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Objective

The purpose of this study was to investigate the target dose discrepancy caused by intrafraction variation during stereotactic body radiotherapy (SBRT) for lung cancer.



Methods

Intensity-modulated radiation therapy (IMRT) plans were designed based on average computed tomography (AVG CT) utilizing the planning target volume (PTV) surrounding the 65% and 85% prescription isodoses in both phantom and patient cases. Variation was simulated by shifting the nominal plan isocenter along six directions from 0.5 mm to 4.5 mm with a 1-mm step size to produce a series of perturbed plans. The dose discrepancy between the initial plan and the perturbed plans was calculated as the percentage of the initial plan. Dose indices, including ΔD99 for internal target volume (ITV) and gross tumor volume (GTV), were adopted as endpoint samples. The mean dose discrepancy was calculated under the 3-dimensional space distribution.



Results

We found that motion can lead to serious dose degradation of the target and ITV in lung SBRT, especially during SBRT with PTV surrounding the lower isodose line. Lower isodose line may lead to larger dose discrepancy, while make steeper dose fall-off gradient. This phenomenon was compromised when 3-dimensional space distribution was considered.



Discussion

This result may provide a prospective reference for target dose degradation due to motion during lung SBRT treatment.
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Introduction

It is known to be different from conventional radiotherapy, stereotactic body radiotherapy (SBRT) with altered dose-fraction regimens is increasingly being utilized in the management of early-stage lung cancer (1, 2). SBRT has demonstrated significant improvements in local control and overall survival (3). In lung SBRT, a high dose is delivered to the tumor with a highly conformal beam arrangement, with minimal dose delivered to critical nearby normal tissues (4). However, respiratory-induced target motion may lead to tumor geometric uncertainty, thereby reducing local control and increasing the chance of off-target radiation delivery to nearby organs (5). Therefore, respiratory motion must be managed and controlled during both simulation and treatment.

Four-dimensional computed tomography (4DCT) has been already a standard radio imaging tool, as it is capable of detecting motion and deformation of the entire tumor during a breathing period (6). Utilizing 4DCT in planning target volume(PTV) design is currently the most popular method to compensate for respiratory-induced target motion in treatment planning (7). The target manifested on the 4DCT images is assumed to represent the target motion during treatment, although respiratory patterns may change with time and intrafraction variation (IFV) can occur (8, 9). Due to tight PTV margins and steep dose gradients in SBRT, such significant geographic errors can result in unnecessary irradiation of healthy tissues and compromise dosage to the target. Due to the target deformation, amplitude of tumor movement, and imaging artifact in the 4DCT, the dosimetric consequences of mobile target quantitatively using the patient dataset directly during lung SBRT is inconvenient. It is suggested that using a digital lung cancer phantom as an alternative in previous studies (10, 11).

Many methods have been used to study the quantitative effects of tumor movement on the target area, while there is no standard method until now (12, 13). Target and clinical factors influencing the volume and dose derived from 4DCT and Cone beam CT was evaluation of lung cancer (14). Many researchers have been trying to find better methods to study the influencing of tumor motion by all kind of simulations (15, 16). The tumor motion is deformable whereas the isocenter location change is rigid when it comes to the treatment planning calculation of targets as well as critical structures. Therefore, a suitable simulation method has been looking for by many researchers. Considering that the simulation must be realistic and convenient, both the simulations of phantom and the motion are virtual which is meaningful for relevant research.

The goal of this study was to investigate the target dosimetric effect caused by variation during SBRT for lung cancer. For this purpose, a series of lung motion phantoms with different tumor sizes and motions were created through computer simulation to perform SBRT to model target dosimetric sequence caused by infraction motion. Then several clinical lung cancer patients received SBRT were retrospective to validate.



Methods and materials


Digital lung cancer phantoms

The mechanics of respiration (induction of an expansion–contraction motion) are significant in the superior inferior (SI) direction for lung cancer patients. Peak-to-peak amplitudes have been reported to range from 0 to 3 cm (17). A series of digital lung cancer phantoms similar to those utilized in previous studies were generated through an in-house program to simulate tumor sizes of 2, 3, and 4 cm and rigid motion with an amplitude of 1, 2, and 3 cm (18). A total of nine cases (tumor size vs. motion amplitude) were included in the simulation, where eleven phases spanned a half-cycle of respiration according to the amplitude, with 0% phase representing the tumor in peak position and 60% phase representing the tumor in the valley position. The CT number of the chest wall, lung and tumor was assigned as 0, -720 and 0 Hounsfield units (HUs), respectively. GTV contours were delineated via the threshold according to the HU of the tumor utilizing Velocity software (Varian Medical System version 3.1). Maximal intensity projection CT (MIP CT) and AVG CT were generated by maximizing and averaging the voxel intensities of all eleven phases, respectively (the AVG is shown in Figure 1 as an example). An ITV encompassing the GTVs was generated on the simulated 4DCT image within a single breathing cycle.




