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Editorial on the Research Topic 


Recent developments in pancreatic cancer radiotherapy


This book explores the recent advancements in pancreatic cancer radiotherapy, presenting innovative treatment techniques and clinical outcome assessments. Pancreatic cancer is difficult to detect in its early stages as the cancer is usually asymptomatic until it spreads in the patient. So far, no screening tests exist which can detect pancreatic cancer early when it is most curable. Surgery, on its own, is rarely curative in pancreas cancer both due to the anatomic location of the pancreas (at the posterior of the abdomen behind the stomach), and as the disease is generally metastatic at diagnosis. Typically, pancreatic cancer is treated with a combination of surgery, chemotherapy and radiotherapy. Radiotherapy is the most utilized cancer treatment option as over 50% of all cancer patients will receive radiotherapy during their treatment course. With the recent advances of radiation delivery, internal organ motion monitoring, computer calculation, medical image processing, treatment strategy, and treatment planning, encouraging progresses have been made in the pancreatic cancer radiotherapy.

For patients with unresectable pancreatic cancer undergoing definitive radiotherapy, Chen et al. carried out a detailed risk analysis on the treatment outcomes based on potential factors such as overall survival, local progression, distant metastases, carbohydrate antigen, neutrophil-to-lymphocyte ratio and others. They analyzed the biological effective doses in this retrospective study, and found that incorporating new systemic treatments during and after higher biological effective doses from radiotherapy for locally advanced pancreatic cancer is warranted. For novel treatment technique in pancreatic cancer, Feng et al. developed a Haar feature-based method to track the endoscopic ultrasound probe in diagnostic CT and MRI scans for guiding the hydrogel injection in pancreatic cancer radiotherapy. The advantage of this method is that no external tracking hardware is needed when tracking the ultrasound probe. They tested and implemented this method using phantom and patient images, and concluded that their method can find the best matched endoscopic ultrasound image from the dictionary based on simulated images. The pancreas movement was tracked and studied using the synchrony respiratory tracking system in CyberKnife treatment by Jing et al. The pancreatic displacement was calculated from the patients’ x-ray image set and the mean motion amplitudes in the SI, LR and AP directions were determined. They found that the tracking accuracy was affected by the tumour motion amplitude, location and treatment time. Jing et al. therefore concluded that tumours at different locations should be treated differently for the best dose coverage. A retrospective study on stereotactic body radiotherapy combined with chemotherapy was carried out by Lee et al. The overall survival and local progression-free survival were determined for patients with the median follow-up period of 21.1 months. Lee et al. found that stereotactic body radiotherapy followed by chemotherapy was an effective treatment strategy for selected patients with unresectable pancreatic cancer. Moreover, they found that simultaneous integrated protection and the MR-guided adaptive technique were worthwhile to implement in order to minimize the risk of adverse events. Carbon-ion beam has the advantage of a sharp dose distribution due to the characteristic of Bragg peak in pancreatic cancer radiotherapy. In the treatment planning of carbon-ion therapy, Kusano et al. used the CT value replacement method to improve the plan dosimetry due to the influence of the gastrointestinal gas in the patient. They concluded that their method can directly be implemented in clinical practice without additional software and equipment. A retrospective patient study was carried out by Broggi et al. to evaluate patient outcomes for locally advanced pancreatic cancer treated with a combination of chemotherapy and hypofractionated radiotherapy in 15 fractions. Based on the dose-volume results, Broggi et al. found that the risk of duodenal or gastric toxicities was related to the duodenum or stomach dose-volume histogram. The radiation delivery was evaluated by Arumugam et al. using an in-house position monitoring system in pancreas stereotactic body radiotherapy. This in-house system is an online image-based position monitoring system using the radiopaque marker and the Elekta XVI imaging system. In the evaluation, the dosimetric impact due to position deviations and actual delivered dose after position corrections were assessed. From the dosimetric results, Arumugam et al. concluded that their position monitoring system can improve the treatment accuracy using only a general linear accelerator. Another retrospective study was carried out by Cao et al. to investigate the dose in the organs-at-risk and gastrointestinal toxicity, when re-irradiation of stereotactic body radiotherapy was needed for pancreatic cancer patient usually having local recurrence. Using the deformable image registration method, Cao et al. determined various dose-volume variables such as V10 of the stomach and Dmean of the intestine in the re-irradiation. Jung et al. conducted a clinical outcome evaluation for FOLFIRINOX as a popular systemic regimen followed by stereotactic body radiotherapy in locally advanced pancreatic cancer. In this retrospective study, patient outcome parameters such as overall survival, progression-free survival, resection rate, stereotactic body radiotherapy-related adverse events and prognostic factors were determined. From the result analysis, Jung et al. concluded that the induction of FOLFIRINOX followed by stereotactic body radiotherapy for locally advanced pancreatic cancer can lead to a better survival rate with manageable toxicities. On the radiation delivery, Ma et al. proposed to carry out intensity-modulated electron therapy using mechanical scanning with a robotic arm on a linear accelerator. The beam scan is based on a zigzag pattern generated by an algorithm controlling various delivery parameters such as beam position, beam energy and step-and-shoot discrete scanning. The algorithm was evaluated using CT image set of 10 pancreatic cancer patients and from the result Ma et al. concluded that intensity modulated electron therapy is potentially feasible in pancreatic cancer treatment undergoing intraoperative radiotherapy.

We hope the results and findings in this book can be useful to our colleagues, clinicians and researchers in pancreatic cancer radiotherapy. We would also like to thank and congratulate all authors who contributed their insightful and significant works to this book.
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Purpose

We proposed a Haar feature-based method for tracking endoscopic ultrasound (EUS) probe in diagnostic computed tomography (CT) and Magnetic Resonance Imaging (MRI) scans for guiding hydrogel injection without external tracking hardware. This study aimed to assess the feasibility of implementing our method with phantom and patient images.



Materials and Methods

Our methods included the pre-simulation section and Haar features extraction steps. Firstly, the simulated EUS set was generated based on anatomic information of interpolated CT/MRI images. Secondly, the efficient Haar features were extracted from simulated EUS images to create a Haar feature dictionary. The relative EUS probe position was estimated by searching the best matched Haar feature vector of the dictionary with Haar feature vector of target EUS images. The utilization of this method was validated using EUS phantom and patient CT/MRI images.



Results

In the phantom experiment, we showed that our Haar feature-based EUS probe tracking method can find the best matched simulated EUS image from a simulated EUS dictionary which includes 123 simulated images. The errors of all four target points between the real EUS image and the best matched EUS images were within 1 mm. In the patient CT/MRI scans, the best matched simulated EUS image was selected by our method accurately, thereby confirming the probe location. However, when applying our method in MRI images, our method is not always robust due to the low image resolution.



Conclusions

Our Haar feature-based method is capable to find the best matched simulated EUS image from the dictionary. We demonstrated the feasibility of our method for tracking EUS probe without external tracking hardware, thereby guiding the hydrogel injection between the head of the pancreas and duodenum.





Keywords: endoscopic ultrasound (EUS), probe tracking, hydrogel spacer, pancreatic cancer, Haar feature, radiation therapy



Introduction

Pancreatic cancer is the fourth most common cause of cancer death in both sexes in the United States. Perhaps more compelling, it is the most devastating cancer in the United States with the lowest 5-year relative survival rate of 9% (1). Furthermore, only a minority of cases representing resectable diseases have a chance for long-term survival. In contrast, one-third of cases do represent borderline resectable or locally advanced pancreatic cancer (BR/LAPC). Even if an aggressive therapy combining chemotherapy with radiation can be recommended for improving patients’ life quality in LAPC cases, the median survival is only extended to 9-15 months (2, 3). Previous autopsy studies proved that 30% of the patients died because of locally destructive diseases (4). Therefore, local control and delaying local progression are important for improving morbidity and extending the survival period for pancreatic cancer patients.

According to a previous study about dose escalation, the outcome with single fractions in 25 Gy or five fractions in 33 Gy were promising for leading a better local tumor control and delaying local progression. Furthermore, some researchers, recently, tested the dosimetric feasibility of implementing dose escalation with intensity-modulated radiation therapy (IMRT) with 67.5 Gy in 15 fractions prescription dose and stereotactic body radiation therapy (SBRT) with 50 Gy in 5 fractions prescription dose (5). Additionally, researchers demonstrated that the overall survival (OS) and local-regional recurrence-free survival (RFS) could be significantly improved after dose escalation during consolidative chemoradiation (6). However, even with the wide implementation of proton therapy and better optimization method (7), the challenge and barriers to implementing these dose escalation strategies involve the proximity and inherent radiosensitivity of the gastrointestinal tract, particularly the duodenum, which is directly adjacent to the head of pancreas (HOP). Plus, the motion of abdominal organs caused by breathing increased the risk of these radiosensitive organs in radiotherapy (8, 9).

In that hydrogel is capable of sparing organs at risk (OARs) from radiation targets, hydrogel injection is a potential solution for reducing the radiation dose received by radiosensitive OARs, thereby sparing them during dose escalation treatments. The utility and outcome of this technique have been evaluated in the treatment of prostate, head and neck, and gynecologic cancers (10–14). By increasing the space between the rectum and the prostate, the radiation dose received by the rectum was reduced, thereby improving the safety of radiation treatment and quality of life (10). Similarly, a previous study in gynecologic malignancy patients proved that hydrogel injection resulted in a significant reduction in the dose delivered to the rectum (13). Furthermore, our previous study has assessed the feasibility of injecting a similar injectable absorbable radiopaque hydrogel spacer (TraceIT, Augmenix, Bedford, MA) between the HOP and the duodenum via endoscopic ultrasound (EUS) guidance in human cadaveric specimen experiments (15–18). This TracelT is made up of a hydrogel paste that generates a bleb of particles at the needle tip upon injection. As previous research and the development report showed, the bleb maintains its 3-dimensional structure for three months and is absorbed after seven. We demonstrated the stability, safety, and efficacy of using this hydrogel in pancreatic cancer by creating sufficient space to protect the duodenum and to enhance the potential for dose escalation (16, 19). At present, our group is proceeding with a clinical trial to access the utility of placing a hydrogel spacer between the HOP and the duodenum in BR/LAPC pancreatic cancer cases by EUS guidance without invasion of the duodenum (15).

However, the efficacy of utilizing hydrogel and the accuracy of injecting it can be compromised due to the uncertainty of how much hydrogel is needed and where the optimal hydrogel injected points should be along with the HOP-duodenum interface. For normalizing and perfecting the EUS injection procedure, we proposed an ideal injection workflow in Figure 1, including a prediction of separation for anticipating how much hydrogel is injected (20), injection planning, and execution of injection for guiding hydrogel injection in an optimal injected point. As we proposed, before the injection process, injection planning was designed with an optimal injection point based on the anatomical relationship from diagnostic computed tomography or Magnetic Resonance (MR) images. The challenge of executing injection planning centers on how to track the endoscopic probe relative position to the CT (21) or MR images and where to place the probe in the designed injection point. In other words, the challenge is how to align the real-time EUS image with the diagnosed CT or MR images, thereby guiding the injection process to be executed as planned. The present study is mainly aimed to test the feasibility of our method in steps with red frames.




Figure 1 | Ideal workflow of injecting hydrogel.



The existing technical solution for ultrasound guidance systems mainly relies on external tracking hardware, such as optical camera, electromagnetic tracking, or mechanical tracking hardware (22–25). These hardware techniques were used to compute consistency between real-time 2D/3D ultrasound images and diagnostic 3D CT or MR images. But owing to the calibration in the clinical procedure, the error caused by internal organs motion was ignored in this tracking method. Therefore, researchers proposed a variety of multi-modalities image registration methods to compensate that tracking errors. For example, Hu et al. (26) developed an automatic non-rigid feature-based registration between magnetic resonance and 3D transrectal ultrasound (TRUS) images (26). They extracted surface normal vectors of 3D US images by using a second-order Gaussian filtering approach, thereby reducing the system sensitivity to noise. In addition, for enhancing the accuracy of EUS navigation in the upper gastrointestinal (GI) system, Bonmati et al. (27) proposed a registration approach to simulate the initialization between pre-obtained CT images to EUS registration by registering landmarks to corresponding segmented anatomical structures (27). By testing different cost-functions (cross correction, mutual information, and gradient methods), Shi et al. (28) optimized the image registration for projecting mucosal disease contours to planning CT datasets by accomplishing rigid registration of optical endoscopy image and CT scans (28). The image registration between EUS and CT images remains a challenging task with low robustness and accuracy. This is owing to: a) the loss of image information of 3D CT data in 2D EUS images; b) the lack of paired anatomical landmarks on EUS/CT; c) the difference of grey level in some structures in CT and EUS images.

One potential candidate to address the challenges is using the Haar feature. Haar features are efficient to represent image information with fast performance. The previous implementations of the Haar feature focused on fingerprint compression, face reorganization (29, 30), and JPEG Image compression (31–33), all of which have promising accuracy for detecting objects. According to previous research, Haar features have a good capacity in distinguishing functions in cascades (29). Silva et al. (31) developed a dictionary-based 3D MR -2D EUS images initialization algorithm by extracting image Haar features to estimate the initialized pose. After initialization, they proposed a fast image-based 3D-2D registration by Powell’s method (31, 34). The results proved that these Haar features were an efficient representation for initialized pose utilization for guiding spinal intervention. Thus, these characteristics of Haar features makes it possible to overcome our previous challenges.

