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Abstract

:

(1) Purpose: Challenges remain in dose accumulation for cervical cancer radiotherapy combined with external beam radiotherapy (EBRT) and brachytherapy (BT) as there are many large and complex organ deformations between different treatments. This study aims to improve deformable image registration (DIR) accuracy with the introduction of multi-metric objectives for dose accumulation of EBRT and BT. (2) Materials and methods: Twenty cervical cancer patients treated with EBRT (45–50 Gy/25 fractions) and high-dose-rate BT (≥20 Gy in 4 fractions) were included for DIR. The multi-metric DIR algorithm included an intensity-based metric, three contour-based metrics, and a penalty term. Nonrigid B-spine transformation was used to transform the planning CT images from EBRT to the first BT, with a six-level resolution registration strategy. To evaluate its performance, the multi-metric DIR was compared with a hybrid DIR provided by commercial software. The DIR accuracy was measured by the Dice similarity coefficient (DSC) and Hausdorff distance (HD) between deformed and reference organ contours. The accumulated maximum dose of 2 cc (D2cc) of the bladder and rectum was calculated and compared to simply addition of D2cc from EBRT and BT (ΔD2cc). (3) Results: The mean DSC of all organ contours for the multi-metric DIR were significantly higher than those for the hybrid DIR (p ≤ 0.011). In total, 70% of patients had DSC > 0.8 using the multi-metric DIR, while 15% of patients had DSC > 0.8 using the commercial hybrid DIR. The mean ΔD2cc of the bladder and rectum for the multi-metric DIR were 3.25 ± 2.29 and 3.54 ± 2.02 GyEQD2, respectively, whereas those for the hybrid DIR were 2.68 ± 2.56 and 2.32 ± 3.25 GyEQD2, respectively. The multi-metric DIR resulted in a much lower proportion of unrealistic D2cc than the hybrid DIR (2.5% vs. 17.5%). (4) Conclusions: Compared with the commercial hybrid DIR, the introduced multi-metric DIR significantly improved the registration accuracy and resulted in a more reasonable accumulated dose distribution.
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1. Introduction


The standard treatment for locally advanced cervical cancer is concurrent chemotherapy and radiotherapy. The radiotherapy involves external beam radiotherapy (EBRT) followed by brachytherapy (BT). Nowadays, 3D image-guided radiotherapy has been widely used in both EBRT and BT, which allows evaluating dose-volume histogram (DVH) and 3D dose distributions [1]. Ideally, the 3D dose distribution of both treatment modes should be summed to assess the total doses to target volumes and organs at risk (OARs). However, EBRT and BT are implemented independently, resulting in multiple fractional dose distributions associated with different planning images. As these images are acquired at different times and under different conditions, many factors could cause large and complex organ deformations, such as the insertion of BT applicators, varied organ filling, bowel gas, and tumor shrinkage. Therefore, image registration is difficult, making it less accurate to accumulate multi-fractional dose distributions. Currently, a common approach to assess total doses to OARs is simply adding both DVH parameters of EBRT and BT without image registration. This approach is called “worst case assumption” in the GEC ESTRO recommendations, assuming that the high-dose region is located in the same part of the OAR in each treatment. It is not always true, especially in the case of significant dose gradients from external beam boosts.



Deformable image registration (DIR) is an effective method to deal with complex registration problems. This method accounts for anatomic variations and provides a spatial transformation relationship between the volume elements of corresponding structures across different images. This nonrigid transformation can be applied to dose distributions, thereby enabling dose accumulation with high precision. The similarity metrics used for registration can be classified into two categories: Geometry-based metrics and intensity-based metrics [2]. Jamema et al. reviewed image registration in gynecological radiotherapy and showed that hybrid DIR methods with multiple metrics would result in higher registration accuracy [3]. These methods may be performed using commercial software, such as MIM Maestro (MIM Software Inc., Cleveland, OH, USA) [4,5,6,7,8], Velocity (Varian Medical Systems, Palo Alto, Santa Clara, CA, USA) [9,10,11,12], RayStation (RaySearch Laboratories, Stockholm, Sweden) [13,14], etc. [15]. A DIR algorithm involves a large number of parameters, which should be adjusted for different applications. However, in commercial software, the parameter settings are universal and mostly cannot be specified by users. This may cause undesired registration results in dealing with large and complex organ deformations. Recently, several in-house developed DIR methods demonstrated their success in registering complex deformations for combined cervical cancer radiotherapy [16,17,18,19,20,21,22,23]. However, most of these methods aimed at specified organs and lacked adequate clinical validation to be widely used. Among them, Elastix is a free, open-source software package for DIR, consisting of a collection of DIR algorithms to solve various image registration problems [24,25]. It has proven to be effective for image registration in head and neck, lung, liver, and other cancers [26,27,28,29]. We also have applied it for post-operative breast cancer radiotherapy in previous studies [30,31].