Figure 1 | Example of AVG CT of a respiratory digital lung cancer phantom. The ITV contoured in the MIP (pink contour), chest wall (green contour) and lung (between the tumor and chest wall) are shown.





SBRT planning

The static intensity-modulated radiation therapy (IMRT) plan was created using 9 equal angle beams to the PTV center in Eclipse TPS with 6-MV photon flattening filter beams. A 5-mm isotropic expansion around the ITV produced the PTV. The treatment prescription dose was 6000 cGy to PTV in 5 fractions. To achieve the prescription dose, the planned treatment dose was calculated based on the average AVG CT image using the Acuros XB (AXB) algorithm (AXB), and a prescription dose of 6000 cGy was applied to the isodose line (65% or 85%) that covered at least 95% of the PTV (19). The average total monitor units (MUs) was 1005 (range 920~1104).



Patient study

Three non-small cell lung cancer cases with varying tumor location, size, and magnitude of motion were enrolled as clinical cases for validation purposes. All 4DCT image data acquisition was performed using multislice helical CT (Philips Medical Systems, Cleveland, OH, USA). Each 4DCT with ten phases was generated with 3-mm thickness utilizing the phase-based method (20).

The GTV was delineated on each phase image with the CT pulmonary window utilizing Velocity software (Varian Medical System, version 3.1). The ITV was defined as the union of all GTV phases on the simulated 4DCT image within a single breathing cycle. The static IMRT plan with 8-10 coplanar fields was designed for each patient using Eclipse with 6-MV photon flattening filter beams. An isotropic 5-mm margin was applied for ITV-to-PTV expansion. At least 95% PTV was covered by the prescription dose. The characteristics of the targets and associated plan parameters are given in Table 1. The average total monitor units (MUs) is 2160 (range 2068~2314).


Table 1 | Tumor characteristics and dose differences for the ITV and GTV analyses of the three patients.



This study was approved by the Institutional Review Board at the Tongji Medical College of Huazhong University of Science and Technology. All methods were performed in accordance with the relevant guidelines and regulations. Written informed consent was obtained from all authors and participants.



Variation simulation

variance was defined as the displacement of the tumor location recorded in the final post-treatment cone beam computed tomography (CBCT), which was simulated by discretely shifting the planned isocenter along the superior, inferior, left, right, anterior and posterior directions to a series of static position samples (21). In this study, the isocenter position shifts were assigned as 0.5 mm, 1.5 mm, 2.5 mm, 3.5 mm and 4.5 mm. Cases in which the isocenter was moved simulated the situation when all beams were incorrectly aimed in the same direction during treatment due to mean target position variation, resulting in a perturbed plan.



Variation in a clinical case

According to the workflow described previously, localization of tumors was implemented for three enrolled patients (22). A tolerance of 3 mm was followed through an online image registration process. Precorrection CBCT images were reconstructed and manual soft tissue (tumor) matching was performed with the tolerance for repositioning in any of the three orthogonal directions. Post-correction CBCT images were obtained and measurements of residual error were performed in the superior-inferior (SI), anterior–posterior (AP), and medial–lateral (ML) dimensions. This procedure was continued to determine the residual error within the tolerance in all dimensions. At the end of treatment, a final CBCT scan was acquired to assess target motion. A three-dimensional vector was calculated from target motion with the formula   , where x, y, and z correspond to displacements in the ML, AP, and SI directions, respectively. Target dose variation was assessed with the treatment fraction under the max 3D vector for each patient.



Evaluation

To calculate the total dose for a moving target, it is necessary to trace the voxel motion trajectory during the respiratory cycle. The grayscale image intensity-based deformable image registration method was utilized to determine the voxel-by-voxel displacement vector, which linking the geometric coordinates between the reference phase image and other phase images for patient cases (21), while only rigid registration was performed for phantom cases. The End-exhalation (EE) phase was set as the reference phase in this study (22). A simplified method for 4D dose accumulation was implemented by replacing each static phase dose by the same AVG CT dose distribution to save time in this study (23). The dose distribution calculated using the designing CT set is referred to as the initial dose distribution. The dose distribution for a series of perturbed plans was also calculated.