In our present study, we develop a Haar feature-based method for tracking EUS probe location on diagnostic CT or MRI without external tracking hardware to facilitate injecting hydrogel in designed injection points. Our methods included the pre-simulation section and Haar features extraction sections. Figure 1 shows the overview of our proposed method. In the first step, the simulated EUS image set was generated based on anatomic information from CT or MRI images. Secondly, the efficient Haar features are extracted from simulated EUS images set to create a Haar feature dictionary. The probe relative position is estimated by searching the best matched Haar feature vector of the dictionary with Haar feature vectors of real EUS images. The utilization of this method was evaluated in endoscopic phantom, patient CT scan, and patient MR scan.



Materials and Methods


Methodology


Field II Simulation and Simulated EUS Dictionary

Field II is a free and open-access Matlab program for simulating ultrasound images by calculating the ultrasound field for both the pulsed and continuous wave case. This method is based on linear systems theory (35–37). When the transducer emits the signal as a Dirac delta function, the corresponding emitted ultrasound field is represented as a time function of a specific point in space according to the spatial impulse response. Thus, this field of different excitations is calculated by convolving the different excitation functions with the spatial impulse response. The detailed explanation and reasoning of this simulation method were published in previous publications (38–40).

In our study, we used two different methods to generate a simulated scatter phantom. As Figure 2A row one shows, the first method is used for patient scans. We simulated anatomic scattered phantoms based on the interpolated CT/MR slice of the region of interest. The detail of this method is explained on Field II’s official website (http://fieldii.dk//?examples/kidney_example/kidney_example.html). The second method is applied for the phantom experiment. As Figure 2A (b) shows, we built a scatter phantom based on our endoscopic training phantom by defining geometric targets directly and assigning proper amplitudes for corresponding scatters. Then, the corresponding simulated EUS images were generated from the top center of the scatter phantom.




Figure 2 | (A) The diagram of Field II simulation. (B) (a) Basic Haar feature function; (b) Two examples of variation of basic feature function; (c) Example of different scales of basic feature function; and (d) Computation of Haar feature extraction. (C) The overview of our proposed framework. NCC, normalized cross-correlation.





Haar Feature Extraction

To accurately and efficiently represent images features, we define eight basic Haar functions shown in Figure 2B (a) with scaling (s) and translation (t) parameters as:



Where n = (nx, ny) and t = (tx, ty) are spatial vectors representing x and y components. The translation parameter t defines the spatial location of the basic Haar feature function. According to previous research, these basic Haar functions are capable of capturing enough intensity patterns of images used for face detection and segmentation (31). Furthermore, the function with the relatively large scaling s is more sensitive to the detection of fine anatomical variation patterns with a large amount of computations. In contrast, by increasing this scaling parameter s, the corresponding basic function is able to detect large anatomical variations with fewer coefficients. We varied the scaling parameters in one interval for every basic Haar feature function [Figure 2B (c)]. On the other hand, as displayed in Figure 2B (b), the other type of variation for every basic feature function is changing black and white block proportions. To improve the efficiency of computation, the integral image method proposed by Viola and Jones (29) is also implemented as the dot product of the basic Haar function and the image [Figure 2B (d)]:



where I(n) is the image intensity, and V is the Haar feature vector. Therefore, the Haar feature vector includes the response of different scales, translations, and variations of basic feature functions, which is enough for encoding images features. The Haar feature dictionary is formed by computing this Haar feature vector of each simulated 2D EUS image.



Overview of the Framework

The overview of our Haar features-based EUS imaging guidance is shown in Figure 2C. We tested the feasibility of this method on both the phantom and patient images. Firstly, we generated the simulated EUS image set of phantom or patient which consists of simulated EUS images from Field II. Then, Haar feature vectors of all simulated images were computed and extracted to form a Haar feature dictionary. Similarly, the Haar features vector of the target EUS image was computed as well.

As Figure 2C reveals, by calculating normalized cross-correlation (NCC) between the Haar feature vector of target EUS images with every vector within the dictionary, the best matched simulated EUS image was confirmed with the maximum NCC value. The NCC was calculated as follows:



where Vhi(s) is the i-th Haar feature vector from the dictionary, and htarget(s) is the Haar feature vector of the target EUS image. Ns is the number of feature coefficients at every scaling level (31), and Imatch is the corresponding best matched simulated EUS image. In different experiment, all simulated EUS images are paired with different kinds of 3D image modality, such as CT or MRI. Because we know the location of each simulated EUS image on paired 3D CT or MRI, the probe location is tracked and confirmed in the 3D image data.




Experiments


Phantom Experiments


Simulated EUS Image and Interpolation CT Scans

Figure 3 depicts the interpolated computed tomography (ICT) and corresponding simulated EUS images of our EUS training phantom (ATS Laboratories, Model GIETP). This phantom includes four echogenic sphere targets with a 5-mm radius, which are randomly distributed in a soft rubber-based tissue-mimicking material. A scan channel with a 25-mm radius is in the center of this phantom. This phantom was scanned with a Philips Big Bore 16-slice CT simulator (120 kVp, 1000 mAs/slice, collimation 16 x 1.5-mm, pitch 0.059, rotation time 0.44 s, FOV 600 mm, ultrafast recon kernel, 3-mm slice thickness, 3-mm increment, and standard filter). CT scan datasets were interpolated into a 1-mm slice thickness based on Matlab (Mathwork, Inc, R2020.a). All ICT scans were generated based on these interpolated datasets. Four targets were manually contoured from the CT scan based on Velocity software (Varian Medical Systems, Inc).




Figure 3 | (A) The EUS training phantom and CT interpolated plane diagram. (B) The workflow of a phantom experiment.



One set of real-time EUS images was obtained with a linear endoscopic probe with 128 elements and reconstructed based on the Vantage 128 system (Verasonics Inc., WA, USA). This real-time EUS image was used as the target EUS image, and we generated one corresponding simulated EUS image and interpolated CT scan as ground truth to test our method.

Based on the coordinate data of the targets’ contour, an artificial scatter phantom with four identical sphere targets was simulated using Field II. At every target center, as shown in Figure 3A, the   represented simulated EUS image set simulated by shifting the image plane along the center of each target axis at 5-mm intervals. Similarly, the  represented simulated EUS image sets simulated by rotating image direction to ± 15, respectively. Thus, a 2D simulated US image set   including 30 images was created for every target. The corresponding 2D interpolated CT image   sets were created in the same rotated degree and image plane. In the Field II simulation process, we defined the parameters of the endoscopic probe exactly as the endoscopic probe, including a center frequency of 7.5 x 106 Hz and a width and height of every element at 0.29 mm and 0.41 mm, respectively. Before computing the Haar feature dictionary, all simulated EUS images are smoothed by a 5 x 5 median filter for removing scattered noise.

Figure 3B shows the workflow of phantom experiments. Each simulated EUS image was registered and paired with a corresponding interpolated CT image in the same location. The simulation of the EUS images process and the interpolation process were performed on the Field II package and our lab software, respectively. The Haar feature vectors of every simulated EUS image consisted of the Haar feature dictionary. By calculating the NCC value between the Haar feature vector of the target EUS image and each vector in the dictionary, the best matched simulated EUS image was found and picked from the simulated EUS set, thereby finding the corresponding paired ICT slice and tracking probe location.

In addition, we tested the matching accuracy and efficiency with a different number of basic Haar feature functions and scale parameters based on phantom experiment data. In this test, the experimental procedure was the same as the previous one but with a different number of basic Haar feature functions or changing the scale parameters.




Patients Experiments


Patient’s Experiment Based on CT Scans

For assessing the feasibility of our method on more complicated image data from a real patient, we used our previous patients who were injected with hydrogel spacer at our institution before radiation therapy. Six EUS record videos during the injection process were collected and real EUS image data were generated by extracting frames from these videos. After injection of the hydrogel, CT simulation of this patient (Philips Brilliance Big Bore CT; 3-mm slice thickness, 120 kVp, 200 mA, a 60-cm field of view) was performed. 10 potential injected points located in different slices were selected by the clinician, and corresponding ICT slices of each potential injected point were created. Every ICT slice has different directions which are different from the traditional CT view (axial, sagittal, and coronal) for mimicking the various views of EUS images. The tumor region was represented as hypoechoic mass whereas no clear edge of the tumor was observed based on CT scans. Thus, according to the tumor contour, we applied a pre-processing step of ICT scans for converting tumor pixels’ grey level into black and generated these pre-processing ICT.

A simulated EUS data set was generated by simulating ten EUS images based on pre-processing ICT slices. Specifically speaking, the anatomic phantoms were created by drawing a bitmap image of the scattering strength of the region of interest. In this case, this bitmap determines the factor multiplied with the scattering amplitude generated from the Gaussian distribution, thereby modeling the difference in the density and speed of sound perturbations in the tissue. A curvilinear array with 159 elements in 91.1 mm radius was defined and the simulated EUS images consisted of 128 scanlines. Figure 4 showed the workflow of the patient’s CT experiment. One real EUS image was selected by the clinician as the target EUS image. By extracting Haar feature vectors from simulated EUS images and target EUS images, and computing the NCC value between every simulated EUS image with target one, a best matched simulated EUS image was obtained with a known location on the ICT scan. Therefore, the probe position of the real target EUS image can be confirmed as the location of the best matched simulated EUS image.




Figure 4 | The workflow of patient’s CT experiment.





Patient Experiment Based on MR Images

Because MR images have a better contrast around the HOP, we further tested the feasibility of our method based on MR image data. We defined the MR images of our previous patients acquired before hydrogel injection at our institution as original pre-MR images (O-MRI). Patient MR images were performed on a 1.5T clinical MR scanner (Signa Artist, GE Healthcare, Wauwatosa, WI, US). We created two simulated injected points based on different MR image slices. Then, we simulated hydrogel injection at these two simulated injected points, named P1 and P2, and generate simulated post-MR images (S-MRI). As Figure 5 A2 shows, the yellow and blue points are two simulated injected points in different axial slices. P1_1 and P1_2, P2_1 and P2_2 are the extra two nearby points around simulated injected points, respectively. All the simulated injected points were selected based on axial CT scan which duodenum and HOP were adjacent to each other. The detail of this simulation of injection was published in the previous paper from our lab (41). We generated 7 interpolated MRI slices on every simulated injected point. As Figure 5, B1 and C1 show, for each simulated injected point, we interpolated four MR image slices by rotating image planes ±15° around the axial plane in the patient right-to-left direction (Figure 5, B1, R to L) and the posterior-to-anterior (Figure 5, C1, P to A) direction, respectively. These simulated EUS images were aimed to mimic the EUS images obtained like radial EUS scanning. Additionally, as Figure 5, D1 shows, the other three interpolated MRI slices were perpendicular to the axial plane. The middle-interpolated slice was defined as a simulated injected image plane from point to the HOP and the rest of the two interpolated slices were generated by shifting ±15° around it. These simulated EUS images were used to mimic the EUS images collected as in linear EUS scanning. Therefore, two interpolated MRI sets were created based on OP-MRI and SP-MRI data sets and each of them included 42 interpolated MR images. As Figure 6 shows, the corresponding simulated EUS data sets were generated by simulating EUS images based on interpolated O-MRI and S-MRI data sets. The simulation process was the same as patient CT experiments, including probe definition and generation of scattering phantom.




Figure 5 | The simulated injected point and interpolation of MRI image. R, L, P, and A represent right, left, posterior, and anterior, respectively.






Figure 6 | The workflow of patient’s MRI experiment.



We did two validation experiments. In the first experiment, we picked one simulated EUS image (from P2 simulated injected point with Figure 5, B1 –15° interpolated angle) from O-MRI simulated EUS image set as the target EUS image. We assume this target EUS image is obtained before the injection process and try to track the probe location of this target EUS image. So, we searched the best matched simulated EUS image of this target EUS image from the O-MRI simulated EUS image set. In the second experiment, we picked one simulated EUS image at the same simulated injected position in the previous target EUS image (from P2 simulated injected point with Figure 5, B1 –15° interpolated angle) from S-MRI simulated EUS data set as the target EUS image. In this case, our scenario is to simulate this target EUS image obtained during the injection process and try to track the probe location in real-time for the guidance injection process. Thus, we searched the best matched simulated EUS image of this target EUS image from O-MRI simulated EUS image data sets.






Results

In the 121 simulated EUS images with 18,801,134 scatters, the best matched simulated EUS image is the 19th in the . The results are shown in Figure 7. Figures 7A–C show the target EUS image, the corresponding best matched simulated EUS image, and one simulated EUS image with a different target nearby the best matched one. Four marker points are measured in the best simulated EUS image and the target EUS image. The green circles and red crosses represent the markers of best matched simulated US image and target EUS image, respectively. The locations of four marker points on the target are obtained. Because we did not have the ground truth location of the target EUS image, the distance errors between these four marker points are used to assess the process for searching best-matched result. In the x-axis, the errors of these four markers between the target EUS image and the best matched EUS simulated image are -0.36 mm, -0.71 mm, -0.71 mm, and 0.07 mm, respectively. In the y-axis, the errors of these four markers between the target EUS image and the best matched US simulated image are 0.468 mm, 0.80 mm, 0.91 mm, and 0.91 mm, respectively. Figures 7D–F show the Haar feature vector (1*14027) of the target EUS image, best matched simulated EUS image, and nearby simulated EUS image, respectively.




Figure 7 | (A–C) show the target EUS image, the corresponding best matched simulated EUS image, and one simulated EUS image with a different target nearby the best matched one. Four marker points are measured in the target EUS image and the best simulated US image. The green circles and red crosses represent the marker of the target EUS image and best matched simulated EUS image, respectively. (D–F) show the Haar feature vector of target EUS image, best matched simulated EUS image, and nearby simulated EUS image, respectively. (G) plots the results of matching accuracy with different scales and fixed number of basis functions. N is the number of basis functions. MC is a combination of multiple scales. (H) plots the results of matching accuracy with a variable number of basis functions and fixed scales. S is the scale of the basis function. MC is a combination of multiple scales. The error is calculated as the distance error of the four marker points of each target between the target EUS image and the corresponding best matched EUS image.