In this study, we employed a multi-metric DIR method with a penalty term provided by Elastix. The parameter setting was fine-tuned to improve the registration accuracy. The DIR performance was quantitively evaluated by comparing it to a commercial hybrid DIR method. The accumulated doses of OARs achieved by both DIR methods were analyzed.




2. Materials and Methods


2.1. Patient Data


A total of 20 cervical cancer patients (stages IB2-IIIC2r) treated with a combination of EBRT and BT were retrospectively selected for this study. EBRT was delivered to the pelvis with a total dose of 45–50 Gy in 25 fractions using volumetric-modulated arc therapy (VMAT) with 6 MV X-rays. Eleven patients received an additional simultaneous integrated boost of 10–15 Gy to involved lymph nodes in the bilateral parametria, which did not overlap the BT boost region. The EBRT plan was optimized to ensure that 100% of the prescription dose covers at least 95% of the target volume while minimizing the doses of OARs. CT-guided high-dose-rate BT was delivered using tandem/ovoid applicators and interstitial needles (if needed). The BT plan was manually optimized according to the dose constraints of OARs. The fraction dose was normalized to cover 90% of the high-risk CTV, ranging from 5 to 7 Gy.



CT scans were performed with a Brilliance CT Big Bore (Philips, Amsterdam, Netherlands) or a Somatom Definition AS 40 (Siemens Healthcare, Forchheim, Germany) with a 512 × 512 matrix. The CT slice thickness was 5 mm for EBRT and 3 mm for BT, respectively. Organs were delineated by one radiation oncologist on the treatment planning CT for both EBRT and BT. For reference, diagnostical MRI was used. The mean volume of the bladder delineated in CT images for EBRT was significantly larger than that for BT (369.75 ± 168.76 vs. 170.99 ± 103.83 cc, p < 0.001). While the mean volume of the rectum in CT images for EBRT was statistically smaller than that for BT (50.00 ± 20.74 vs. 56.91 ± 31.87 cc, p < 0.001).




2.2. Preprocessing


Intensity-based DIR prefers a consistent image set for higher accuracy. However, the CT numbers between the EBRT and BT images are inconsistent, such as bowel gas and the presence of BT applicator and vaginal packing. To minimize these effects, we additionally delineated the whole uterus and vagina (U + V) to include the entire applicator and vaginal packing. The CT numbers inside the bladder, rectum, and U + V contours for both CT sets were revised to 0, 30, and 60 Hounsfield units, respectively, according to their average CT numbers. Figure 1 shows a BT image after preprocessing.




2.3. Registration


The framework of the multi-metric DIR is shown in Figure 2. The planning CT of EBRT was set as the moving image and registered to the planning CT of the first BT fraction. Two types of similarity metrics, mutual information (MI) and kappa statistics (KS), were adopted. The MI is an intensity-based metric that makes use of image voxel intensity for registration. It is defined as [32]:


  M I   μ ;    I F  ,    I M    =   ∑   f ∈  L F      ∑   m ∈  L M    p   f , m ; μ     log  2      p   f , m ; μ      p F   f   p M    m ; μ        



(1)




where µ is the vector that contains the values of transformation parameters, LF and LM are the discrete sets of intensities associated with the fixed (IF) and moving images (IM), respectively, p is the discrete joint probability density function, and pF and pM are obtained by summing p over f and m, respectively. The KS is a contour-based metric used to achieve the maximum overlap between the corresponding contours of paired images. The definition of the KS is:


  K S   μ ;    I F  ,    I M    =   2   ∑    x i  ∈  Ω F     1   I F     x i    = f ,  I M     T μ     x i      = f       ∑    x i  ∈  Ω F     1   I F     x i    = f   +  1   I M     T μ     x i      = f      



(2)




where 1 is the indicator function, and f is a user-defined foreground value that defaults to 1. In this study, we used the bladder, rectum, and U + V as three KS metrics for the registration. Additionally, a penalty to regularize the nonrigid transformation was used, called the transform bending energy penalty. It is defined in 2D as:


   p  B E    μ  =  1 P    ∑     x ˜  i    ‖    ∂ 2  T   ∂ x ∂  x T         x ˜  i      ‖ F 2   



(3)




where P is the number of points     x ˜  i   , and the tilde denotes the difference between a variable and a given point over which a term is evaluated. As can be seen, it could penalize sharp deviations in the transformation, such as foldings. The transformation parameters can be found by minimizing a cost function to achieve the best image alignment according to the similarity metric. For this multi-metric DIR, the cost function can be formulated as:


  C =    w  M I   M I +  w B  K  S B  +  w R  K  S R  +  w  U + V   K  S  U + V   +  w P   p  B E      w  M I   +  w B  +  w R  +  w  U + V   +  w P     



(4)







The weights for the metrics were determined as: wMI:wB:wR:wU+V:wp = 20:1:1:2:1000, through the grid search method.