The largest percentage dose level Dx denotes the x% volume of a structure, and ΔDx denotes the percentage relative to the initial planned value to quantify the deviation. The dose indices, including ΔD99, generated between the initial plan and the series of perturbed plans were acquired as endpoint samples.

Variation has been quantified in previous studies. For example, Li et al. evaluated variation in 133 patients undergoing lung SBRT with CBCT-based correction and found 1 standard deviation (1 δ of variation to be 1.5, 1.5 and 1.2 mm in the SI, AP and ML dimension acquired post-treatment, respectively (24), which were independent in 3 directions and had a normal distribution. The 3-dimensional space from 0 to 3· δ was assigned as a series of twelve spaced samples each covering a range of 0.25· δ . The corresponding probability of each space to be occupied was calculated and denoted as Pi, where i=1,2,…12 to cover the entire 3-dimensional space. The probability of partitioning out of 3· δ was included in P12. Under spherical coordinates, the probability that the length of the vector (x, y, z) is smaller than i·0.25·δ is given as (25)

 

therefore Pi=Q(i)−Q(i−1) , where Q(12)=Q(+∞) . The isocenter position shift was defined from 0.125· δx (.represents the component in the x direction) to 2.875· δx with 0.25· δx steps along the patients’ left and right directions. A similar method was implemented along the patients’ superior, inferior, anterior and posterior directions. The corresponding ΔD99 and ΔD95 were calculated using endpoint samples acquired with the determined isocenter shift described above through linear interpolation.

The symbol   denotes   between the initial plan and the perturbed plan with the isocenter shifting distance as   along the patients’ j direction, where   , i=1, 2…,12, and j=1, 2…6, representing the direction along the patients’ anterior, posterior, right, left, superior, and inferior directions, respectively.

The average   determined by the isocenter shifting distance   was denoted as:

 

The mean variance of the target dose during treatment was defined as:

 

and was calculated to analyze all cases.




Results

Table 2 lists all Pivalues. Under normal distribution, the space samples are homogeneous, but each space sample has heterogeneous probability. The largest probability was 14.6% and the smallest was only 0.4%.


Table 2 | Probability of Pi.




Phantom study

The max-min dose can reveal where the biggest difference in dose may occur if all plan uncertainty doses are considered. This dose is a derived dose difference calculated based on the dose from the original plan and all plan uncertainty doses. Figure 2 shows the max-min dose. It is clear that the dose difference appeared around the ITV, especially at the edge of the ITV. Attention must be played to the area in the ITV; the dose difference disappeared in the middle of the ITV under the 500 cGy threshold, while the dose difference was still observed in the region around the ITV edge in the plan with the dose level of 65% compared to the plan with the dose level of 85% (larger region in the ITV).




Figure 2 | Max-min dose of the PTV covered by (A) 65% and (B) 85% of the isodose line. The pink contour represents the ITV.



Figure 3 shows an example of the DVH analysis for the digital phantom study. The series of perturbed plans was produced by shifting the isocenter from 0.5 mm to 4.5 mm in the nominal plan along the patient’s anterior, posterior, right, left, superior, and inferior directions. A wider variation in the DVHs of the ITV was observed for the plan with a dose level of 65% than for the plan with a dose level of 85%. The dose discrepancy in the ITV was degraded with an increase in the isocenter shift, especially at doses less than D60. A similar phenomenon was observed in other cases, implying that higher prescription isodose lines would be selected during planning in clinical practice. For all endpoints examined, ΔD99varied between 0.0% to -7.7%for ITV vs. -0.2% to -11.5% for GTV. 19.9% (1 δ ) of ΔD99was greater than -1.4% for ITV and was -3.1% for GTV in. 73.9% (2 δ ) of ΔD99for ITV was larger than -4.2%, and ΔD99for GTV was larger than -6.9%. The results do not demonstrate a relationship between the endpoints and target size or target motion amplitude, warranting further research in the future. However, the results provide a prospective reference for target dose degradation due to motion during lung SBRT treatment by calculating the probability distribution.




Figure 3 | Example of ITV DVHs for plans with prescription isodoses of (A) 65% and (B) 85%. The solid line represents the nominal plan and the dashed line represents the perturbed plan.



Motion affects the actual delivered dose to the target. However, when averaged over the distribution of variance 3-dimensional space,   degradation only larger than -2.9% for ITV vs. -5.0% for GTV.