Figure 7G plots the results of matching accuracy with different scales value and a fixed number of basis functions. N is the number of basis Haar feature functions. MC is a combination of multiple scales values. Figure 7H plots the results of matching accuracy with a variable number of basis functions and fixed scales. S is the scale value of the basis Haar feature function. MC is a combination of multiple scales. The locations of four marker points on the sphere target are obtained. The error was measured as the four marker points’ distance errors of each target between the target EUS image and the corresponding best matched EUS image. As Figures 7G, H show, with a fixed basic Haar feature function, the matching accuracy will be improved by increasing scales. That is because the lower image quality of simulated EUS images did not have smooth circle edges. It is better to use large scales of basis function to detect the large gray level variation. According to Figure 7H, there is no significant relationship between matching error with the different number of basic Haar feature functions (fixed scales).

Figure 8 shows one example of ICT and corresponding pre-processing ICT. In the ICT, the tumor, as red contour showed, has a similar grey level with around tissue (Figure 8A). Figure 8B shows the result of the tumor region after pre-processing which was converted as a “hypoechoic” organ (red contour). A white dot (green contour) in the Figures 8A and 8B within the tumor is a marker for eliminating position error during radiotherapy. There are three hydrogel clusters in the ICT and PCT with yellow contours (Figures 8A, B). The corresponding simulation phantoms are created for EUS simulation based on these pre-processing ICT slices. Figure 8C shows one frame of real EUS image selected by a clinician as target EUS images to test our method. A tumor (red contour), one hydrogel cluster (yellow contour), and injected needle (blue contour) can be seen in this target EUS image. The tumor is presented as a hypoechoic region at the bottom right of the image. By applying our proposed method, the best matched simulated EUS image is found according to the maximum NCC value. Figure 8D shows the corresponding best matched simulated EUS image in our simulation datasets. The tumor and hydrogel clusters are contoured in red and yellow, respectively. Figure 8E shows the Haar feature vectors (1*14027) of the target EUS image and all 10 simulated EUS images. Different colors represented different values. The x-axis represented the feature number. The Haar feature vectors of the real EUS image and the corresponding best-matched image were shown in the red frame (Figure 8E).




Figure 8 | (A, B) show one example of ICT and pre-processing ICT, respectively. Red, yellow and green contours represented tumor, hydrogel, and tumor marker, respectively. The target EUS image and the best matched simulated EUS image are shown in (C, D), respectively. Red, yellow, and blue contours represented tumor, hydrogel, and injected needle, respectively. (E) shows the Haar feature vector comparison between the target EUS image and all 10 simulated EUS images. The Haar feature vector in the red frame is calculated based on the best matched simulated EUS image.



The results of the MRI patient experiment are shown in Figure 9. Figure 9A shows the target simulated EUS image which is chosen from O-MRI simulated EUS image set at the P2 simulated injected point with Figure 5, B1 -15° interpolated direction. Figure 9D shows the target simulated EUS image from S-MRI at the same position. Figures 9B, E show the corresponding best matched simulated EUS images found in the O-MRI simulated EUS image set. Our method is capable to find the best matched simulated EUS image both before injection and during the injection process, thereby confirming the probe location. But if the target EUS image is chosen as the simulated EUS images in the same simulated injected point with different interpolated directions, the best matched simulated EUS images were found with error interpolated direction.




Figure 9 | The example results of the MRI patient experiment. (A) shows the target simulated EUS image which was chosen from O-MRI simulated EUS image set at the P2 simulated injected point with . B1 –15° interpolated direction. (D) shows the target simulated US image from S-MRI at the same position. (B, E) show the corresponding best matched simulated EUS images found in the O-MRI simulated EUS set. (C, F) show the Haar feature vectors comparison between target EUS images and simulated EUS images from the same potential injected points. The Haar feature vectors of the target EUS image and corresponding best matched simulated EUS image was in the red frame.



Figures 9C, F show the Haar feature vectors comparison between target EUS images and simulated EUS images from the same potential injected points. The target EUS image shows in Figure 9C is chosen from O-MRI simulated EUS image set at the P2 simulated injected point with Figure 5, B1 -15° interpolated direction. The Haar feature vectors of simulated EUS images are based on O-MRI from the same simulated injected point. The target EUS image shows in Figure 9F is chosen from S-MRI simulated EUS image set at the P2 simulated injected point with Figure 5, B1 -15° interpolated direction. The Haar feature vectors of simulated EUS images are based on S-MRI from the same simulated injected point. The Haar feature vectors of best matched simulated EUS image is the second vector in Figure 9C for both these two targets simulated EUS images (red frame in Figure 9C, F).



Discussion

We proposed a Haar feature-based method for tracking probe position on diagnostic CT/MRI scans in the hydrogel injection process between the HOP and duodenum. We tested our method on a phantom study and two patients’ experiments. Such a method can potentially increase the efficiency of hydrogel placement in common practice and obviate the need for external hardware for tracking EUS probe positions. The significance of our method is building a connection between 2D real-time EUS images and 3D pre-diagnosed CT/MRI images.

In previous research, we considered two possible risks of hydrogel injection (16). The first potential risk is about the side effects of muscularis propria after injection. Due to the unique anatomy between the HOP and duodenum, the hydrogel spacer injection process caused the injection within the muscularis propria of the duodenum in our cadaveric specimens. The second possible risk is disrupting and disseminating microscopic disease between the HOP and duodenum. Thus, we planned to evaluate and test whether the hydrogel injection causes the microscopic disease extent based on the histopathologic analysis of the resected interface between the HOP and duodenum. In this case, for better understanding the possible side effects of injection before expanding spacer application to clinical trials, it’s important to control hydrogel injected in a specific location, mark and record this specific location in three-dimensional image data, and then investigate and identify whether this location is safe to place spacer with low risks. This is another potential application of our proposed method.

Besides these risks, there are two main uncertainties during hydrogel injection. First, although there is a wide application of similar hydrogel spacer placement reported for esophagus, bladder, prostate, and cervix (42–44), we have limited experience in placing this hydrogel in unique C-loop anatomy at the interface between pancreas and duodenum. It’s hard for physicians to find an optimal injected point to place spacer only rely on 2D EUS images which might limit the benefit of hydrogel application. Second, the three-dimensional geometric relationship between the HOP and the duodenum can potentially change and deform since the beginning of the injection process. Similarly, 2D EUS images are not capable to represent all these deformations and changes in three-dimensional view for guiding the injection process. Our lab’s previous research (41) proposed a FEMOSSA simulation model to predict and simulate the realistic prostate-rectum spacer placement procedure. This method made it possible to design a pre-treatment injected plan based on CT scans for increasing the robustness and success rate of hydrogel placement, thereby potentially improving the clinical outcome of prostate cancer radiation therapy. Therefore, by combining the proposed method in this study with FEMOSSA, one can guide the EUS probe placing in the designed injected location and execute a pre-treatment injected plan.

The reason why the dictionary-based method of tracking probe position could be feasible and translated to our EUS guidance hydrogel injection is that probe motion pattern exists when the hydrogel is placed from the perspective of the duodenal lumen into the peripancreatic region. This kind of probe motion pattern also exists in clinical US image-guided procedures of prostate biopsy, cervical brachytherapy, and liver focal ablation (31). Plus, researchers demonstrated that Haar wavelet coefficients are sufficient and efficient to represent image features in 2D image slices to 3D volume image registration. In this case, abundant predicted EUS probe position of injection procedure is critical to generate efficient simulated EUS images and a large corresponding Haar features dictionary.

The results of the phantom and patient’s experiment show the feasibility of our method and the accuracy of finding the best matched simulated EUS image. Previous research (45, 46) showed that registration error within 3 mm is comparable with electromagnetic and vision-based tracking systems for spine needle injections in the lumbar region. However, our phantom results demonstrated that the error between the best matched simulated EUS image and target EUS image is within 1 mm. Additionally, the results demonstrated that Haar features are sensitive to detect targets even with a noisy background. By incorporating the integral image method, the computation procedure is not time-consuming. Our Haar feature method makes it possible to implement the proposed ideal injection workflow for reducing the risks caused by uncertainties in the injection process.

Our method does have a good performance for searching best matched simulated EUS images within the simulated EUS image set in the phantom experiment: every 2D simulated EUS image set includes 121 simulated images (rotation range: 30 degrees in 15 intervals, image plane interval: 5 mm). This is because the EUS training phantom only includes the simplest sphere targets. But we cannot find other EUS training phantom with more various targets to mimic the endoscopic injected process. In the patient MRI experiment, a searching error with our method occurred. This is probably because of the lower resolution of the simulated EUS image dictionary. Thus, if we aim to apply this method to EUS images of the human anatomy, it is better to refine the simulated EUS images in both fine rotated intervals and image plane intervals and improve EUS image quality. However, in this way, the simulation process will require more time.

There are several limitations of our study. The first limitation involves the fact that only one real-time EUS image is available to use as a target image for evaluating our results in the phantom experiment. Therefore, we do not have enough points to quantify the registration error. In more future work, some simulated EUS images could be viewed as target images to test our method. In addition, we could use them with different resolutions or in different directions to mimic the various circumstances in the actual clinical injection process. The advantage of the second solution is that we know the ground truth of the probe/image locations. Furthermore, we could collect various real EUS images with high resolution and image quality, extracting the Haar features, which are sensitive to edge detection, to train an auto-segmentation model, like face detection. Alternatively, we could use the results of an auto-segmentation of the pancreas, the pancreas duct, and vessels as targets to register CT scans with a real-EUS image.

Secondly, in phantom experiments, we only consider the endoscopic probe direction aligned with the scan channel. The endoscopic probe has broad flexibility in terms of rotation when injecting hydrogel within the duodenum. In that our sphere target has the same 2D projection in a different direction, the only difference is in its radius. However, if we implement this method in actual patient’s CT scans and EUS images, we have to consider more variations in probe direction. One previous paper (27) developed an imaging process method to generate potential/optimized planes for registration between CT and US images, which is a potential method we could combine with ours. In our patient experiment with CT scans, there is a large variation of interpolated CT slices with slightly “rotating” the probe. Thus, only 10 potential injection points are not sufficient to generate a simulated EUS dictionary. A similar limitation occurred in the patient’s MRI experiment. Plus, generating a large, simulated EUS dictionary including sufficient predicted probe position is owing to the EUS image simulation on Field II which is a very time-consuming process.

At last, our EUS training phantom CT has a low contrast resolution, and we do not have ground truth with our probe position. In future work, we could attach an infrared marker to the probe to track its location with an infrared camera. In this case, we could use this location data as ground truth to evaluate our results. There is a similar limitation to a patient experiment. Plus, the breathing motion effect was not considered when we did the simulation process based on patients’ CT and MRI. Since the EUS images were acquired in real time during clinical procedure, the motion breathing will probably cause no matched simulated EUS image in the dictionary even though the probe may be placed in the same position. In addition, many factors can impact the image quality and simulation process. For example, the grey level of region of interest in CT scan and EUS image are not uniform, such as stent, veins, and arteries. Some organs, like the layer of the mesentery, cannot be observed in CT scans, whereas these organs can be easily distinguished in the EUS images. Therefore, for generating a more accurate simulated EUS dictionary, additional image pre-processing steps that incorporate known anatomy are required.



Conclusion

This study demonstrated the feasibility of our method for tracking endoscopic probe location without external tracking hardware, thereby guiding the hydrogel injection between HOP and duodenum. Ongoing studies aim to accelerate the simulation process of generating dictionaries. Furthermore, more variable potential injection points and EUS direction must be considered and included in the simulation process.
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Purpose

We investigated the movement characteristics of pancreas and the clinical accuracy of tracking pancreas with the Synchrony Respiratory Tracking System (SRTS) during the CyberKnife treatment. These data provide a clinical data basis for the expansion margins of pancreatic tumor target.



Methods and Materials

Forty-two patients with pancreatic cancer treated by CyberKnife were retrospectively studied. The pancreatic displacement calculated from the x-ray images collected during the time interval between two consecutive movements constituted a data set.



Results

The total mean motion amplitudes and standard deviations of pancreatic tumors in SI, LR, AP, and radial directions were 3.66 ± 1.71 mm, 0.97 ± 0.62 mm, 1.52 ± 1.02 mm, and 1.36 ± 0.49 mm, respectively. The overall mean correlation errors and standard deviations were 0.82 ± 0.46 mm, 0.47 ± 0.33 mm, 0.41 ± 0.24 mm, and 0.98 ± 0.37 mm, respectively. The overall mean prediction errors and standard deviations were 0.57 ± 0.14 mm, 0.62 ± 0.28 mm, 0.39 ± 0.17 mm, and 1.58 ± 0.36 mm, respectively. The correlation errors and prediction errors of pancreatic tumors at different anatomical positions in SI, LR, and AP directions were statistically significant (p < 0.05).



Conclusions

The tumor motion amplitude, the tumor location, and the treatment time are the main factors affecting the tracking accuracy. The pancreatic tumors at different anatomical locations should be treated differently to ensure sufficient dose coverage of the pancreatic target area.





Keywords: CyberKnife, expansion margin, pancreatic cancer, SRTS, tumor motion management



Introduction

Pancreatic cancer is one of the most aggressive tumors, and there is almost no effective treatment method at present. Even in resected patients, the prognosis is still very poor, and the incidence of local recurrence (1) is between 20% and 60%. Stereotactic radiosurgery for pancreatic cancer has shown promising early results (2). SBRT can maximize the protection of surrounding normal tissue by forming a significant dose gradient around the prescription dose (3). Current evidence suggests that increasing the dose of SBRT may further improve patient outcomes (4). However, the increase of dose is limited by toxicity of surrounding normal organs. During SBRT treatment of pancreas, the surrounding normal organs, stomach, and duodenum (5) are highly sensitive to radiation and adjacent to the pancreas. Due to breathing, digestion, and heartbeat, the boundary between the tumor and nearby organs is blurred. This internal target movement may lead to insufficient local dose of tumor and excessive dose of normal organs at risk (OARs) (6).