In terms of image transform, we used a common three-step strategy: First rigid, then affine, and finally, B-spline transformations. The B-spline transformation adopted a six-level resolution registration strategy. In each resolution level, a Gaussian pyramid was used to smooth and down-sampled the images. An advanced stochastic gradient descent method was used for optimization in each level, with a maximum iteration number of 2000. The grid spacing of the B-spline transformation in the finest resolution level for MI, bladder, rectum, and U + V was specified with 16, 12, 8, and 10 voxels, respectively. Free, open-source software, 3D Slicer, was employed for data analysis and visualization [33]. The multi-metric DIR was performed using SlicerElastix extension of 3D Slicer on an Inter® CoreTM (Intel Core, Santa Clara, CA, USA) dual-core processor (3.0 GHz).




2.4. Evaluation


To evaluate the performance of the multi-metric DIR, we compared it with a hybrid DIR provided by commercial software, MIM maestro (MIM Software, Cleveland, OH, USA). The hybrid DIR is also a combination of both contour-based and intensity-based DIR. For an effective comparison, the images and contours used for the two DIR methods were the same. To prevent unrealistic deformations from occurring, the dynamic regularization was activated, and the smoothness factor was set to 0.7.



The DIR accuracy was quantitatively evaluated by computing the Dice similarity coefficient (DSC) and Hausdorff distance (HD) between the BT contour and the deformed EBRT contour in the BT image space. The DSC is used to evaluate the degree of agreement between the referenced (A) and deformed (B) contours, which is calculated by [34]:


  D S C =   2   A ∩ B     A + B    



(5)







The DSC value ranges from 0 to 1, with 0 being no spatial overlap and 1 perfect agreement. The HD is used to measure the degree of mismatch between two contours by measuring the distance of the point of A that is farthest from any point of B and vice versa [35]. It is defined as:


  H D   A , B   = m a x   h   A , B   , h   B , A      



(6)




where


  h   A , B   =   max   a ∈ A       min   b ∈ B   ‖ a − b ‖    



(7)




and   ‖ · ‖   is some underlying norm on the points of A and B. The statistical significance of the results was proven with a two-sided paired t-test at 5%-level significance.




2.5. Dose Accumulation


For the purpose of dose accumulation, all doses were converted into the equivalent doses in 2 Gy fraction (EQD2) using the linear quadratic model with α/β = 10 Gy for tumor and α/β = 3 Gy for normal tissues. This study aimed at the registration between EBRT and BT rather than multi-fractionated BT. For the sake of simplicity, we only used the first fractional BT dose and magnified it four times to represent the total BT dose. The deformation fields obtained from the DIR process were applied to the EBRT dose distributions for dose accumulation. According to published guidelines, minimal dose received by the most irradiated 2 cc volume (D2cc) of bladder and rectum were critical dosimetric parameters that correlate with an increased risk of radiation toxicity [1]. We calculated total D2cc by two approaches: Simply addition of D2cc values from EBRT and BT and accumulated DVH using DIR. The difference of D2cc (ΔD2cc) between the two approaches (simply DVH addition minus dose accumulation) was analyzed.





3. Results


3.1. Registration Accuracy


The DSC and HD results of the bladder, rectum, and U + V are listed in Table 1. Compared to the hybrid DIR, the multi-metric DIR resulted in significantly higher DSC values for all contours, especially for the bladder and rectum (p ≤ 0.001). In total, 70% of the patients had the DSC values of all contours higher than 0.8. However, the percentage for the hybrid DIR was only 15%. The mean HD for the multi-metric DIR was also lower than that for the hybrid DIR.



Additionally, we analyzed the relationship between the registration accuracy and the volume change from EBRT to BT for the bladder and rectum, respectively. The volume ratio is defined as VBT/VEBRT. As shown in Figure 3, the DSC and HD values of both bladder and rectum for the hybrid DIR had more evident fluctuations with the changes in volume ratio. In terms of the bladder, the DSC showed a significant decline, while the HD showed a significant increase when the volume ratio was below 25%. However, for the rectum, the variation rules of both DSC and HD were not evident because the variation of the rectal volume ratio was relatively small (from 80% to 150%).