Patient study

The tumor characteristics of the three patients are listed in Table 1. The tumor was located in the right lobe for patient 1, the left lobe for patient 2, and the right upper lobe for patient 3; the amplitude of tumor motion was 0.5 cm, 1 cm, and 3 cm, respectively. The dose discrepancies, ΔD99 , for the ITV and GTV are listed in Table 3. The ΔD99varied from 0.0% to -4.9% for ITV vs. 0.0% to -5.6% for GTV. However, under a 3-dimensional distribution, the   ecreased to larger than -1.7% for ITV vs. -2.0% for GTV (Table 1). Figure 4 shows the max-min dose for patient 2 as an example. It is also clear that the dose difference appeared around the ITV, especially at the edge of the ITV. Although the complicated deformable image was obtained from a real patient, the results are consistent with those from the phantom study. Dose degradation is greater for the plan with prescription isodose lines of 73% and 75% than for the plan with a prescription isodose line of 83%. The results demonstrated that the plan with the 83% prescription isodose line is more robust, which is consistent with the typical prescription isodose line of approximately 80% in the radiation therapy oncology group (RTOG) 0813. However, the judgment should be further researched based on the data provided in this study since the real patient shows the target size, target motion amplitude and target shape deformation.


Table 3 | Dose difference of ITV and GTV variation along with the isocenter shift.






Figure 4 | Max-min dose examples from patient 2. The red contour represents the ITV.



The tumor motion values with the max 3D vectors for patient 1, patient 2 and patient 3 are (2.9, -2.0, -0.9) (unit: mm), (-1.5, -0.4, 3.5), and (-2.0, 0.4, 3.6) respectively. The corresponding target degradation values are ΔD99 for ITV: -2.6% vs. ΔD99 ( ΔD95 ) for GTV: -2.5%, ΔD99 for ITV: -1.6% vs. ΔD99 for GTV: -2.2%and ΔD99 for ITV: -2.2% (-1.6%) vs. ΔD99 for GTV: -2.8%, respectively.




Discussion

Digital phantoms generated via computer simulation as well as patient cases were analyzed to investigate the target dose discrepancy caused by variation during SBRT for lung cancer. The results suggest that the variance plays an important role in target dose degradation; ΔD99 for the ITV and GTV reached -7.7% and -11.5%, respectively, even in the phantom study (26). Additionally, the dose distribution in the ITV and GTV was greatly affected by a steeper dose gradient regarding the 3-dimensional space distribution.   degraded to larger than -2.9% for ITV vs. -5.0% for GTV in phantom cases and to -1.7% (-0.5%) for ITV vs. -2.0% for GTV in patient cases.

This study demonstrates that prescription isodose is an important factor for target dose variation, especially the PTV covered by the lower isodose line. Figure 5A displays an example from the phantom study of the dose profile from the isocenter to the ITV boundary for the nominal plan and a perturbed plan with a prescription isodose of 65% and 85%, respectively, where the perturbed plan was produced through shifting the isocenter by 4.5 mm relative to the nominal plan along the patient’s SI direction. A sharper dose profile was observed in the nominal plan with a lower dose level. Dose degradation between the nominal plan and the perturbed plan in ITV produced with the same isocenter shifting was more sensitive, especially for the voxel in the ITV boundary. Thus, the nominal dose profile can be predicted using the following equation (27):

 




Figure 5 | Examples of (A) a dose profile and (B) a dose volume histogram in the ITV for the nominal plan and the perturbed plan with prescription isodoses of 65% and 85%. The dose profiles cover the range from the isocenter to the ITV boundary along the SI direction.



where d(x0) represents the subvolume at position x0, ΔD(v) represents the dose deviation of subvolume v, μ(x0) is the temporal displacement or variance of the subvolume, and   is the mean dose gradient within the interval [x0,x0+u(x0)] . The dose deviation for the voxel in the ITV boundary was -1076 cGy (actual) vs. -1120 cGy (predicted) with the prescription isodose of 65%, and -556 cGy (actual) vs. -615 cGy (predicted) with the prescription isodose of 85%. However, as shown in the profile of the nominal plan displayed in Figure 5A, the corresponding mean dose gradient   was -249 cGy/mm vs. -137 cGy/mm, respectively, where x0 =20 mm and u(x0)=4.5 mm. Greater dose degradation at lower dose levels relative to higher dose levels was also observed in the DVH displayed in Figure 5B, especially for the endpoint with the lower dose. In fact, ΔD99was -13.4% and -7.2% (-2.6%) for plans with prescription isodoses of 65% and 85%, respectively. Therefore, during SBRT treatment, due to respiratory motion, a lower dose level (i.e., a steeper dose gradient) may result in more dose variance.