In order to reduce the adverse effects of internal organ movement in the treatment, and compensate for the unquantified geometric uncertainty in target tumor location, scholars usually apply general margins to clinical target volume (CTV) to the planning target volume (PTV) margins. This margin estimation may not include the “current” range of motion presented by the pancreas (7, 8). At present, different methods have been proposed to deal with respiratory movement (9), such as the abdominal compression technique (10), respiratory gating technique (11), breath holding technique (12), internal-target-volume (ITV) (13), and simultaneous dynamic tumor tracking (DTT) technique.

Tumor tracking is an advanced method to manage respiratory movement. This method reduces the size of PTV. This can improve targeting and achieve better tumor control, and minimize radiation to normal tissues (14). However, there is little clinical guidance on the management of pancreatic cancer patients.

In this paper, we analyzed 219 data sets recorded by 42 patients with pancreatic cancer. By tracking external markers and implanted fiducials through the stereo x-ray imaging, we monitored the movement data of pancreas during the treatment to quantify the movement of pancreas, and deeply studied the characteristics of fractional internal movement of pancreas. This study aims to answer three key clinical questions: (1) motion characteristics of pancreatic tumors under free breathing; (2) the accuracy and related factors of tracking pancreas by the CyberKnife SRT system; and (3) the expansion margin of the pancreatic target is guided by the movement characteristics of pancreas and the tracking accuracy of the SRT system.



Methods and Materials


Data Source

From January 2017 to December 2020, 42 patients with locally advanced pancreatic cancer received CyberKnife radiotherapy using SRTS in the radiotherapy department. The treatment characteristics of patients are listed in Supplementary Table 1. Previous research on the number of implanted fiducials showed that less than three fiducials can only calculate the three-dimensional translation deviation, but not the rotation angle deviation. The correlation models established with three or more fiducials are more stable compared with those less than three fiducials. In this study, the pancreas was divided into pancreatic head, neck, body, and tail to analyze the motion management of pancreatic cancer. It was necessary to ensure that the fiducials were in their respective anatomical positions to avoid overlapping and affecting the results. Finally, before treatment, two to five fiducials were implanted into or around the tumor under the guidance of CT or ultrasonic endoscopy. The patient was fixed with a vacuum pad, and his/her arm was placed above the head. Half an hour before CT positioning, the oral contrast agent was taken. During CT positioning, the contrast agent was injected intravenously to obtain the CT sectional image at the end of inspiration, with a layer thickness of 1 mm. The patient breathed freely throughout the treatment. There was no respiratory training for the patient before CT positioning and CyberKnife treatment. The design of the treatment plan was based on end-inspiratory CT image, and PTV was based on the expansion of GTV by 4 mm in all directions. The dose of PTV was defined as an isodose line of 65% to 76%, where 100% was normalized to the maximum dose.

The CyberKnife synchrony tracking system will continuously synchronize the beam transmission and breathing, thereby tracking the tumor targets without interrupting the treatment or moving the patient. After each treatment, the CyberKnife system will save a log file containing the centroid displacement of fiducials in the superior–inferior (SI), left–right (LR), and anterior–posterior (AP) directions. This can be used to analyze the organ movement during the beam transmission. The pancreatic movement is defined as the centroid displacement of fiducials relative to the planned position. Some fiducials migrate or rotate during treatment. If the fiducials exceeded the respective anatomical range, the data sets of the subsequent treatment were discarded. The respiratory motion data, pancreatic motion data, correlation error data and prediction error data were extracted from the treatment log files.



Respiratory Movement Data

Three optical markers were used to record external respiratory signals in real time. These markers were optical fiber terminals for transmitting LED signals (15, 16). Before treatment, three infrared markers were pasted on the patient’s chest or abdomen. In this study, the patients were treated with two or three external optical markers. The 3D position of external markers was continuously measured by the stereo camera system at a frequency of about 30 Hz. The distance of each marker along the main axis of movement was recorded for the correlation model.



Baseline Drift

It is reported that the external substitution movement is closely related to the internal tissue movement (17). However, this correlation may change due to a baseline drift of the patient’s breathing and gradual relaxation of muscles. Baseline drift was defined as the slow changes of the respiratory baseline in one direction overtime (18). Baseline drift was calculated by subtracting the absolute value of the lowest point from the highest point of the baseline, and then dividing by time. Malinowski (19) investigated patients with lung and pancreatic tumors, and the relationship between substitutes and tumor location changed in 63% of cases.



Correlation Model

A pair of orthogonal x-ray tubes was used to take many x-ray images of patients. At different stages of the respiratory cycle, the position and direction of several fiducials implanted in or near the tumor were monitored until the SRT system showed that the respiratory cycle was 100% covered. The position of fiducials was automatically extracted from x-ray images, and its three-dimensional coordinates were reconstructed in the patient coordinate system through back projection. Finally, the marker configuration was registered to the marker configuration in the planned CT scanning images to determine the location of the tumor.

Therefore, the average errors of two or three independent models coupled with the external marker were used for each component of the movement. We chose to use the average value, because the output of the correlation model transmitted to the robot controller was the average value of all the external markers.



Prediction Model

Another component of the SRT system is the prediction model. The tumor location information was obtained 115 ms in advance in the SRT system through the prediction model. The tumor identification and beam adjustment were completed within 115 ms through the SRT system (20).

The prediction error was calculated by comparing the predicted location with the actual location after 115 ms. The overall mean errors and the standard deviations of each fraction were calculated for each patient in the SI, LR, and AP directions. The Modeler.log, the Predictor.log, the ModelPoints.log, the Markers.log, and the ERsiData.log were in the log files (21).



Data Analysis for Correlation and Prediction Errors

Treatment may be interrupted by excessive coughing, deep breathing, and slight displacement. In these cases, all existing data points were deleted by resetting the model, and a new correlation model was constructed. The output of the correlation model was used to calculate the amplitude of tumor movement. The amplitude was calculated by using a movement range of 5% to 95%. Only data matched with the dose delivery of the treatment in time were used for analysis.

The predictor provided an estimate of the future target position using the past movement pattern. The output of the correlation model for each direction component was predicted separately. The prediction error was calculated by comparing the predicted location with the actual location after 115 ms. Similarly, only data that matched with the dose delivery of the treatment in time was used for analysis. The maximum prediction error, mean prediction error, and standard deviations of each treatment were calculated. The overall mean errors and the standard deviations of each fraction were calculated for each patient in the SI, LR, and AP directions. The radial error was calculated by summing the square roots in each direction.



Statistical Analysis

Data of each patient were calculated and expressed as overall mean ± standard deviation. The Pearson correlation coefficient r was evaluated with an uncorrelated test. Comparisons were performed using t-test, and the differences were considered significant when p-value was less than 0.05. The statistical analyses are based on SPSS statistics of IBM.

The factors for the tracking accuracy were estimated through the multivariate regression analysis. Correlation errors, prediction errors, and radial errors were specified as dependent variables. Seven parameters, namely, baseline drift, respiratory amplitude, respiratory cycle, treatment time, tumor volume, tumor motion amplitude and tumor anatomical location, were extracted as independent variables.




Results


Tumor Movement Characteristics

The average duration of each data set was 45.9 min, and the average volume of tracking tumor was 11.7 ± 15.3 cm3. In Supplementary Table 2, the overall mean and standard deviation of tumor motion amplitude in SI, LR, AP, and radial directions were 3.65 ± 1.71 mm, 0.97 ± 0.62 mm, 1.52 ± 1.02 mm, and 1.36 ± 0.49 mm, respectively. The overall mean and standard deviation of respiratory amplitude were 21.49 ± 17.05 mm, 5.01 ± 4.99 mm, 6.18 ± 9.57 mm, and 7.62 ± 2.43 mm, respectively. The respiratory amplitude and tumor motion amplitude in SI direction were significantly greater than that in the LR and AP directions (p = 0.000).



Tumor Movement Characteristics at Different Anatomical Positions

The centroid movement of fiducials was used as an alternative to pancreatic movement. The value was continuously recorded over time, and 219 data sets were analyzed. The overall mean and standard deviations of tumor motion amplitude in SI, LR, AP, and radial directions are as follows (Table 1): (1) pancreatic head: 3.16 ± 1.38 mm, 1.14 ± 0.59 mm, 1.66 ± 0.74 mm, and 1.24 ± 0.29 mm; (2) pancreatic neck: 3.72 ± 0.81 mm, 0.88 ± 0.59 mm, 1.02 ± 0.31 mm, and 1.13 ± 0.20 mm; (3) pancreatic body: 3.85 ± 1.80 mm, 0.92 ± 0.70 mm, 1.42 ± 1.18 mm, and 1.41 ± 0.60 mm; and (4) pancreatic tail: 3.74 ± 2.10 mm, 0.78 ± 0.43 mm, 1.70 ± 1.04 mm, and 1.45 ± 0.42 mm.


Table 1 | Overview of pancreatic tumor motion at different anatomical locations.





Correlation and Prediction Errors

In order to evaluate the correlation and prediction errors in clinical log files, 219 data sets of 42 patients were analyzed. The histograms of correlation and prediction errors in all directions are shown in Figures 1, 2, respectively. The overall mean correlation and prediction errors at different anatomical locations are summarized in Table 2. The average correlation and prediction errors in SI, LR, and AP directions were very small, and the average correlation error in the radial direction was less than 1 mm. The correlation errors of tumors located in pancreatic neck in SI, LR, and AP directions were significantly greater than that in other parts (SI direction: 1.02 ± 0.52 mm vs. 0.84 ± 0.31 mm, 0.83 ± 0.34 mm, and 0.59 ± 0.26 mm; LR direction: 0.57 ± 0.36 mm vs. 0.56 ± 0.20 mm, 0.45 ± 0.25 mm, and 0.23 ± 0.13 mm; AP direction: 0.62 ± 0.27 mm vs. 0.48 ± 0.21 mm, 0.38 ± 0.15 mm, and 0.32 ± 0.17 mm, p < 0.05). The prediction errors in SI and AP directions were gradually increased from pancreatic head to pancreatic tail (SI direction: 0.49 ± 0.11 mm vs. 0.54 ± 0.13 mm, 0.58 ± 0.14 mm, and 0.62 ± 0.17 mm; AP direction: 0.35 ± 0.08 mm vs. 0.39 ± 0.11 mm, 0.42 ± 0.14 mm, and 0.43 ± 0.15 mm, p < 0.05).




Figure 1 | Distribution of mean correlation errors in (A) SI, (B) LR, (C) AP and (D) radial directions.






Figure 2 | Distribution of mean prediction errors in (A) SI, (B) LR, (C) AP and (D) radial directions.




Table 2 | Summary of the correlation and prediction errors in 219 fractions.



For the anatomical location of pancreatic tumors, the correlation errors and prediction errors of different anatomical locations in SI, LR, and AP directions were statistically significant (correlation errors: p = 0.006, 0.00, and 0.038, respectively; prediction errors: p = 0.011, 0.048, and 0.031, respectively). However, the correlation errors and prediction errors of pancreatic tumors in radial direction at different anatomical locations were not statistically significant (p = 0.401 and 0.196).



Correlations of Tracking Parameters

The correlations of tracking parameters were counted to determine their influence on the correlation errors and prediction errors. The influencing factors include individual patient differences (respiratory cycle and respiratory amplitude), tumor anatomical location, tumor movement amplitude, baseline drift, tumor volume, and treatment time. The Pearson correlation was used to analyze the correlation between seven factors and errors. The results of correlation analysis were summarized in Supplementary Table 3. The correlation errors and prediction errors in all directions were significantly less correlated with tumor motion amplitude (r > 0.3, p < 0.01). The correlation errors in the LR direction and the prediction errors in the AP and radial directions were correlated with tumor motion amplitude (r > 0.5, p < 0.01). The correlation errors in all directions were significantly less correlated with treatment time (r > 0.3, p < 0.01). The correlation errors in SI, LR, and AP directions were significantly less correlated with tumor anatomical location (r > 0.3, p < 0.01). The correlation error in the LR direction was correlated with tumor anatomical location (r > 0.5, p < 0.01). The correlation error in the SI direction was significantly less correlated with baseline drift (r = −0.3, p = 0.006). The correlation error in the AP direction was significantly less correlated with tumor volume (r = 0.332, p = 0.002).

The prediction error in the AP direction was significantly less correlated with respiratory amplitude and tumor volume (r = 0.418 and 0.385, p < 0.01). The prediction error in radial direction was significantly less correlated with tumor volume and respiratory cycle (r = 0.438 and −0.317, p < 0.01). The prediction error in the LR direction was significantly less correlated with baseline drift and respiratory rate (r = 0.336 and −0.446, respectively, p < 0.01). The variation of correlation error and prediction error with tumor motion amplitude in all directions is shown in Figures 3, 4, respectively. Other parameters had no significant correlation with correlation or prediction error.




Figure 3 | Variation of correlation errors with tumor motion amplitude in (A) SI, (B) LR, (C) AP and (D) radial directions.






Figure 4 | Variation of prediction errors with tumor motion amplitude in (A) SI, (B) LR, (C) AP and (D) radial directions.





Tumor Expansion Margins

There are three factors for the boundary expansion during the treatment with the CyberKnife SRT system: (I) the aiming accuracy of CyberKnife; (II) correlation error; and (III) prediction error. Previous studies have found that the mechanical error was 0.1 mm and the maximum position uncertainty was 0.3 mm. In the monthly quality assurance program of CyberKnife in Indianapolis (22), the aiming error is 0.5 mm.