3.2. Dosimetric Accuracy


Figure 4 shows the results of ΔD2cc results achieved by the two DIR methods. The mean ΔD2cc of the bladder and rectum for the multi-metric DIR were 3.25 ± 2.29 and 3.54 ± 2.02 GyEQD2, respectively, and those for the hybrid DIR were 2.68 ± 2.56 and 2.32 ± 3.25 GyEQD2, respectively. As can be seen in Figure 4, the hybrid DIR had two negative ΔD2cc of the bladder and five negative ΔD2cc of the rectum. Obviously, these were all unreal. The proportion of unrealistic cases was 17.5%. Whereas the multi-metric DIR had only one negative ΔD2cc of the bladder. The unrealistic case proportion was 2.5%. As the patient order of Figure 4b was the same as Figure 3b, it is worth noting that the unrealistic rectal D2cc mainly occurred when the rectal volume ratio was above 110%. Figure 5 shows the registration results and the corresponding accumulated dose distributions for one patient using the two DIR methods.





4. Discussion


Dose accumulation of EBRT and BT is critical to evaluate the total biologic effective dose to targets and OARs for combined cervical cancer radiotherapy. For a more accurate accumulated dose distribution, a multi-metric DIR method based on the Elastix software was employed, which included an intensity-based metric, three contour-based metrics, and a penalty term. Reviewing previous studies, different patient data and methods used for DIR would lead to considerably different results. For example, the mean rectal DSC reported by three studies were 0.75, 0.85, and 0.92, respectively, although they used the same software for DIR [10,11,12]. Therefore, we did not compare our results with those published in other literature but rather chose a commercial hybrid DIR method that uses the same metrics as the multi-metric DIR for comparison. The results showed that the multi-metric DIR has higher accuracy than the hybrid DIR. This is mainly because the open-source Elastix software allows users to pick appropriate components and optimize parameters for a specific registration application. Through grid search, we made the parameter setting of multi-metric DIR more effective in dealing with registration tasks of large and complex organ deformations.



The metric weight is one of the most important parameters for registration. The intensity-based metric is used for global registration and may lead to a low DSC value of interested contour, whereas the contour-based metric only focuses on the specified contour surface and may cause unrealistic deformations. There is a need to find a balance between the weights of the two types of metrics. With the grid search method, the optimal weights of the two metrics are 20:1, and the metric weights of the bladder, rectum, and U + V are 1:1:2. The six-level resolution registration is an efficient strategy to deal with large deformations. The grid spacing in the last resolution level is also an important parameter that affects registration accuracy. A large grid spacing can match large structures but skip small structures. On the other hand, a small grid spacing may improve the accuracy but may also cause unrealistic deformations. The final grid spacing for bladder, rectum, and U + V (12:8:10 in voxel) were set according to their volumes.



After reviewing the registration results, we found that volume shrinkage of the bladder and rectum from EBRT to BT would cause foldings. To minimize this influence, the transform bending energy penalty was added to the cost function. In our experience, the relative weight of the penalty ranging from 100 to 1000 could effectively reduce foldings while having little impact on the DSC values. For the same purpose, the hybrid DIR used the smoothness factor and activated dynamic regularization. However, their effect is less. There were still a lot of foldings, while the DSC values were also impacted when the smoothness factor was set to 0.7.



The main cause of the unrealistic deformations is the volumetric change of organs between the CT sets. As can be seen in Figure 3, the larger the volumetric change, the more difficult the registration task, and the more evident the fluctuations of the DSC values. The fluctuations were especially larger for the hybrid DIR. Furthermore, the unrealistic rectal D2cc mainly occurred when the rectal volume ratio was above 110%. These suggested that the volumetric changes of the bladder and rectum should be minimized if applying DIR in clinical registration tasks. For example, a Foley catheter could be placed in the bladder before each treatment. Nevertheless, the multi-metric DIR still resulted in 70% of the patients with all DSC values reaching the requirement given by AAPM TG 132 report (0.8–0.9). Therefore, it is reasonable to believe that the multi-metric DIR could be feasible if the volumetric changes were well controlled. One drawback is that the multi-metric DIR takes a relatively long time for preprocessing and optimization. Usually, the optimization process needs to take a few minutes to obtain an optimal result. By contrast, the hybrid DIR only takes less than a minute. This suggests that the efficiency of multi-metric DIR should be further improved in the future.



