100 0.66±0.070 0.606±0.170 

SFD-based registration 0.56±0.130 0.64±0.051 0.67±0.166 

DFD-based registration 0.60±0.139 0.65±0.064 0.68±0.162 

FF-based registration 0.56±0.157 0.66±0.043 0.65±0.158 

ANOCANDANo-controlling structures) 0.56±0.157 0.66±0.043 0.65±0.158 

ANOCANDAControlling structures) 0.94±0.020 0.87±0.040 0.91±0.030 

Legend: IOF: Iterative Optical Flow, SFD: Systematic Force Demons, DFD: Double Force 

Demons, FF: Free Form and ANACONDA: Anatomically Constrained Deformation Algorithm. 

  

     Table 5 shows that comparisons among sole registration methods in addition to ANACONDA 

method in terms of DSC using Kruskal-Wallis H-test and post-hoc test. Differences were 

significant in the median rating of the DSC values by the seven groupsIOF, B-Spline, SFD, DFD 

and FF, ANOCANDANo-controlling structures) and ANOCANDAcontrolling structures)) as 

examined by the Kruskal-Wallis H-test at the ߙ-Level ≤ 0.05. Therefore, the null hypothesis was 

rejected. Null hypothesis refers to the absence of systematic error in the analytical method. The 

term null means the observed and reference values are identical disregarding that owning to 

random variation. When the probability that chance falls lead to the observed difference, the null 

hypothesis is highly unlikely true null hypothesis is rejected). On the other hand, when the 

probability that there is no difference between the observed and reference values, the null 

hypothesis is highly likely true null hypothesis failed to reject) [34, 35]. Further test with Dunn’s 

Q post-hoc test demonstrated that the CBCT and controlling structures) ANACONDA valued the 

DSC significantly better than did the IOF, B-Spline, SFD, DFD, FF or non-controlling structures) 

and that difference was not significant in the scores between the CBCT and ANACONDA for 

bladder, target and rectum. It could therefore be inferred that sole algorithms failed to register the 

pCT to CBCT correctly and they were similar in their performance since the H-values were below 

5.99 at p value ≤ 0.05 and the H-values were over 5.99 at p value ≤ 0.05 when ANACONDA 
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method and CBCT were added to them. Furthermore, ANACONDA method succeeded to register 

the pCT to CBCT correctly since the H-values were below 5.99 at p value ≤ 0.05. 

Table5): Kruskal-Wallis H-test with post-hoc test. The critical value for the f-test at the ߙ-Level ≤ 0.05 is 5.99 obtained from the chi-square table. 
Sole algorithms Sole algorithms in addition to 

ANACONDA and CBCT 

method 

ANACONDA controlling structures) 

and CBCT method 

Critical 

organs 

H-

Value 

P-

Value 

Null 

hypothesis 

H-

Value 

P-

Value 

Null 

hypothesis 
H-Value P-Value 

Null 

hypothesis 

Bladder 1.55 0.46 
Fail to 

Reject 
13.18 0.0014 

Reject 

Null 

4.81 

 

0.09 

 

Fail to 

Reject 

 

Rectum 1.78 0.41 
Fail to 

Reject 
13.34 0.0013 

Reject 

Null 

0.10 0.95 Fail to 

Reject 

Target 0.88 0.65 
Fail to 

Reject 
13.34 0.0013 

Reject 

Null 

3.15 0.21 Fail to 

Reject 

* Legend: H-value:  Kruskal-Wallis H-test with post-hoc test; P-Value, CBCT: Cone Bean 

Computed Tomography and ANACONDA: Anatomically Constrained Deformation Algorithm. 

Discussion  

     In this study, the ability of fifteen DIR algorithms to propagate scan from pCT to CBCT images 

was extensively evaluated. Four registration methods, IOF, B-Spline and ANACONDA 

registration methods, succeeded in reproducing pCT HU values based on visual and quantitative 

evaluation. Figure 3, Figure 4 and Table 2), thereby decreasing uniformity of 75%), 65%),75%), 

77% and improving both CNRof 214%), 213%), 215%), 216%, and SNRof 108%), 107%),107%), 

107% relative to those of CBCT for phantom. As demonstrated in this study, all four registration 

methods were quantitatively efficient in propagating HU values such that the HU accuracy in dCT 

was comparable to that in pCT images indicating that the type of registration method played a 

minor role in modifying the pCT in terms of HU value propagation. 