In this paper, the correlation errors and prediction errors were correlated with the tumor motion amplitude. In our analysis, the correlation errors were extracted from the model points log file. The mean, minimum, maximum, and standard deviations of the correlation errors and prediction errors of each course were measured. Two standard deviations from the mean value of each anatomical direction were used to ensure 95% coverage of modeling points. Similarly, three standard deviations from the mean value of each anatomical direction were used to ensure 99% coverage of modeling points. However, if the minimum or maximum deviation was less than two standard deviations, they were replaced. The prediction errors in SI, LR, and AP directions did not contain direction information, so the prediction error in radial direction will be greater than the actual value. Therefore, the correlation and prediction errors in the radial direction are not shown in Table 3.


Table 3 | Statistics of correlation, prediction, and total errors of pancreatic tumors at different anatomical locations.






Discussion

The results of a study on 4DCT of pancreatic tumors by Sarkar et al. showed the daily breathing inconsistency in the pancreas SBRT (23). This further indicated that the isotropic ITV edge expansion may not be appropriate because it cannot be fully considered the movement of inter- and intra-fractions. This paper analyzed the movement characteristics of pancreatic tumors at different anatomical positions through clinical log files and successfully described the correlation errors, prediction errors, and overall error of the synchronous tumor tracking system. This paper provides appropriate information for the expansion of clinical target GTV.

Tumor motion amplitude was significantly correlated with correlation errors and prediction errors (Figures 3, 4). This indicates that tumors with greater movement amplitude may produce greater tracking errors. Winter et al. studied the relationship between the tracking errors and tumor motion amplitude in patients with liver cancer. They showed that there was a strong correlation between prediction error and target amplitude (24). They also reported that the correlation error was related to the target tumor volume. Our data showed that the correlation error and prediction error in AP direction were less correlated with target tumor volume (r = −0.332 and 0.385, p < 0.01).

It is reported that the large respiratory motion amplitude of tumors is related to the baseline drift. This will affect the reproducibility of the position between tumors (25). This correlation will have a significant impact on the calculation of ITV and PTV margins. However, this is inconsistent with our findings. Our results showed that the tumor motion amplitude was not correlated with baseline drift in all directions (Supplementary Figure 1).

There are some limitations in this paper. First, tumor motion amplitude was from the movement data of fiducials. Although the use of implanted fiducials in abdominal tumor treatment has increased significantly, some potential problems related to their use need to be further studied. For example, the distance and spatial relationship between multiple implant fiducials and tumors may change because of the treatment and/or disease-related organ swelling or contraction. In addition, due to the differential movement caused by organ deformation, the distance between fiducials and the tumor may change during the respiratory cycle (26).

Second, the relationship among errors and prediction models and motion is based on external LED markers. The correlation and prediction models were constructed based on external LED signals through the SRT system. Therefore, the location of LED may affect the model errors. However, it is difficult to extract specific parameters from each patient’s LED marker data, because CyberKnife treatment lasted longer than IMRT. In addition, each patient in this study can breathe freely during CyberKnife treatment. Although these abnormal data have been excluded from statistics, there were some irregular breathing patterns in the respiratory data.

Previous studies on lung patients treated with CyberKnife synchronous tracking system showed that correlation errors were not correlated with the amplitude and variability of LED markers. This indicated that the respiratory model was not the main factor for the tracking accuracy. Our study on pancreatic patients treated with CyberKnife synchronous tracking system shows that correlation errors were not correlated with the amplitude and variability of LED markers in all directions. However, only the prediction errors in AP direction were correlated with the amplitude and variability of LED markers. Our results show that the motion amplitude and location of pancreatic tumors are the main factors for the tracking accuracy. The tumor movement is mainly caused by the patient’s breathing. Therefore, it is urgent to determine the effects of breathing mode on the tracking accuracy of different tumors in future clinical studies.



Conclusions

The inter-fraction movement of pancreas has been considered as one of the main limiting factors for the increase of pancreatic dose during the pancreatic cancer radiotherapy for a long time (27). A detailed understanding of pancreatic movement helps to understand the nature and extent of the adverse effects of uncertainty. In this study, we studied the internal motions and the tracking accuracies of 42 patients with pancreatic cancer treated with CyberKnife and analyzed the tracking accuracies of different anatomical locations. The results show that the tumor motion amplitude, the anatomical location of tumor, and the treatment time were the main factors for the tracking accuracy. The results emphasize the importance of the anatomical location of pancreatic tumors to the expansion margins. The pancreatic tumors at different anatomical locations should be treated differently in the calculation of the expansion margins, because of the amplitude and randomness of pancreatic movement. This is important in future pancreatic radiotherapy to ensure adequate dose coverage of pancreatic targets.

It should be noted that the CT scan images of the treatment plan in this study is based on the end of inspiration rather than the end of expiration. There are many studies on the difference between the end exhale and the end inhale position, and it is true that the end exhale position has many advantages. The end exhale position was the most stable position in the breathing cycle and tumors spent more time closer to the end exhale position than to the end inhale position. We found more overlapping volume of duodenum and stomach at the end inhale position compared to that at the end exhale position in pancreatic cancer with 4DCT scanning. Therefore, a dose to the duodenum was higher when treating during the inspiratory phase than during the expiratory phase. In order to understand the results of this study, we need to distinguish the differences between these two methods.
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Purpose

We investigated potential factors, including clinicopathological features, treatment modalities, neutrophil-to-lymphocyte ratio (NLR), carbohydrate antigen (CA) 19-9 level, tumor responses correlating with overall survival (OS), local progression (LP), and distant metastases (DMs), in patients with locally advanced pancreatic cancer (LAPC) who received definitive radiotherapy (RT).



Methods

We retrospectively analyzed demographic characteristics; biologically effective doses (BED10, calculated with an α/β of 10) of RT; and clinical outcomes of 57 unresectable LAPC (all pancreatic adenocarcinoma) patients receiving definitive RT using modern techniques with and without systemic therapy between January 2009 and March 2019 at our institution. We used Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 to evaluate the radiographic tumor response after RT. The association between prognostic factors and OS was assessed using the Kaplan–Meier analysis and a Cox regression model, whereas baseline characteristics and treatment details were collected for competing-risk regression of the association with LP and DM using the Fine–Gray model.



Results

A median BED10 of 67.1 Gy resulted in a disease control rate of 87.7%, and the median OS was 11.8 months after a median follow-up of 32.1 months. The 1-year OS rate, cumulative incidences of LP, and DM were 49.2%, 38.5%, and 62.9%, respectively. Multivariate analyses showed that pre-RT NLR ≥3.5 (adjusted hazard ratio [HR] = 8.245, p < 0.001), CA19-9 reduction rate ≥50% (adjusted HR = 0.261, p = 0.005), RT without concurrent chemoradiotherapy (adjusted HR = 5.903, p = 0.004), and administration of chemotherapy after RT (adjusted HR = 0.207, p = 0.03) were independent prognostic factors for OS. Positive lymph nodal metastases (adjusted subdistribution HR [sHR] = 3.712, p = 0.003) and higher tumor reduction after RT (adjusted sHR = 0.922, p < 0.001) were significant prognostic factors for LP, whereas BED10 ≥ 67.1 Gy (adjusted sHR = 0.297, p = 0.002), CA19-9 reduction rate ≥50% (adjusted sHR = 0.334, p = 0.023), and RT alone (adjusted sHR = 2.633, p = 0.047) were significant prognostic factors for DM.



Conclusion

Our results indicate that pre-RT NLR and post-RT monitoring of CA19-9 and tumor size reduction can help identify whether patients belong to the good or poor prognostic group of LAPC. The incorporation of new systemic treatments during and after a higher BED10 RT dose for LAPC patients is warranted.





Keywords: pancreatic cancer, radiotherapy, competing risk, survival, risk factors



Introduction

Pancreatic cancer is one of the most devastating gastrointestinal malignancies in Taiwan and is the seventh leading cause of cancer-related deaths in both men and women (1). Despite the advances in chemotherapy, molecular target agents, immunotherapy, and radiotherapy (RT) techniques, the 5-year overall survival (OS) rate in patients with pancreatic cancer remains unsatisfactory, with a 91% mortality rate in 2018 (2). Furthermore, owing to limited screening methodologies, pancreatic cancer patients are often diagnosed with the late-stage disease at initial presentation; only 50% of these patients were free from distant metastases (DMs), of which 60% were considered to have unresectable or locally advanced disease (3). Regardless of the efforts made to achieve a better outcome, the improved median OS rate to 24 months among patients with locally advanced pancreatic cancer (LAPC) was rather disappointing (4, 5).

Conflicting results have illustrated the intriguing role of RT in the treatment of LAPC. For example, the Eastern Cooperative Oncology Group (ECOG) 4201 trial revealed that LAPC patients receiving concurrent RT with single-agent chemotherapy (gemcitabine) had a better OS than those receiving gemcitabine alone (11.1 vs. 9.2 months, p = 0.017) (6). In contrast, the LAP07 trial disclosed a lack of OS benefit with the addition of 54 Gy RT to capecitabine (concurrent chemoradiotherapy [CCRT]) for patients with LAPC after 4 months of gemcitabine with and without erlotinib (from first randomization, chemotherapy versus CCRT; 16.5 versus 15.2 months, p = 0.83) (7). However, from the data of the first randomization, patients who received CCRT had a significantly decreased local progression (LP) rate (32% versus 64%, p = 0.03) and the trend of prolonged progression-free survival (PFS) (9.9 versus 8.4 months, p = 0.06) than patients who received chemotherapy alone (7). According to historical autopsy studies, approximately 8%–15% of patients with pancreatic cancer die from calamitous local disease without DMs, implying the importance of local control for preventing LP-associated morbidities and mortalities in LAPC patients (8–10). Indeed, the National Comprehensive Cancer Network has recorded CCRT as one of the standard clinical practices for caring for LAPC patients with good performance status (11).

Previous retrospective studies have identified several prognostic factors for OS, LP, and DM (12–14). However, the aforementioned prognostic factors may be underestimated or unevaluated using standard statistical analyses because of the high mortality rate of LAPC patients. To overcome competing risks that appear to preclude the occurrence of the primary events of interest, recent studies have advocated the use of competing-risk regression analyses and the Fine–Gray model, both of which can serve as a better parameter and offer robust results for cancer patients in the presence of competing risks (15–17).

In the current study, we retrospectively analyzed the clinicopathological features, treatment modalities, and clinical outcomes (including OS, LP, and DM) of unresectable LAPC patients who received definitive RT using modern techniques with and without systemic treatment at our institute over the past years. Additionally, we assessed potential prognostic factors, including pre-RT carbohydrate antigen (CA) 19-9, reduction percentage of CA19-9, tumor size, pre-RT neutrophil-to-lymphocyte ratio (NLR), pre-RT platelet-to-lymphocyte ratio (PLR), and pre-RT neutrophil-to-monocyte ratio (NMR), the use of concurrent systemic therapy (chemotherapy or molecular target agents), whether or not post-RT chemotherapy was administered, biologically effective doses (BED10, calculated with an α/β of 10) of RT, and the planning target volume (PTV) delineation that were associated with OS, LP, and DM in our patients. Considering that pancreatic cancer itself is a disease with a high mortality rate, and patients may not experience LP or DM before death, we adapted the Fine–Gray model in the competing-risk analyses of LP or DM in our patients to avoid erroneous statistics.



Materials and Methods


Population of Patients With Locally Advanced Pancreatic Cancer

This retrospective cohort study included consecutive patients with histology-proven inoperable pancreatic adenocarcinoma who underwent intensity-modulated radiation therapy (IMRT), volumetric modulated arc therapy (VMAT), or tomotherapy with and without CCRT or molecular target agents between January 2009 and March 2019. Patients who did not complete the full course of RT were excluded. Baseline characteristics and treatment details, including sex, age, Karnofsky Performance Status (KPS), radiation dose and fractions, biologically effective dose for pancreatic tumor (BED10, calculated with an α/β of 10), tumor location, regional nodal metastases status, pre-RT CA19-9, chemotherapy regimens, and molecular target agents, were comprehensively reviewed and documented. Post-RT CA19-9 was also recorded. The reduction percentage of CA19-9 was defined as the difference between pre- and nadir of post-RT CA19-9 and then divided by pre-RT CA19-9. We checked the blood cell count data, including neutrophils, lymphocytes, monocytes, and platelets at baseline pre-RT for all patients. We further assessed whether NLR, PLR, and NMR at pre-RT baselines are associated with clinical outcomes, including OS, LP, and DM, in our patients with LAPC who received definitive RT with and without systemic therapy (chemotherapy or molecular target agents). The cutoff values of PLR or NMR were determined using the receiver operating characteristic curve. This retrospective study was approved by the Research Ethical Committee of National Taiwan University Hospital.



Radiotherapy Technique and Chemotherapy Regimens During Radiotherapy

The patient was immobilized in the supine position with the arms up. An abdominal CT was performed for treatment planning with a slice thickness ≤5 mm. Additionally, either a respiratory control device or a four-dimensional CT was required for simulation. The gross target volume (GTV) was defined as the primary tumor with involved lymph nodes. GTV plus 0.5–1.0 cm and elective nodal irradiation were delineated in the clinical target volume (CTV). An expansion of 0.5–1.0 cm from the CTV formed the PTV. Constraints for normal tissue in pancreatic cancer patients who received RT at our institution were routinely implemented using the following criteria: <30 Gy for mean liver dose (those patients who met the criteria of at least 700 ml of normal liver received less than 15 Gy); <50 Gy for maximal spinal cord dose; <60 Gy for the maximal stomach, duodenum, and bowel doses; and not more than 30% of the total kidney volume received ≥18 Gy.