The limitation of this study is that it only focused on the registration between EBRT and BT. Because most patients in our hospital are not treated with CT-guided BT in each fraction, we did not discuss the inter-fraction variations during BT treatment. According to the study of Jamema et al., the spatial location of the D2cc region of bladder and rectum is quite stable for each BT fraction [36]. Thus, we believe it is reasonable to use the magnified BT dose of the first fraction to represent the total D2cc of bladder and rectum from BT, although it is not the actual total BT dose.



However, it should be pointed out that although the accuracy of the multi-metric DIR was significantly improved, it still could not prevent unrealistic dose accumulation from occurring. Moreover, there is no relationship found between the DSC values and the unrealistic dosimetric results, indicating that the DSC is not sufficient to evaluate the accuracy of dose accumulation. Chetty et al. reviewed several approaches to estimate the impact of DIR uncertainties on dose mapping [37]. However, at present, there is a lack of straightforward measures to qualitatively or quantitatively assess the accuracy of the deformed dose distributions. Considering that DIR may cause various uncertainties and the ΔD2cc is only around 3 Gy, DVH addition is still a reliable approach to assess the total doses of targets and OARs, as recommended in refs. [3,38,39]. The multi-metric DIR requires further development for accuracy and efficiency before being ready for clinical application.




5. Conclusions


In this study, we introduced a multi-metric DIR method based on open-source Elastix software. Compared to the commercial hybrid DIR, the multi-metric DIR has higher accuracy and can achieve a more reasonable accumulated dose distribution, suggesting that it has potential for clinical application.







Author Contributions


Conceptualization, Q.F. and X.X.; data curation, J.A. and M.H.; formal analysis, Y.X., J.Z. and X.Y.; funding acquisition, Q.F.; investigation, Q.F. and X.X.; methodology, Q.F. and X.X.; project administration, J.D.; resources, J.A. and M.H.; software, X.X. and W.X.; supervision, H.Y. and J.D.; validation, Y.X., J.Z. and X.Y.; visualization, Q.F.; writing—original draft, Q.F.; writing—review & editing, Q.F., X.X. and H.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Beijing Hope Run Special Fund of Cancer Foundation of China, grant number LC2019B10.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of National Cancer Center/Cancer Hospital, Chinese Academy of Medial Sciences and Peking Union Medical College (protocol code 2023020809270002 and 8 February 2023).




Informed Consent Statement


Written informed consent has been exempted.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Potter, R.; Haie, M.C.; Van, L.E.; Barillot, I.; De, B.M.; Dimopoulos, J.; Dumas, I.; Erickson, B.; Lang, S.; Nulens, A.; et al. Recommendations from gynaecological (GYN) GEC ESTRO working group (II): Concepts and terms in 3D image-based treatment planning in cervix cancer brachytherapy-3D dose volume parameters and aspects of 3D image-based anatomy, radiation physics, radiobiology. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2006, 78, 67–77. [Google Scholar] [CrossRef] [PubMed]

	



Brock, K.K.; Mutic, S.; McNutt, T.R.; Li, H.; Kessler, M.L. Use of image registration and fusion algorithms and techniques in radiotherapy: Report of the AAPM Radiation Therapy Committee Task Group No. 132. Med. Phys. 2017, 44, e43–e76. [Google Scholar] [CrossRef] [PubMed]

	



Swamidas, J.; Kirisits, C.; De Brabandere, M.; Hellebust, T.P.; Siebert, F.A.; Tanderup, K. Image registration, contour propagation and dose accumulation of external beam and brachytherapy in gynecological radiotherapy. Radiother. Oncol. 2020, 143, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Tait, L.M.; Hoffman, D.; Benedict, S.; Valicenti, R.; Mayadev, J.S. The use of MRI deformable image registration for CT-based brachytherapy in locally advanced cervical cancer. Brachytherapy 2016, 15, 333–340. [Google Scholar] [CrossRef]

	



Flower, E.; Do, V.; Sykes, J.; Dempsey, C.; Holloway, L.; Summerhayes, K.; Thwaites, D.I. Deformable image registration for cervical cancer brachytherapy dose accumulation: Organ at risk dose–volume histogram parameter reproducibility and anatomic position stability. Brachytherapy 2017, 16, 387–392. [Google Scholar] [CrossRef]

	



Abe, T.; Tamaki, T.; Makino, S.; Ebara, T.; Hirai, R.; Miyaura, K.; Kumazaki, Y.; Ohno, T.; Shikama, N.; Nakano, T.; et al. Assessing cumulative dose distributions in combined radiotherapy for cervical cancer using deformable image registration with pre-imaging preparations. Radiother. Oncol. 2014, 9, 293. [Google Scholar] [CrossRef]