 

     Compared to CBCT images, SSIM, PSNR, and MAE in patients in the results of the dCT 

images, Table 3 showed a significant improvement in the HU value. There were enhancements in 

SSIM of (5%, 3%, 3%, 3%, 5% and 4%), PSNR of (14%, 21%, 9%, 9%, 11% and 24%), and MAE 
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of (98%, 97%, 87%, 87%, 76% and 93%) relative to those of CBCT for patients with the IOF, B-

Spline, SFD, DFD, FF and ANACONDA registration methods, respectively.  

     Most studies have succeeded in calculating transformations and propagating the contour from 

pCT to CBCT using DVF with B-Spline algorithms [19, 36-37]. Thus, they reported good 

geometric agreement for the atypical anatomy of the pelvis encountered in the clinic. Interestingly, 

in contrast to these experimental findings, it was found that intensity-based registration and point-

based registration completely failed to sufficiently register both the global and local shapes of the 

pelvis without modifying the registration methods, yet the ANACONDA registration methods 

improved registration accuracy and the registration accuracy was comparable to the results of Yang 

et al. as in Table 4 [30]. 

Finite element models (FEMs)-based deformable registration algorithm is used in Hybrid DIR as 

a first condition using anatomical information, for instance the manual contouring on the pCT and 

CBCT and intensity-based algorithm is used as a second condition using the image intensity 

information. The evaluation is based on DSC that quantities the overlapping volume amount, and 

TRE that can only estimate the displacement between two structures; however, the spatial 

accuracy, including registration of the image within and outside the structure, is ignored in this 

assessment. Therefore, the spatial accuracy might be low for intensity, B-Spline and hybrid 

algorithms. The DSCs for the critical target, bladder and rectum using ANACONDA registration 

process were ≥ 0.9, which is comparable with the outcome of other study for intensity-based two-

step registration process [38]. In this registration process, the target and source images are 

contoured, registration is then performed using FEMs registration and the displacement vector 

fields from first registration is finally used to deform the floating images. Hybrid method and 

intensity based two-step registration process are basically different, and they are associated with 

advantages and disadvantages. An important aspect is that ANACONDA registration process 

matches both structure contours and image intensity after contouring without the intensity 

manipulation process converting the structure contours into further image intensity data. 

Therefore, the ANACONDA registration process could generate more accurate voxel mapping 

inside and outside the critical structures due to better utility of image intensity information and 

takes less time, but spatial accuracy has not been assessed yet. Therefore, further studies that 

compares ANACONDA with the intensity-based two-step registration and B-spline-based two-
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step registration processes are required so as to clarify the spatial DIR accuracy for these 

registration processes [38-39]. 

 

     As shown in Table 4. This might be due to the fact that DIRs are more prone to error in low-

contrast regions. Hence, failure of DIR in specifying sufficient contrast edges might occur, which 

prevents DIRs from correctly deriving intensity-based DIRs [18]. It succeeded in producing TRE 

and DSC comparable to cases with the same modality registration, within 0.3 cm TRE and ≥ 0.8 

DSC in the pelvis, consistent with suggestions of other publications [ 29, 40-42]. Furthermore, one 

aspect of the B-Spline algorithm is that it works well for images that are feature-rich with little or 

no ambiguity between the matching points in moving and base images. However, CBCT images 

have limitations that prevent successful registration between pCT and CBCT in addition to poor 

application of the algorithm or model limitations intrinsic to the algorithm. For instance, 

transmitted projections with high scatter photons in CBCT degrades the image quality, and 

prevents the algorithm of energy-minimizing splinessnakes) from measuring local variations in 

image valuesgradient ∇) accurately [43-46]. 

Conclusion 

Despite the fact that the B-Spline and IOF algorithms succeeded in satisfactorily registering the 

CIRS phantom, they failed to reproduce the geometry of prostate patient cases. Thus, to reproduce 

the geometry of the pelvis, further supplementary information of the organ is required to create an 

accurate DVF for the treatment target and critical structures, especially by combining the intensity 

override with the OF registration method or finite element models hybridized with intensity-based 

algorithm, as shown in the ANACONDA registration methods. 
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