In addition to the classic CCRT regimens using fluorouracil (5-FU), capecitabine, gemcitabine, cisplatin, or oxaliplatin in LAPC patients, current combination treatments are being used with S-1, an oral form of tegafur, gimeracil, and oteracil, and RT in patients with LAPC or metastatic pancreatic cancer (18–20). In this retrospective study, we assessed the different chemotherapy regimens, including oral 5-FU, capecitabine, S-1, and intravenous cisplatin, gemcitabine, or oxaliplatin.



Radiographic Assessment

The largest tumor diameter was measured prior to RT as baseline and assessed at the time of the best radiographic response. The percentage reduction in tumor size was defined as the difference between pre-RT tumor diameter and post-RT tumor diameter and then divided by the pre-RT tumor diameter. In the current study, we utilized the revised Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 to assess the best radiographic response after completing RT (21). Complete remission (CR) was defined as the disappearance of a visible tumor, and partial remission (PR) was defined as at least a 30% decrease in diameter; LP was defined as an increase in size of at least 20%.



Statistical Analysis

OS was calculated from the date of starting RT until death, loss of follow-up, or July 2020. The cumulative incidence of LP and DMs was evaluated from the start of RT until the event date, and adjusted death was considered a competing risk. Univariate analysis was performed, and variables with p-values <0.1 were included in the multivariate analysis. Cox’s proportional hazard model (22) was used to identify prognostic factors for OS, and the results were presented as hazard ratio (HR) with 95% CI. Risk factors for LP and DM were assessed using the Fine–Gray model, a more sophisticated statistical approach (16); death was considered a competing risk and presented as a subdistribution HR (sHR) with 95% CI. In the current study, the interaction terms were included in the Fine–Gray model if they were significant. All statistical analyses were performed using either the SAS 9.4 software (SAS Institute Inc., Cary, NC) or the statistical software system R version 3.6.2, packages “survival”, “cmprsk”, “prodlim”, and “survminer”. Statistical significance was set at p-values <0.05.




Results


Patient Characteristics

A total of 57 patients were included in our cohort, among whom one patient was inoperable owing to underlying medical conditions and 56 patients had unresectable LAPC. All patients received either conventional or hypofractionated RT using IMRT, VMAT, or tomotherapy techniques, except for one patient who underwent stereotactic body radiation therapy (SBRT). The majority of patients (53%) were administered RT using 55 Gy in 25 fractions, and 39% of the cohort were administered 50–50.4 Gy in 25–28 fractions. The median BED10 for the total cohort was 67.1 (range 49–74) Gy. CCRT was administered to 82% of patients, among whom 18 (32%) received 5-FU- or capecitabine-based chemotherapy, 13 received gemcitabine (23%), and 10 received oral S-1 (18%). The demographic baseline characteristics, doses, and fractions of the RT and RT techniques are listed in Table 1.


Table 1 | Clinical characteristics of patients and pancreatic tumor.





Best Radiographic Response

Overall, a decrease in tumor size was observed in 31 patients (54.4%). One patient achieved CR, and this patient was still alive 8 years after starting RT, whereas four patients achieved PR, with an overall response rate of 8.8%. Forty-five patients (78.9%) had stable disease (SD). However, seven patients (12.3%) had local progressive disease. An example of a patient who achieved PR after RT is shown in Figures 1A–D. The overall disease control rate (DCR), consisting of CR, PR, and SD, was 87.7%. A waterfall plot of the change in tumor diameter after completion of RT in each patient is shown in Figure 1E.




Figure 1 | Example of a responsive tumor and waterfall plot for all patients. Contrast-enhanced CT images before (A, B) and after (C, D) definitive concurrent chemoradiotherapy. (A, B) A huge necrotic pancreatic tumor around 10 cm was found (red arrows). The patient was treated by concurrent fluorouracil, erlotinib with 55 Gy in 25 fractions to the pancreatic tumor, and 45 Gy in 25 fractions to the adjacent lymphatics. (C, D) Follow-up CT images were obtained 1 month after the completion of definitive chemoradiotherapy. The red arrows identified the radiotherapy-treated tumor with significant volume reduction. (E) Waterfall plot of each patient at the best radiographic response according to Response Evaluation Criteria in Solid Tumors (RECIST) guidelines (version 1.1).





Local Progression, Distant Metastases, and Overall Survival

After a median follow-up of 32.1 months (range 3.5–97.6 months), the 1-, 2-, and 3-year OS rates were 49.2% (95% CI = 37.1%–65.3%), 15.4% (95% CI = 7.5%–31.4%), and 4.1% (95% CI = 0.7%–25%), respectively, with a median OS of 11.8 months (range 1.8–97.6 months) (Figure 2A). The cumulative incidence of LP at 6 months, 1 year, and 2 years was 19.6% (95% CI = 10.4%–30.9%), 38.5% (95% CI = 25.5%–51.3%), and 55.1% (95% CI = 40%–67.8%), respectively; and that of DM after adjusting for death as a competing risk was 47.7% (95% CI = 34.1%–60.1%), 62.9% (95% CI = 48.4%–74.4%), and 75.2% (95% CI = 60.5%–85.1%), respectively (Figure 2B). The common locations of the first DM were the liver (58%) and peritoneum (40%) in all metastatic cases.




Figure 2 | Survival curves for all patients. (A) Overall survival for all patients since starting radiotherapy. (B) Cumulative incidence of local progression and distant metastases for a cohort of patients since starting radiotherapy after adjusting death as a competing risk.





Prognostic Factors for Patients With Locally Advanced Pancreatic Cancer Who Received Curative Radiotherapy

In the univariate analysis, the nadir of post-RT CA19-9 of less than 90 U/ml, lower pre-RT NLR (NLR < 3.5), greater CA19-9 reduction percentage (≥50%), higher tumor size reduction percentage at the best radiographic response, larger PTV, the administration of systemic therapy during RT, and administration of post-RT chemotherapy were significantly associated with better OS; and positive nodal status was related to better OS (Table 2). However, pre-RT PLR (≥95) and pre-RT NMR (≥15) were not significantly associated with OS (Table 2).


Table 2 | Univariate and multivariate analyses of factors associated with overall survival in inoperable pancreatic adenocarcinoma (Cox regression).



After multivariate analysis, pre-RT NLR ≥3.5 (adjusted HR = 8.2451; 95% CI = 2.685–25.32, p < 0.001) and the lack of administration of concurrent systemic therapy (most chemotherapy) (adjusted HR = 5.903; 95% CI = 1.757–19.83, p = 0.004) were independent poor prognostic factors for worse OS, whereas CA19-9 reduction ≥50% (adjusted HR = 0.261; 95% CI = 0.101–0.672, p = 0.005) and post-RT chemotherapy (adjusted HR = 0.207; 95% CI = 0.05–0.857, p = 0.03) were factors significantly associated with a better OS in these patients (Table 2).

For the risk factors of LP (Table 3), two factors, including positive nodal status (adjusted sHR = 3.712; 95% CI = 1.563–8.817, p = 0.003) and tumor size reduction percentage at the best radiographic response (adjusted sHR = 0.922 per percent increase in tumor size reduction; 95% CI = 0.898–0.947, p < 0.001), remained significant in the multivariate regression analyses. Different CCRT regimens are not listed in Table 3 because of the lack of primary events per chemotherapy regimen in our cohort, which led to inaccurate statistics results (23).


Table 3 | Univariate and multivariate analyses of factors associated with local progression in inoperable pancreatic adenocarcinoma (Fine–Gray model).



In the prediction of DM after completion of RT (Table 4), multivariate analysis showed three significant predictive factors for DM, including BED10 ≥ 67.1 Gy (adjusted sHR = 0.297; 95% CI = 0.137–0.645, p = 0.002), CA19-9 reduction ≥50% (adjusted sHR = 0.334; 95% CI = 0.165–0.676, p = 0.023), and lack of administration of concurrent systemic therapy (most chemotherapy) (adjusted sHR = 2.633; 95% CI = 1.011–6.96, p = 0.047).


Table 4 | Univariate and multivariate analyses of factors associated with distant metastases in inoperable pancreatic adenocarcinoma (Fine–Gray model).



In addition, we analyzed and checked the interactions with all variables that were associated with LP and DM, and we found none of them to be significant. Regarding LP, there was no significant association between negative node metastases and a greater reduction in tumor size (Supplementary Table S1). There was no significant interaction between multivariate analyses of DM-related factors, such as BED10 ≥ 67.1 Gy, post-RT CA19-9 nadir reduction >90 U/ml, CA19-9 reduction ≥50%, and higher tumor size reduction (Supplementary Table S2).




Discussion

Several studies have investigated the appropriate regimens for treating patients with LAPC and showed that the incorporation of RT may provide survival benefits for these patients. However, the role of RT in treating LAPC patients remains elusive; for example, a phase III randomized 2000-01 FFCD/SFRO study revealed that additional RT only causes excessive side effects but with few advantages (24). In this study, we demonstrated that RT with concurrent systemic therapy (most chemotherapy) provided the optimal median OS of 14.0 months, which is in accordance with the median OS ranging from 8 to 16 months obtained from the CCRT arm of randomized phase III trials for LAPC patients (6, 7, 24). In our study, among 57 patients, 36 received induction chemotherapy followed by RT with or without concurrent systemic therapy. Of these 36 patients, the median times to progression and OS after starting chemotherapy were 12.1 and 18.7 months, respectively. The 1- and 2-year OS rates for these patients (n = 36) were 88.1% and 36.9%, respectively. Our results further support the results from the Taiwan Cooperative Oncology Group phase II study of 30 patients with LAPC who received induction chemotherapy with 6 courses of gemcitabine, oxaliplatin, and high-dose 5-FU and leucovorin followed by RT with 50.4 Gy at 28 fractions concurrent with weekly low-dose gemcitabine, in which the median times to progression and OS for these patients were 14.7 and 18.3 months; the 1- and 2-year OS rates were 86.7% and 27.4%, respectively (25).

In addition, our study is the first to use the multivariate Fine–Gray model and sHR (15, 17) to evaluate the risk factors for LP and DM in patients with unresectable pancreatic cancer who underwent RT with the goal of offering a better clinical prediction model. We demonstrated that positive regional lymph node metastases and reduced tumor size reduction are two factors that significantly correlate with LP, and BED10 < 67.1 Gy, reduction of CA19-9 <50%, and no administration of concurrent systemic therapy are important factors significantly associated with DM. Furthermore, pre-RT NLR ≥3.5, reduction of CA19-9 <50%, and no administration of chemotherapy during RT and post-RT are important prognostic factors for poor OS.

Affirmed by the Radiation Therapy Oncology Group (RTOG) 9704 study, a randomized phase III trial, postoperative CA19-9 ≥90 before adjuvant CCRT was associated with increased locoregional recurrence and distant failure, and poor OS (26, 27). Likewise, pre-RT CA19-9 levels, post-RT CA19-9 nadir status, and the magnitude of CA19-9 reduction have been reported as important factors that are associated with DM and OS in patients with LAPC (28–32). For example, Yang et al. showed that LAPC patients with a decreased reduction of CA19-9 >90% compared with baseline CA19-9 level after receiving CCRT experienced a significantly better median OS than those without a decreased reduction of CA19-9 >90% (16.2 vs. 7.5%, p = 0.01) (29). Vainshtein et al. showed that among LAPC patients treated with IMRT concurrent with gemcitabine, CA19-9 >90 U/ml at baseline or during CCRT was significantly associated with poor OS and PFS (30). In another retrospective analysis of 28 patients with unresectable LAPC receiving CCRT, Zschaeck et al. revealed that the reduction in CA19-9 levels during and after CCRT was significantly associated with OS (p = 0.049) and LP (p = 0.029) (32). These results are further supported by our current findings showing that the greater reduction (≥ 50%) of CA19-9 after RT significantly correlated with better OS and less DM.

In addition to the prognostic significance of CA19-9, NLR also proved its value in predicting OS and tumor metastases in patients with LAPC. Previous studies have demonstrated that neutrophils, the most important part of white blood cells (WBCs), participate in the process of metastasis in a variety of cancers, including pancreatic cancer (33, 34). Tao et al. revealed a strong interaction between circulating tumor cells and WBCs obtained from tumor-adjacent vessels of operable pancreatic cancer patients and reported that NLR ≥ 2.5 was significantly associated with a higher incidence of DM in these patients (35). In a meta-analysis of data from 1,804 patients with pancreatic cancer, Yang et al. revealed that a higher NLR was significantly associated with poor OS in these patients, irrespective of surgery or chemotherapy, or a combination of both treatments (36). Furthermore, Yang et al. showed a significant relationship between higher NLR and aggressive behaviors and rapid DM in these patients (36).

For unresectable LAPC and metastatic pancreatic cancer patients who received systemic chemotherapy, a higher NLR was also significantly associated with poor OS (37, 38). In two studies of prognostic factors in borderline operable pancreatic ductal adenocarcinoma patients who underwent surgery following neoadjuvant CCRT, Kubo et al. showed that after neoadjuvant CCRT, the NLR was ≥3, and Kawai et al. reported that post-neoadjuvant CCRT lymphocyte-to-monocyte ratio <3.0, which was significantly associated with poor OS (39, 40). In addition, Lee et al. showed that NLR ≥ 1.89 significantly correlated with poor OS and PFS in LAPC patients receiving neoadjuvant or definitive CCRT (41). However, the use of NLR cutoff values in the aforementioned results is not consistent (ranging from 1.89 to 5). In the current study, we demonstrated that pre-RT NLR ≥ 3.5, a crucially independent poor prognostic factor for OS in LAPC patients receiving definitive RT, indicating that higher neutrophils may promote proliferation, anti-apoptosis, and angiogenesis and lower lymphocytes may hamper anti-tumor response and immune response and thus cause progression of pancreatic cancer cells.