	



Teo, B.K.; Millar, L.P.B.; Ding, X.; Lin, L.L. Assessment of cumulative external beam and intracavitary brachytherapy organ doses in gynecologic cancers using deformable dose summation. Radiother. Oncol. 2015, 115, 195–202. [Google Scholar] [CrossRef]

	



Mohammadi, R.; Mahdavi, S.R.; Jaberi, R.; Siavashpour, Z.; Janani, L.; Meigooni, A.S.; Reiazi, R. Evaluation of deformable image registration algorithm for determination of accumulated dose for brachytherapy of cervical cancer patients. J. Contemp. Brachyther. 2019, 11, 469. [Google Scholar] [CrossRef]

	



Kim, H.; Huq, M.S.; Houser, C.; Beriwal, S.; Michalski, D. Mapping of dose distribution from IMRT onto MRI-guided high dose rate brachytherapy using deformable image registration for cervical cancer treatments: Preliminary study with commercially available software. J. Contemp. Brachyther. 2014, 6, 178–184. [Google Scholar] [CrossRef]

	



Chapman, C.H.; Polan, D.; Vineberg, K.; Jolly, S.; Maturen, K.E.; Brock, K.K.; Prisciandaro, J.I. Deformable image registration based contour propagation yields clinically acceptable plans for MRI based cervical cancer brachytherapy planning. Brachytherapy 2018, 17, 360–367. [Google Scholar] [CrossRef]

	



Van Heerden, L.E.; Visser, J.; Koedooder, K.; Rasch, C.R.; Pieters, B.R.; Bel, A. Role of deformable image registration for delivered dose accumulation of adaptive external beam radiation therapy and brachytherapy in cervical cancer. J. Contemp. Brachyther. 2018, 10, 542. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, K.; Isohashi, F.; Akino, Y.; Wakai, N.; Mabuchi, S.; Suzuki, O.; Seo, Y.; Ootani, Y.; Sumida, I.; Yoshioka, Y.; et al. Estimation of the total rectal dose of radical external beam and intracavitary radiotherapy for uterine cervical cancer using the deformable image registration method. J. Radiat. Res. 2015, 56, 546–552. [Google Scholar] [CrossRef] [PubMed]

	



Kadoya, N.; Miyasaka, Y.Y.; Yamamoto, T.; Kuroda, Y.; Ito, K.; Chiba, M.; Nakajima, Y.; Takahashi, N.; Kubozono, M.; Umezawa, R.; et al. Evaluation of rectum and bladder dose accumulation from external beam radiotherapy and brachytherapy for cervical cancer using two different deformable image registration techniques. J. Radiat. Res. 2017, 58, 720–728. [Google Scholar] [CrossRef]

	



Rigaud, B.; Klopp, A.; Vedam, S.; Venkatesan, A.; Taku, N.; Simon, A.; Haigron, P.; de Crevoisier, R.; Brock, K.K.; Cazoulat, G. Deformable image registration for dose mapping between external beam radiotherapy and brachytherapy images of cervical cancer. Phys. Med. Biol. 2019, 64, 115023. [Google Scholar] [CrossRef] [PubMed]

	



Van Heerden, L.E.; Houweling, A.C.; Koedooder, K.; van Kesteren, Z.; van Wieringen, N.; Rasch, C.R.N.; Pieters, B.R.; Bel, A. Structure-based deformable image registration: Added value for dose accumulation of external beam radiotherapy and brachytherapy in cervical cancer. Radiother. Oncol. 2017, 123, 319–324. [Google Scholar] [CrossRef] [PubMed]

	



Reniers, B.; Janssens, G.; Orban de Xivry, J.O.; Landry, G.; Verhaegen, F. Dose distribution for gynecological brachytherapy with dose accumulation between insertions: Feasibility study. Brachytherapy 2016, 15, 504–513. [Google Scholar] [CrossRef] [PubMed]

	



Bondar, L.; Hoogeman, M.S.; Vásquez Osorio, E.M.; Heijmen, B.J. A symmetric nonrigid registration method to handle large organ deformations in cervical cancer patients. Med. Phys. 2010, 37, 3760–3772. [Google Scholar] [CrossRef]

	



Rodriguez-Vila, B.; Garcia-Vicente, F.; Gomez, E.J. Methodology for registration of distended rectums in pelvic CT studies. Med. Phys. 2012, 39, 6351–6359. [Google Scholar] [CrossRef]

	