Li et al. also reported that 1 standard deviation (1 δ ) of variation was 1.5, 1.4 and 1.1 mm in the SI, AP and ML dimension prior to beam delivery of the non-coplanar beams, respectively, which is less than the one (1.5,1.5,1.2 mm); acquired at the end of treatment. Meanwhile, the lower treatment delivery time was cost in the case prior to beam delivery of the non-coplanar beams (noted casemid) compared to the one acquired in the case end of treatment (noted caseend). ITV D99 degradation was slightly improved in the casemid compared to the one acquired in caseend. More specially, for phantom simulation, 19.9%(1 δ ) of ITV ΔD99could be improved from >-1.4% (caseend) to > -1.3%(casemid) and GTV ΔD99could be improved from > -3.1(caseend) to > -2.9%(casemid),respectively. 73.9% (2 δ) of ITV ΔD99 was improved to >-4.0%(casemid) vs -4.2(caseend), and GTV ΔD99 was improved to -6.6% in casemid vs >-6.9% in caseend. It indicated that treatment delivery time reduction or treatment efficient improvement is an effective strategy to mitigate intra-fraction variation. Furthermore, the VMAT and dose rate with flattening filter free (FFF) model were demonstrated to reduce treatment delivery time compared to the conventional IMRT in lung SBRT in previous study (28, 29). Therefore, it can be deducted that the approach of using VMAT or high dose rate with FFF model would be available to compromise the dosimetric consequences leaded by intra-fraction variation in lung SBRT.

Our results show that the dose difference in the ITV differs from that in the GTV. Thus, the dose distribution in the ITV cannot accurately predict the actual target dose in lung cancer SBRT, which is consistent with previous studies (5).

There are some limitations to this study. To access the accumulative dose for the mobile target, each phase dose was calculated, mapped to the reference phase, and summed. Therefore, to acquire an accumulative dose with perturbation, each phase dose was calculated under isocenter shift samples. The time consumed included 30 samples * 11 phase * 2 dose levels * 3 diameters * 3 motion amplitudes (5940 calculations). To save time, a simplified method for 4D dose accumulation was implemented by replacing each static phase dose by the same AVG-CT dose distribution. This method significantly reduced the time by fractions of 1/11 and 1/10 for the phantom case and the patient case, respectively. The target dose difference between the two methods was investigated so that the endpoint indices, including those for Dmin, D99 and D1, were less than 2% (18), which was considered acceptable. The three-dimensional space was divided into twelve spaced samples from 0 to 3· , with each sample covering a range of 0.25· δ Although the endpoints were acquired by shifting the isocenter along six directions, the sample endpoints were not sufficiently matched, which may have resulted in an inaccurate calculation of the probability of each space sample, Pi. Therefore, more samples are required to divide the three-dimensional space in order to accurately determine the probability of each space sample; this will be implemented in the future.

As far as we know, there are some ways to reduce such variations and thereby minimize the dosimetric degradation of the target in lung cancer for SBRT. A novel 4D robust planning strategy to compensate for such heterogeneity respiratory motion has been explored in our earlier study (11). Special postural fixation methods can also reduce the impact of exercise, such as Body-FIX system and Abdominal pressure plate technique. At the same time, a method that breath hold technique combined with fast CBCTs can limit the motion of tumor efficiently.

Another limitation was that only three tumor sizes were included in the digital phantom study, which covered tumor volume in actual SBRT lung cancer patients insufficiently. We will investigate the target volume effects in SBRT for lung cancer in depth in the future.



Conclusions

In general, the results of our study have shown target dose simulation to be an appropriate tool for a better understanding of the influence of intra-fraction variation of tumor drift in lung cancer stereotactic body radiotherapy. Motion of tumor, surrounded by tissue of lower density, leads to a variant dose distribution during the tumor drift. The approach of using VMAT or flattening filter free (FFF) model would be an available to compromise the dosimetric consequences.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board at the Tongji Medical College of Huazhong University of Science and Technology. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Conception and design: BH, BW, FH, GL. Acquisition of the data: BH, YM, HW. Analysis of the data: BH, FH. Writing, review and/or revision of the manuscript: BH, XH, GL and YG. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (No.12005072), Cancer Precision Radiotherapy Spark Program of China International Medical Foundation, (No. HDRS2020010110), Henan Province Natural Science Foundation for Youths (No.212300410288) and Henan Medical Science and Technology Joint Building Program (No. 2018020055).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Onishi, H, Shirato, H, Nagata, Y, Hiraoka, M, Fujino, M, Gomi, K, et al. Hypofractionated stereotactic radiotherapy (HypoFXSRT) for stage I non-small cell lung cancer: updated results of 257 patients in a Japanese multi-institutional study. J Thorac Oncol Off Publ. Int Assoc Study Lung Cancer (2007) 2(7 Suppl 3):S94–100. doi: 10.1097/JTO.0b013e318074de34