However, in post-hoc analyses of patients with advanced non-small cell lung cancer from four international multicenter trials (OAK, BIRCH, POPLAR, and FIR trials), Zhou et al. showed that baseline NLR was not significantly associated with OS (42). These patients received either a single agent of atezolizumab, a blockade of PD-L1, or a single chemotherapy agent (docetaxel) (42). In their analyses, the NLR and PLR on the first day of treatment cycle 5 and NMR on the first day of treatment cycle 3 were significant prognostic biomarkers for OS in patients who were treated with atezolizumab when compared with those receiving docetaxel (42). In the current study, we found that pre-RT PLR and NMR were not associated with LP, DM, and OS in patients with LAPC who received RT with or without systemic therapy (most chemotherapy). Further investigation of PLR and NMR at baseline before RT in a large cohort of LAPC patients receiving RT is warranted.

Our current results further reinforced the importance of tumor size reduction after completing RT with a median dose of 55 Gy as a protective factor for LP and DM in patients with LAPC and thus contributed to the improved OS of these patients. These findings indicate that greater responses of pancreatic cancer cells to the optimal RT dose in LAPC patients are warranted. In the current study, we also found that patients receiving CCRT had a better OS and less DM than those receiving RT alone. Our results are in line with those of previous reports showing that CCRT provided superior outcomes with respect to OS or distant control than RT alone (5, 6, 43). In two prospective phase II studies, RT combined with oral S-1 resulted in a 27% to 41% overall response rate with few grade 3 toxicities in patients with LAPC (18, 44). Moreover, the non-inferiority phase III trial showed that monotherapy with S-1 is not inferior to monotherapy with gemcitabine and combined S-1 with gemcitabine in patients with LAPC and metastatic pancreatic cancer (45). Although there are no randomized trials to evaluate the superiority of either gemcitabine or S-1 based CCRT in patients with LAPC, our current study revealed that the administration of oral S-1 is not inferior to gemcitabine in combination with RT for LAPC patients in terms of OS and DM.

Previous studies revealed that the prescription of higher radiation dose (photon therapy, BED10 > 70 Gy; proton therapy, 54.0–67.5 Gy in 25–33 fractions) significantly correlated with improved OS in patients with LAPC (44–46). In accordance with a previous study (46–48), our findings revealed that patients receiving a higher RT dose (BED10 ≥ 67.1 Gy) were less likely to develop DM, although there was no association between higher RT dose and OS. As for the positive nodal status being identified as a risk factor for LP in our study, this finding supported the fact that the presence of nodal metastases significantly correlated with the shorter 1-year freedom from LP in LAPC patients who received SBRT and chemotherapy (most gemcitabine) (49). It was noted that the administration of chemotherapy following RT significantly correlated with better OS in our patients, suggesting that the addition of maintenance treatment after CCRT for LAPC patients is warranted.

Although this study analyzed a few LAPC patients who received definitive RT with and without systemic treatment, the dose, the treated field, and the technique of RT in the current study reflect real-world clinical practice for treating unresectable LAPC patients. In addition to potential weaknesses, including retrospective analyses and confounding factors (such as comorbidity and selection bias), the key strength that highlighted our work is the use of the Fine–Gray model to eliminate bias introduced by the competing risk in predicting LP and DM.



Conclusion

In summary, our results indicate that nodal negative LAPC patients with lower pre-RT NLR (<3.5) receiving higher RT dose (BED10 ≥ 67.1 Gy) concurrent with chemotherapy and post-RT chemotherapy and having CA19-9 reduction ≥50% and higher tumor size reduction after RT are expected to have a better OS. Investigations of novel treatments, including the incorporation of new chemotherapy, molecular target agents, or immune therapy, during and after RT for LAPC patients with higher pre-RT NLR (≥3.5) or positive regional lymph nodes are warranted. Future prospective studies should be designed according to the aforementioned risk stratifications, including pre-RT NLR, post-RT CA19-9, and tumor reductions to offer individualized clinical management for patients with LAPC.
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Purpose

Carbon-ion beam (C-beam) has a sharp dose distribution called the Bragg peak. Carbon-ion radiation therapy, such as stereotactic body radiotherapy in photon radiotherapy, can be completed in a short period by concentrating the radiation dose on the tumor while minimizing the dose to organs at-risk. However, the stopping position of C-beam is sensitive to density variations along the beam path and such variations can lower the tumor dose as well as cause the delivery of an unexpectedly high dose to the organs at risk. We evaluated the clinical efficacy of a robust planning technique considering gastrointestinal gas (G-gas) to deliver accurate radiation doses in carbon-ion radiotherapy for pancreatic cancer.



Materials and methods

We focused on the computed tomography (CT) value replacement method. Replacement signifies the overwriting of CT values in the CT images. The most effective replacement method for robust treatment planning was determined by verifying the effects of the three replacement patterns. We selected 10 consecutive patients. Pattern 1 replaces the CT value of the G-gas contours with the value of the region without G-gas (P1). This condition indicates a no-gas state. Pattern 2 replaces each gastrointestinal contour using the mean CT value of each contour (P2). The effect of G-gas was included in the replacement value. Pattern 3 indicates no replacement (P3). We analyzed variations in the target coverage (TC) and homogeneity index (HI) from the initial plan using in-room CT images. We then performed correlation analysis on the variations in G-gas, TC, and HI to evaluate the robustness against G-gas.



Results

Analysis of variations in TC and HI revealed a significant difference between P1 and P3 and between P2 and P3. Although no statistically significant difference was observed between P1 and P2, variations, including the median, tended to be fewer in P2. The correlation analyses for G-gas, TC, and HI showed that P2 was less likely to be affected by G-gas.



Conclusion

For a treatment plan that is robust to G-gas, P2 mean replacement method should be used. This method does not necessitate any particular software or equipment, and is convenient to implement in clinical practice.





Keywords: carbon-ion radiotherapy, gastrointestinal gas, scanning beam, pancreatic cancer, robust treatment plan, in-room CT, replacement



Introduction

The mortality rate remains high for pancreatic cancer. The standard treatment for unresectable locally advanced pancreatic cancer includes chemotherapy and chemoradiotherapy (1). Good outcomes with carbon-ion radiotherapy combined with gemcitabine (GEM), in particular, have been reported. Despite this, the overall survival rate is only a median of 21.5 months, and additional improvements in treatment outcomes are desired (2–5). In this context, Kawashiro et al. (3) reported that distant metastasis can be reduced by increasing the radiation dose, and studies on increasing the radiation dose have already been conducted (6). However, the effectiveness of such radiation dose increase will be lost unless the radiation dose is precisely delivered to the tumor. 

A carbon-ion particle beam has a physical characteristic called the Bragg peak, which enables the delivery of a highly concentrated radiation dose to the tumor while reducing the radiation dose to adjacent organs (7, 8). In the treatment, the depth of water where the carbon-ion particles are stopped is determined in detail; moreover, an aggregate of Bragg peaks (spread-out Bragg peaks, SOBP) is formed and irradiated to the tumor (Figure 1A). During treatment planning, the water equivalent pass length to the stopping positions of carbon particles is calculated considering the presence of gastrointestinal gas (G-gas); moreover, the beam energy of carbon particles corresponding to the stopping positions and the number of particles corresponding to the doses are determined (positions 1 and 2 are shown in Figure 1B). The stopping position of carbon-ion particles is sensitive to G-gas variations along the beam path, and such variations can lower the tumor dose as well as cause the delivery of an unexpectedly high dose to the organs at risk (OAR). For example, when the beam path condition changes from no gas to gas, the carbon-ion particle stops at a deeper position than expected because of the shallower depth of the water than the planned stopping position. This decreases the tumor doses, thereby increasing the dose to OAR (Figures 1B-D). In a sample case of the first irradiation (Figure 1C), there was no G-gas in Position 1 and a significant increase in the amount of G-gas in Position 2. The impact of the computed tomography (CT) value change in Position 2 was significant, with CT values changing from −10 to −405 Hounsfield Unit (HU), thereby approaching the CT value of air. The density reduced, energy loss decreased, and carbon particles stopped at a deeper position than that during the treatment plan. Hence, the dose distribution of the proximal side was broken (Figure 1C-a), doses of gross tumor volume (GTV) and clinical target volume (CTV) were decreased, and dose to the distal side of the gastrointestinal tract was increased (Figure 1C-b). During the ninth irradiation (Figure 1D), the G-gas at Positions 1 and 2 was cleared. CT values changed from −415 HU to 38 HU in Position 1 and from −10 HU to 64 HU at Position 2. The density increased, energy loss increased, and carbon particles stopped at a position shallower than that during the treatment plan. Moreover, the doses to the duodenum increased (Figure 1D-c), and the dose of CTV decreased (Figure 1D-d). Hence, for minimizing the radiation dose to OARs and ensuring the adequate tumor dose, it is essential to prepare a treatment plan that is highly robust to the variations caused by G-gas in each radiation fraction.




Figure 1 | Effect of gastrointestinal gas (G-gas) on dose distribution in scanning carbon-ion radiotherapy for pancreatic cancer. (A) An illustration of the formation of the spread-out Bragg peaks (SOBP). (B) The dose distribution in the treatment planning computed tomography (CT) image in a sample case. (C) The dose distributions in the in-room CT images taken during the first irradiation. (D) The dose distributions in the in-room CT images taken during the ninth irradiation. The treatment of pancreatic cancer is conducted by performing irradiation in 12 fractions. During pancreatic cancer treatment, the stops of the carbon particles are determined at 2.5 mm water depth intervals. The red and blue contours indicate the gross tumor volume (GTV) and clinical target volume (CTV), respectively. The carbon beam direction is from the left side in each figure part.



G-gas, changes in the patient’s physique, and patient set-up error are some factors that can affect the tumor and OAR doses during treatment (9–16). Especially in pancreatic cancer, the target is surrounded by the gastrointestinal tract. Therefore, the dose distribution is more likely to be affected by the presence or absence of G-gas than when these organs are not involved. Kumagai et al. (10) evaluated the target coverage (TC) in carbon-ion radiotherapy of pancreatic cancer in relation to the positional changes of G-gas during irradiation using contrast-enhanced CT images and reported a reduction in TC. The ratio of the target volume irradiated to the irradiated volume greater than the evaluation dose is denoted by TC. Throughout the treatment period and irradiation, the position of the G-gas regions is unstable, and it is impossible to predict the G-gas position on each treatment day. Houweling et al. (13, 14) evaluated TC during the treatment period in pancreatic cancer using cone beam CT (CBCT) and found that TC decreased by 0.5% in X-ray radiotherapy of volumetric modulated arc therapy (VMAT), 8% in proton radiotherapy, and 10% in carbon-ion radiotherapy. The beam angle selection method (10–12) is an option for minimizing the effects of G-gas; however, the effects of G-gas cannot be avoided entirely. Additionally, in some cases, the beam angle affected by G-gas must be selected, such as in patients with kidney function impairment. Although the concept of online adaptive radiotherapy has been developed, several problems remain, such as excessive time consumption (17). Online adaptive radiotherapy is a technique in which the irradiation plan is modified according to the patient’s condition during each treatment procedure. In addition to the throughput, technical difficulties, such as the space allocation and magnetic field effects on equipment and beams and the implementation of in-room CT (irCT)-, CBCT-, or magnetic resonance imaging-based adaptive therapy for carbon-ion radiotherapy, will be major issues. In consideration of the hypoxic condition of the tumor, some studies have been conducted to reduce recurrence by controlling LET distribution in the tumor (18–21). In this case, as a nonuniform irradiation field was used for the treatment, high reproducibility of dose distribution during each treatment was required. Therefore, preparing a robust treatment plan that accounts for G-gas is critical.

We performed a preliminary analysis of the factors affecting the tumor dose during the treatment period in ten patients with pancreatic cancer; G-gas was one of the main factors (Supplementary Figure 1). If a robust treatment plan for G-gas can be prepared, tumor dose during the treatment period can be further improved. A robust planning method for G-gas has not been established in particle therapy. In this study, we focused on the effect of G-gas on dose distribution to help improve treatment outcomes in pancreatic cancer. Three G-gas replacement patterns were established and their effects were examined using irCT images taken during treatment. The most robust replacement method for G-gas was determined.



Materials and methods


Patient selection

We selected ten consecutive patients who received carbon-ion radiotherapy for pancreatic cancer at our hospital from January 2019 to April 2020 (Table 1). This single-center study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of the Kanagawa Cancer Center (2019eki-106, August 30, 2021). Informed consent was obtained from all subjects, and their data were anonymized. Four-dimensional CT (4D-CT) images were obtained in the supine and prone positions for treatment planning because irradiation is performed using two fixed gantry ports from the horizontal and vertical directions (22). The irradiation angle (Figure 2A) was determined by combining the patient’s supine and prone positions as well as the treatment table’s rolling angle. The irCT images were obtained at least once every week during the treatment period considering each patient’s physical condition and X-ray exposure.


Table 1 | Patient characteristics.






Figure 2 | Replacement patterns and beam direction. (A) The supine position without replacement. This condition corresponds to Pattern 3. The blue-filled areas in the illustration represent gastrointestinal gas (G-gas). The gantry angle is indicated by a brown arrow. (B) The replacement condition in Pattern 1. (C) The replacement condition in Pattern 2. (D) Eight replacement regions in Pattern 2. GTV, gross tumor volume; CTV, clinical target volume; PTV, planning target volume; pCT50% images, planning CT images of the maximum exhalation phase.