Vásquez Osorio, E.M.; Kolkman-Deurloo, I.K.K.; Schuring-Pereira, M.; Zolnay, A.; Heijmen, B.J.; Hoogeman, M.S. Improving anatomical mapping of complexly deformed anatomy for external beam radiotherapy and brachytherapy dose accumulation in cervical cancer. Med. Phys. 2015, 42, 206–220. [Google Scholar] [CrossRef]

	



Andersen, E.S.; Muren, L.P.; Sørensen, T.S.; Noe, K.O.; Thor, M.; Petersen, J.B.; Høyer, M.; Bentzen, L.; Tanderup, K. Bladder dose accumulation based on a biomechanical deformable image registration algorithm in volumetric modulated arc therapy for prostate cancer. Phys. Med. Biol. 2012, 57, 7089. [Google Scholar] [CrossRef]

	



Zhen, X.; Chen, H.; Yan, H.; Zhou, L.; Mell, L.K.; Yashar, C.M.; Jiang, S.; Jia, X.; Gu, X.; Cervino, L. A segmentation and point-matching enhanced efficient deformable image registration method for dose accumulation between HDR CT images. Phys. Med. Biol. 2015, 60, 2981. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, E.S.; Noe, K.Ø.; Sørensen, T.S.; Nielsen, S.K.; Fokdal, L.; Paludan, M.; Lindegaard, J.C.; Tanderup, K. Simple DVH parameter addition as compared to deformable registration for bladder dose accumulation in cervix cancer brachytherapy. Radiother. Oncol. 2013, 107, 52–57. [Google Scholar] [CrossRef] [PubMed]

	



Rigaud, B.; Cazoulat, G.; Vedam, S.; Venkatesan, A.M.; Peterson, C.B.; Taku, N.; Klopp, A.H.; Brock, K.K. Modeling complex deformations of the sigmoid colon between external beam radiation therapy and brachytherapy images of cervical cancer. Int. J. Radiat. Oncol. Biol. Phys. 2020, 106, 1084–1094. [Google Scholar] [CrossRef] [PubMed]

	



Klein, S.; Staring, M.; Murphy, K.; Viergever, M.A.; Pluim, J.P. elastix: A toolbox for intensity-based medical image registration. IEEE Trans. Med. Imaging 2010, 29, 196–205. [Google Scholar] [CrossRef]

	



Shamonin, D.P.; Bron, E.E.; Lelieveldt, B.P.; Smits, M.; Klein, S.; Staring, M.; Alzheimer’s Disease Neuroimaging Initiative. Fast parallel image registration on CPU and GPU for diagnostic classification of Alzheimer’s disease. Front. Neuroinform. 2013, 7, 50. [Google Scholar] [CrossRef]

	



Staring, M.; Klein, S.; Reiber, J.H.C.; Niessen, W.J.; Stoel, B.C. Pulmonary image registration with elastix using a standard intensity-based algorithm. Med. Image Anal. Clin. A Grand Chall. 2010, 73–79. [Google Scholar]

	



Broggi, S.; Scalco, E.; Belli, M.L.; Logghe, G.; Verellen, D.; Moriconi, S.; Chiara, A.; Palmisano, A.; Mellone, R.; Fiorino, C.; et al. A comparative evaluation of 3 different free-form deformable image registration and contour propagation methods for head and neck MRI: The case of parotid changes during radiotherapy. Technol. Cancer Res. Treat. 2017, 16, 373–381. [Google Scholar] [CrossRef]

	



Zukauskaite, R.; Brink, C.; Hansen, C.R.; Bertelsen, A.; Johansen, J.; Grau, C.; Eriksen, J.G. Open-source deformable image registration system for treatment planning and recurrence CT scans. Strahlenther. Onkol. 2016, 192, 545–551. [Google Scholar] [CrossRef]

	



Akbarzadeh, A.; Gutierrez, D.; Baskin, A.; Ay, M.R.; Ahmadian, A.; Riahi Alam, N.; Lövblad, K.O.; Zaidi, H. Evaluation of whole-body MR to CT deformable image registration. J. Appl. Clin. Med. Phys. 2013, 14, 238–253. [Google Scholar] [CrossRef]

	



Xie, X.; Song, Y.; Ye, F.; Yan, H.; Wang, S.; Zhao, X.; Dai, J. Improving deformable image registration with point metric and masking technique for postoperative breast cancer radiotherapy. Quant. Imaging Med. Surg. 2021, 11, 1196–1208. [Google Scholar] [CrossRef]

	