2. Fakiris, AJ, McGarry, RC, Yiannoutsos, CT, Papiez, L, Williams, M, Henderson, MA, et al. Stereotactic body radiation therapy for early-stage non-small-cell lung carcinoma: four-year results of a prospective phase II study. Int J Radiat. Oncol Biol Phys (2009) 75(3):677–82. doi: 10.1016/j.ijrobp.2008.11.042

3. Timmerman, R. Stereotactic body radiation therapy for inoperable early stage lung cancer. JAMA (2010) 303(11):1070. doi: 10.1001/jama.2010.261

4. Blomgren, H, Lax, I, Näslund, I, and Svanstrom, R. Stereotactic high dose fraction radiation therapy of extracranial tumors using an accelerator. clinical experience of the first thirty-one patients. Acta Oncol Stockh. Swed. (1995) 34(6):861–70. doi: 10.3109/02841869509127197

5. Guckenberger, M, Wilbert, J, Meyer, J, Baier, K, Richter, A, and Flentje, M. Is a single respiratory correlated 4D-CT study sufficient for evaluation of breathing motion. Int J Radlat Oncol (2007) 67(5):1352–9. doi: 10.1016/j.ijrobp.2006.11.025

6. Admiraal, MA, Schuring, D, and Hurkmans, CW. Dose calculations accounting for breathing motion in stereotactic lung radiotherapy based on 4D-CT and the internal target volume. Radiother. Oncol (2008) 86(1):55–60. doi: 10.1016/j.radonc.2007.11.022

7. Hof, H, Rhein, B, Haering, P, Kopp-Schneider, A, Jürgen, D, and Herfarth, K. 4D-CT-based target volume definition in stereotactic radiotherapy of lung tumours: Comparison with a conventional technique using individual margins. Radiother. Oncol (2009) 93(3):419–23. doi: 10.1016/j.radonc.2009.08.040

8. Shah, C, Grills, IS, Kestin, LL, McGrath, S, Ye, H, Martin, SK, et al. Intrafraction variation of mean tumor position during image-guided hypofractionated stereotactic body radiotherapy for lung cancer. Int J Radiat. Oncol (2012) 82(5):1636–41. doi: 10.1016/j.ijrobp.2011.02.011

9. Jensen, HR, Hansen, O, Hjelm-Hansen, M, et al. Inter- and intrafractional movement of the tumour in extracranial stereotactic radiotherapy of NSCLC. Acta Oncol (2008) 47(7):1432–7. doi: 10.1080/02841860802251567

10. Zhang, F, Kelsey, CR, Yoo, D, Yin, FF, and Cai, J. Uncertainties of 4-dimensional computed tomography-based tumor motion measurement for lung stereotactic body radiation therapy. Pract Radiat. Oncol (2014) 4(1):e59–65. doi: 10.1016/j.prro.2013.02.009

11. Liu, G, Hu, F, Ding, X, Li, X, Shao, Q, Wang, Y, et al. Simulation of dosimetry impact of 4DCT uncertainty in 4D dose calculation for lung SBRT. (2019) 14(1) 12. doi: 10.1186/s13014-018-1191-y

12. Yoganathan, SA, Das, KJM, Agarwal, A, and Kumar, S. Magnitude, impact, and management of respiration-induced target motion in radiotherapy treatment: A comprehensive review. J OF Med PHYSICS. (2017) 42(3):101–15. doi: 10.4103/jmp.JMP_22_17

13. Waghorn, BJ, Staton, RJ, Rineer, JM, Meeks, SL, Katja, M, and Langen, KM. A comparison of the dosimetric effects of intrafraction motion on step-and-shoot, compensator, and helical tomotherapy-based IMRT. J Appl Clin Med Phys (2013) 14(3):121–32. doi: 10.1120/jacmp.v14i3.4210

14. Fengxiang, L, Tingting, Z, and Xin, S. Evaluation of lung tumor target volume in a Large sample: Target and clinical factors influencing the volume derived from four-dimensional CT and cone beam CT. Front Oncol (2022) 11(20). doi: 10.3389/fonc.2021.717984

15. Wang, Y, Liu, T, Chen, H, Bai, P, Zhan, Q, and Liang, X. Comparison of internal target volumes defined by three-dimensional, four-dimensional, and cone-beam computed tomography images of a motion phantom. Ann Transl Med (2020) 8:1488. doi: 10.21037/atm-20-6246