Xie, X.; Song, Y.; Ye, F.; Yan, H.; Wang, S.; Zhao, X.; Dai, J. The application of multiple metrics in deformable image registration for target volume delineation of breast tumor bed. J. Appl. Clin. Med. Phys. 2022, 20, e13793. [Google Scholar] [CrossRef] [PubMed]

	



Thévenaz, P.; Unser, M. Optimization of mutual information for multiresolution image registration. IEEE Trans. Image Process. A Publ. IEEE Signal Process. Soc. 2000, 9, 2083–2099. [Google Scholar] [CrossRef]

	



Pinter, C.; Lasso, A.; Wang, A.; Jaffray, D.; Fichtinger, G. SlicerRT: Radiation therapy research toolkit for 3D Slicer. Med. Phys. 2012, 39, 6332–6338. [Google Scholar] [CrossRef] [PubMed]

	



Dice, L.R. Measures of the amount of ecologic association between species. Ecology 1945, 26, 297–302. [Google Scholar] [CrossRef]

	



Huttenlocher, D.P.; Klanderman, G.A.; Rucklidge, W.J. Comparing images using the Hausdorff distance. IEEE Trans. Pattern Anal. Mach. Intell. 1993, 15, 850–863. [Google Scholar] [CrossRef]

	



Jamema, S.V.; Mahantshetty, U.; Tanderup, K.; Malvankar, D.; Sharma, S.; Engineer, R.; Chopra, S.; Shrivastava, S.K.; Deshpande, D.D. Inter-application variation of dose and spatial location of D(2cm(3)) volumes of OARs during MR image based cervix brachytherapy. Radiother. Oncol. 2013, 107, 58–62. [Google Scholar] [CrossRef]

	



Chetty, I.J.; Rosu-Bubulac, M. Deformable Registration for Dose Accumulation. Semin. Radiat. Oncol. 2019, 29, 198–208. [Google Scholar] [CrossRef] [PubMed]

	



Potter, R.; Kirisits, C.; Erickson, B.; Haie-Meder, C.; Van Limbergen, E.; Lindegaard, J.C.; Rownd, J.; Tanderup, K.; Thomadsen, B.R.; DeLuca, P.M. ICRU report no. 89: Prescribing, recording, and reporting brachytherapy for cancer of the cervix. JICRU 2013, 13, 1–258. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, Y.C.; Benedict, S.H.; Dyer, B.; Price, M.; Rong, Y.; Ravi, A.; Leung, E.; Beriwal, S.; Bernard, M.E.; et al. Dose Summation Strategies for External Beam Radiation Therapy and Brachytherapy in Gynecologic Malignancy: A Review from the NRG Oncology and NCTN Medical Physics Subcommittees. Int. J. Radiat. Oncol. Biol. Phys. 2021, 111, 999–1010. [Google Scholar] [CrossRef]








[image: Jpm 13 00323 g001 550] 





Figure 1. An example of sagittal BT image after preprocessing. The cyan, orange, and red contours represent bladder, rectum, and U + V, respectively. 
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Figure 2. Flowchart of the multi-metric DIR process. 
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Figure 3. The changes of DSC (a) and HD (b) values with respect to the volume ratio of BT to EBRT for bladder and those (c,d) for rectum. Note that the orders of the patients between (a,b) and (c,d) are different. 
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Figure 4. ΔD2cc of (a) bladder and (b) rectum achieved by both multi-metric and hybrid DIR methods. The orders of the patients in (a,b) are consistent with those in Figure 3a–d, respectively. 
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Figure 5. The registration results (a,b) achieved by the multi-metric and hybrid DIR methods, respectively, and their corresponding accumulated dose distributions (c,d) for one patient. The reference bladder, rectum, and U + V are shown in cyan, orange, and red, respectively, and the corresponding deformed contours are shown in blue, yellow, and pink, respectively. 
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Table 1. DSC and HD of bladder, rectum, and U + V between multi-metric and hybrid DIR (mean ± standard deviation).
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Contour

	
Parameters

	
Multi-Metric

	
Hybrid

	
p-Value






	
Bladder

	
DSC

	
0.84 ± 0.09

	
0.76 ± 0.15

	
0.001




	
HD (mm)

	
18.68 ± 9.99

	
41.98 ± 28.27

	
<0.001




	
Rectum

	
DSC

	
0.84 ± 0.04

	
0.77 ± 0.07

	
<0.001




	
HD (mm)

	
14.23 ± 7.89

	
17.35 ± 10.01

	
0.155




	
U + V

	
DSC

	
0.89 ± 0.02

	
0.86 ± 0.05

	
0.011




	
HD (mm)

	
16.92 ± 5.92

	
17.56 ± 9.85

	
0.756
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