16. Dhont, J, Harden, SV, Chee, LYS, Aitken, K, Hanna, GG, and Bertholet, J. Image-guided radiotherapy to manage respiratory motion: Lung and liver. Clin Oncol (2021) 32(12):792–804. doi: 10.1016/j.clon.2020.09.008

17. Seppenwoolde, Y, Shirato, H, Kitamura, K, Ph, D, and Kitamura, K. Precise and real-time measurement of 3D tumor motion in lung due to breathing and heartbeat, measured during radiotherapy. Int J Radiat. Oncol Biol Phys (2002) 53(4):822–34. doi: 10.1016/S0360-3016(02)02803-1

18. Glide-Hurst, CK, Hugo, GD, Liang, J, and Yan, D. A simplified method of four-dimensional dose accumulation using the mean patient density representation: 4D dose accumulation using mean patient density representation. Med Phys (2008) 35(12):5269–77. doi: 10.1118/1.3002304

19. Ulmer, W, Pyyry, J, and Kaissl, W. A 3D photon superposition/convolution algorithm and its foundation on results of Monte Carlo calculations. Phys Med Biol (2005) 50(8):1767–90. doi: 10.1088/0031-9155/50/8/010

20. Wink, NM, Panknin, C, and Solberg, TD. Phase versus amplitude sorting of 4D-CT data. J Appl Clin Med Phys (2006) 7(1):77–85. doi: 10.1120/jacmp.v7i1.2198

21. Lujan, AE, Larsen, EW, Balter, JM, et al. A method for incorporating organ motion due to breathing into 3D dose calculations. Med Phys (1999) 26(5):715–20. doi: 10.1118/1.598577

22. Bissonnette, J-P, Franks, KN, Purdie, TG, et al. Quantifying interfraction and intrafraction tumor motion in lung stereotactic body radiotherapy using respiration-correlated cone beam computed tomography. Int J Radiat. Oncol (2009) 75(3):688–95. doi: 10.1016/j.ijrobp.2008.11.066

23. Yan, D, Jaffray, DA, and Wong, JW. A model to accumulate fractionated dose in a deforming organ. Int J Radiat. Oncol Biol Phys (1999) 44(3):665–75. doi: 10.1016/S0360-3016(99)00007-3

24. Li, W, Purdie, TG, Taremi, M, Fung, S, Brade, A, Cho, BCJ, et al. Effect of immobilization and performance status on intrafraction motion for stereotactic lung radiotherapy: Analysis of 133 patients. Int J Radiat. Oncol (2011) 81(5):1568–75. doi: 10.1016/j.ijrobp.2010.09.035

25. Guckenberger, M, Wilbert, J, Krieger, T, Krieger, T, Richter, A, Baier, K, Meyer, J, et al. Four-dimensional treatment planning for stereotactic body radiotherapy. Int J Radiat. Oncol (2007) 69(1):276–85. doi: 10.1016/j.ijrobp.2007.04.074

26. van Herk, M, Remeijer, P, Rasch, C, and Lebesque, JV. The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy. Int J Radiat. Oncol (2000) 47(4):1121–35. doi: 10.1016/S0360-3016(00)00518-6

27. Yan, D, and Lockman, D. Organ/patient geometric variation in external beam radiotherapy and its effects. Med Phys (2001) 28(4):593–602. doi: 10.1118/1.1357224

28. Pokhrel, D, Halfman, M, and Sanford, L. FFF-VMAT for SBRT of lung lesions: Improves dose coverage at tumor-lung interface compared to flattened beams. J Appl Clin Med Phys (2020) 21:26–35. doi: 10.1002/acm2.12764

29. Rossi, MMG, Peulen, HMU, Belderbos, JSA, and Sonke, J-J. Intrafraction motion in stereotactic body radiation therapy for non-small cell lung cancer: Intensity modulated radiation therapy versus volumetric modulated arc therapy. Int J Radiat. Oncol (2020) 95:835–43. doi: 10.1016/j.ijrobp.2016.01.060



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Han, Wu, Hu, Ma, Wang, Han, Liu and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im2.jpg





OEBPS/Images/M2.jpg
A7~ 1/63.4D] @
"2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Simulation of dosimetric consequences of intrafraction variation of tumor drift in lung cancer stereotactic body radiotherapy

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods and materials

        

          		

            Digital lung cancer phantoms

          



          		

            SBRT planning

          



          		

            Patient study

          



          		

            Variation simulation

          



          		

            Variation in a clinical case

          



          		

            Evaluation

          



        



        



        		

          Results

        

          		

            Phantom study

          



          		

            Patient study

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/im14.jpg
ADy





OEBPS/Images/im7.jpg
AD,





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im10.jpg
AD,





OEBPS/Images/fonc-12-1010411-g005.jpg
Dose(cGy)

Volume(%)

8 8 3 8 8 8

8

o 5 10 15 20 2
Distance(mm)

30






OEBPS/Images/table3.jpg
Patient No. ROI  Index Isocenter Shift ( 6)

0.125 0.375 0.625 0.875 1.125 1375 1.625 1.875 2.125 2375 2.625 2.875

1 1TV ADoo(%) 00 02 0.5 07 -1l -15 2.0 25 32 3.8 43 49
ADos(%) 00 0.1 0.2 04 0.6 0.8 12 15 20 25 238 34

GIV  ADw(%)  -0.1 03 0.5 0.6 0.9 12 -16 2.1 26 32 38 45

ADos(%) 0.2 04 0.5 0.6 07 09 12 15 19 22 25 3.1

2 ITV  ADyy(%) 0.0 0.0 0.2 03 05 0.8 11 14 -18 23 27 3.2
ADos(%) 0.0 0.1 0.2 03 04 0.6 -08 -1.0 -13 1.6 18 22

GIV  ADw(%)  -02 05 0.7 0.8 1.0 12 15 1.8 22 25 238 3.2

ADgs(%) 0.2 05 0.6 0.6 08 09 -1 13 -15 1.8 20 23

3 1TV AD(%) 00 -0.1 0.4 0.6 -1.0 13 18 23 29 35 4.1 4.8
ADos(%) 0.0 0.0 0.2 04 0.6 0.8 12 15 -19 23 26 3.1

GIV  ADw(%)  -0.1 0.3 0.6 0.9 -13 -18 24 29 36 43 -49 5.6

ADgs(%) 0.0 -0.3 -0.5 -0.7 -09 L1 -15 -1.8 -22 2.7 -3.1 3.7





OEBPS/Images/im3.jpg
ADy





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1010411-g004.jpg
B 59141






OEBPS/Images/M1.jpg
[0





OEBPS/Images/im13.jpg
ADy





OEBPS/Images/im8.jpg





OEBPS/Images/im9.jpg
rE [0.125. 8, 0.375-4..., 2.875 - ]





OEBPS/Images/im4.jpg





OEBPS/Images/M4.jpg
AD(v) = ut' (x,) - Vid|xg, x5 + ulxp)] (4)





OEBPS/Images/fonc-12-1010411-g002.jpg
[Max-Min Dose Distribution - Plan Uncertainty ibution - Plan Uncertainty

(®

= gm0






OEBPS/Images/im5.jpg





OEBPS/Images/fonc-12-1010411-g003.jpg
Volume(%)

™ -
— i —
0! | " rsamefun 00| Pencarm
® ©
n m
© g®
@ -
H
© 2,
30 30
@ »
w0 m

4000 6000 8000
Dose(cGy)

10000

1000 2000 3000 4000 5000 6000 7000
Dose(cGy)






OEBPS/Images/table2.jpg
Index P, P, P; P, Ps Pg P, Py Py 137} Py, Py,

Probability (%) 0.4 27 6.4 10.4 133 14.6 14.0 12.1 9.4 6.7 44 56





OEBPS/Images/im12.jpg
ADy





OEBPS/Images/fonc-12-1010411-g001.jpg
X: 10.00 cm F

Frontal - RL0-15¢015 - 7/10/2015 10:43 AM






OEBPS/Images/im16.jpg
Vdlxg, xg + u(xg)]





OEBPS/Images/M3.jpg
o





OEBPS/Images/im1.jpg
ADy





OEBPS/Images/fonc.2022.1010411_cover.jpg
, frontiers ‘ Frontiers in Oncology

Simulation of dosimetric
consequences of intrafraction
variation of tumor drift in
lung cancer stereotactic
body radiotherapy





OEBPS/Images/im15.jpg
Vdlxg, xg + u(xg)]





OEBPS/Images/im6.jpg





OEBPS/Images/table1.jpg
Patient

No.

LLL, left lower lobe; RLL, right lower lobe; RUL, right upper lobe.

Location

RLL
LLL
RUL

Diameter

(cm)

29
1.9
22

Amplitude

(cm)

05
1
3

Prescription Isodose

76%
83%
75%

Regimen

60 Gy/5 f
60 Gy/5 f
60 Gy/5 f

1TV GTV
ADgo(%)  ADgs(%)  ADgg(%)  ADos(%)
17 05 14 04
0.9 03 12 04
15 04 2.0 05





OEBPS/Images/im11.jpg