Contouring of target and risk organs

The patients fasted at least 5 hours before the treatment planning CT (pCT) scan or treatment. An enema was performed if the patient had not defecated within the previous 24 hours. Patients were immobilized on the treatment table using patient immobilization devices (underneath: Blue BAG BodyFix, Elekta AB, Stockholm, Sweden, and upper surface: Shellfitter, Kuraray Co., Ltd., Tokyo, Japan). For all patients, 4D-CT scans were performed using a pCT scanner (Aquilion LB, Canon Medical Systems Corporation, Tochigi, Japan) under normal breathing. The raw data from 4D-CT scans are acquired at all respiratory timings based on the patient’s respiratory waveform. The CT images at ten respiratory timings (10% step) were created using 4D-CT raw data, with one respiratory cycle comprising 100% (0% and 100% were the maximum inhalation phase; 50% was the maximum exhalation phase), and those CT images are referred to as 4D-CT images. In this study, the CT images of the maximum exhalation phase were selected from the CT images of the ten phases and used for calculating the dose distributions and analyses. The CT images of the maximum exhalation phase in the pCT images are described as pCT50% images.

GTV was delineated on the CT images at ten respiratory time points. The distance to GTV center of gravity was calculated at each respiratory time based on the maximum exhalation phase. Subsequently, the phase range in which the movement of GTV was within 5 mm was established. To create a uniform irradiation field, movement with respiratory gating “on” needs to be kept to within 5 mm (23). Due to inter-individual differences in maximum GTV and OAR movements, 4D-CT images are used to check each patient’s maximum GTV and OAR movements; subsequently, the phase range is determined. In our facility, the phase range is generally 30%–60%. Respiration speed is not constant between exhalation and inhalation; typically, the latter is faster than the former. Therefore, as tumor movement corresponds to respiratory movements, it is asymmetric in exhalation and inhalation. GTV movement can be controlled to within 3 mm in this situation.

CTV was defined as the GTV including a 5 mm margin and the locoregional elective nodal and neuro-plexus region (2, 3); the entire pancreas was included in the CTV as a preventive region regardless of the tumor site. The internal CTV (ICTV) was obtained by the summation of CTV within that phase range. The OARs (stomach, duodenum, colon, and small intestine) were delineated on the CT images in that phase range, and the summed OARs were defined as the planning organ-at-risk volume (PRV). Then, the planning target volume (PTV) was prepared by adding a margin of 3 mm to the ICTV, which was reduced when PTV was close to or overlapped the PRV.



Replacement patterns of the gastrointestinal gas region

We focused on the CT value replacement method. The most effective replacement method was determined by verifying the effects of the three replacement patterns (Figure 2) using clinical data. Replacement implies that contours are drawn at the target locations of CT images and any CT values are assigned to each contour. This operation, which can be performed by the treatment planning system, can rewrite the CT values of the CT images. The carbon-ion scanning treatment planning system (Monaco for Carbon, Ver. 5.20, Elekta AB, Stockholm, Sweden) used in this study can achieve this same operation by replacing the value of the relative stopping power ratio (rSPR). The rSPR is calculated using the CT value and is equal to the CT value’s replacement (24–29). The rSPR of water and air are about 1.0 and 0.0, respectively. The rSPR corresponds to the relative electron density of photon radiotherapy. The following is a description of each pattern.


Pattern 1 (no-gas replacement condition)

In Pattern 1 (Figure 2B), the region of interest was set at a site without gas in each gastrointestinal tract, and the value of the rSPR was obtained on Monaco and used as the replacement value. The replacement region was defined by the gas contour (GaspCT50%) delineated on the pCT50% images. GaspCT50% was semiautomatically delineated using the threshold function of contouring software (MIM Maestro ver. 6.9.6, MIM Software Inc. Cleveland, OH, USA) with soft tissue conditions (window level = 40 HU, window width = 400 HU). The replacement values of Pattern 1 are shown in Table 2.


Table 2 | Replacement values in the initial planning.





Pattern 2 (averaged-gas replacement condition)

In Pattern 2 (Figure 2C), the replacement regions were defined by gastrointestinal contours delineated on pCT50% images. The stomach was divided into two regions comprising the upper/middle (Figure 2D-I) and lower parts (Figure 2D-II); the duodenum was divided into three regions comprising the 1st–2nd (Figure 2D-III), 3rd (Figure 2D-IV), and 4th portions (Figure 2D-V); and the colon was divided into two regions comprising the right (Figure 2D-VI) and left parts (Figure 2D-VII). In addition to the small intestine (Figure 2D-VIII), eight replacement regions were set. Because G-gas accumulation in each organ is considered different for each patient and the degree of G-gas accumulation is considered to be different for each organ section, the replacement area was divided accordingly. The replacement value was defined as the mean rSPR of each replacement range. The regions were divided manually. The replacement values of Pattern 2 are shown in Table 2.



Pattern 3 (without replacement condition)

For Pattern 3 (Figure 2A), the optimization of dose distribution was performed without replacement.




Initial plan

The replacement processing was performed using the abovementioned three patterns. With the gantry angle set to five directions as shown in Figure 2A (Gantry Angle: Beam 1 = 0°, Beam 2 = 270°, Beam 3 = 90°, Beam 4 = 195°, and Beam 5 = 165°), optimization of the initial dose distributions was performed with a single beam such that 95% of the prescribed dose covered PTV using pCT50% images and contours (Figure 3-a). The prescribed dose per beam was set at a 4.6 Gy relative biological effectiveness-weighted absorbed dose (RBE), which is equivalent to a fraction dose for the pancreas (3, 30). The optimization-derived irradiation conditions were stored as templates (Figure 3-b). Subsequently, the five dose distributions of Patterns 1 and 2 were recalculated under no-replacement conditions (Figure 3-c) while maintaining the irradiation conditions determined in the optimizations. These results as well as the optimization results of Pattern 3 were used as initial planning results.




Figure 3 | The calculation workflow of treatment planning computed tomography (CT) and fractional in-room CT (irCT) images. pCT50% images, treatment planning CT images of the maximum exhalation phase; irCT50% images, in-room CT images of the maximum exhalation phase; Replace, replace condition; No Replace, without replace condition; Template, irradiation conditions set (slice position, spot position in the plane of each slice position, and number of particles per spot etc.).





Calculation of the dose distributions using fractional in-room CT images

In treatment, the patient’s irradiation position was set up by 2D–3D bone matching using front- and lateral-view X-ray images (2D) and pCT50% images (3D) (31). The patient irradiation position was adjusted to the initial treatment plan based on the bone structure using the 2D and 3D images. The irradiation was performed using a high-speed scanning system for carbon-ion radiotherapy (CI-1000, TOSHIBA Corporation, Tokyo, Japan) (22, 32, 33). 4D-CT images were obtained using an irCT scanner while maintaining the patient set up at treatment. The irCT scanner is the same as the pCT scanner (22, 34). In this study, GTV, CTV, OARs, and GasirCT50% were delineated on the maximum exhalation phase in irCT images (irCT50% images). The isocenter position was determined based on the markers projected onto irCT50% images, and the fractional dose distributions were calculated for five gantry angles while maintaining the irradiation conditions determined in the initial plan using the templates (Figure 3-d).



Correction of other effects

Changes in factors other than the effect of G-gas are included in the calculated dose distribution using irCT50% images:



where Dir indicates the dose on irCT50% images, and DP  indicates the dose on pCT50% images, fΔGas indicates changes in the effect of G-gas based on the initial plan; fOther indicates factors other than G-gas; fStr indicates the delineation error with morphological changes in the target; fPos indicates positional changes in the target; and fSur indicates the effects of changes in the patient’s physique. We calculated the dose distribution with GasirCT50% replaced by values without gas obtained on the external side of the gas region in addition to the calculations on pCT50% images (Pattern 1 on Figure 2B). Using those dose distributions (Figure 3-e), we then calculated the correction factor based on the dose distribution on pCT50% images for change in factors other than the effect of G-gas in each dose distribution on irCT50% images:





where DP(Rep) and Dir(Rep) indicate the dose at the time of G-gas replacement on the beam pathway on the pCT50% and irCT50% images, respectively; k indicates the correction factor that converts the change in the factor of the dose other than G-gas in the irCT50% images to the factor in the pCT50% images; and Dir(Cor) indicates the corrected dose on irCT50% images. The values of k for each beam are shown in Table 3. The minimum and maximum values of k were 0.913 and 1.001 in the supine position and 0.830 and 1.010 in the prone position, respectively. The main determinant of k is believed to be changes in the tumor position (Supplementary Figure 1). These corrections enable the exclusion of changes in factors other than G-gas, thereby enabling the evaluation of the effect of G-gas alone. In this study, TC and homogeneity index (HI) were corrected by the correction factor of k.


Table 3 | Changes in factors other than gastrointestinal gas (k).





Evaluation of CTV coverage and homogeneity variations from the initial plan

We analyzed and evaluated the variations in CTV coverage (TCCTV) and HI. For TCCTV, we evaluated the ratio of the volume irradiated by 95% or more of the prescribed dose (V95%). HI was then calculated using the following formula in accordance with ICRU83 (35):



where D2% indicates the maximum dose, D98% indicates the minimum dose, and D50% indicates the median dose. For our analyses, we used the corrected values presented in the preceding paragraph. The variations in TCCTV (ΔTCCTV) and HI (ΔHI) from the initial plan was defined using the following formulas:





where TCCTV(pCT50%) and HIpCT50% , and TCCTV(irCT50%) and HIirCT50% are the values based on initial and fractional dose distributions, respectively.



Evaluation between variations in G-gas volume and variations in CTV coverage as well as the HI during the treatment period

To examine the relationship between the volume variations in G-gas (ΔG-gas) during the treatment period, we analyzed the ΔTCCTV and ΔHI against ΔG-gas. Even if the volume was the same, G-gas caused variations in CT values because of differences in moisture content. Accordingly, we believe that the rSPR was calculated using the CT value, thereby resulting in different contribution levels to the beam range. Therefore, gastrointestinal gas volume (GasR) and ΔG-gas were defined using the formulas below, considering the effect on the beam range:





where GasV indicates the volume of the gas contour delineated on the CT images (pCT50% images: GasV = GaspCT50% on the beam pathway, irCT50% images: GasV = GasirCT50% on the beam pathway). The mean rSPR of GaspCT50% and GasirCT50% were obtained using Monaco. The GasR  of Beams 1, 2, and 3 for each patient are shown in Table 4. The GasR  of Beams 4 and 5 were almost nil.


Table 4 | Gastrointestinal gas volume considering the beam range in beam path (GasR ).





Statistical analysis

The differences between the three replacement techniques were evaluated using CT images from the same patient in this study. There was no normality in each data set. The Friedman test was used because this is a three-group evaluation of quantitative data. Since the comparison of the three groups would be evaluated thrice, the obtained p values were multiplied by three using the Bonferroni method. Finally, we conducted significance tests with the p value set to <0.05. The statistical software used was SPSS (IBM SPSS Statistics, version 26.0, IBM, Inc., Armonk, NY, USA).

In the evaluation between variations in G-gas volume and ΔTCCTV and ΔHI, the results were linearly fitted by the least-squares method; moreover, the correlation analysis (R2) was performed.

In the evaluation of the positional changes of gastrointestinal gas, we used a Wilcoxon signed-rank test to evaluate two groups without normality, and then we conducted significance tests with the p value set to <0.05.




Results


Evaluation of variations in CTV coverage and the HI from the initial plan

Figure 4 shows the box-and-whisker plots of ΔTCCTV and ΔHI from the initial plan.




Figure 4 | Evaluation results for variations in clinical target volume (CTV) coverage (ΔTCCTV) and homogeneity index (ΔHI). (A) ΔTCCTV and (B) ΔHI values from the initial plan. For each gantry angle, the median, first quartile, third quartile, maximum and minimum values, and outliers for ΔTCCTV and ΔHI are presented in a box-and-whisker plot. These results were corrected for changes in factors other than gastrointestinal gas. Statistical analyses were then performed using the Friedman test. The symbol * indicate that there is a significant difference between them.



In ΔTCCTV (Figure 4A), Beams 4 and 5 were almost nil because of the absence of interference from G-gas. For Beam 1, a significant difference was observed between Patterns 2 and 3. For Beam 2, variations were significantly fewer for Pattern 2 than for Patterns 1 and 3. For Beam 3, a significant difference was observed between Patterns 1 and 3 and between Patterns 2 and 3. In particular, a remarkable difference was observed for Beam 2 and 3 with which a major change was observed in the G-gas volume. These results demonstrate that the dose distribution is best optimized with G-gas replaced. Although no statistically significant difference was found between Patterns 1 and 2 except for Beam 2, ΔTCCTV, including the median value, tended to be fewer with Pattern 2.

The same tendency was observed for ΔHI (Figure 4B); ΔHI with Beams 4 and 5 were almost nil. With Beams 1 to 3, variations were significantly fewer for Pattern 2 than for Patterns 1 and 3.



Evaluation of the variations in G-gas volume and the variations in CTV coverage and the HI during the treatment period

Figure 5 shows the relationship between the volume variation in G-gas (ΔG-gas) from the initial plan as well as the variation in TCCTV (ΔTCCTV) and HI (ΔHI) from the initial plan for each replacement pattern. Linear fitting was performed for each replacement pattern. In this figure, a steep slope indicates the large influence of G-gas. Actual dose distribution is significantly impacted by changes in G-gas, as indicated by a high R2 correlation coefficient. For TCCTV, Pattern 1 has a large absolute value of a linear fitting slope and a large R2, indicating that it is greatly affected by G-gas, whereas Pattern 2 has a slope that is closest to zero and a very small R2, indicating that it is less affected by G-gas (Figure 5A). For HI, the absolute value of the slope is small for all patterns; however, the value of R2 is the smallest for Pattern 2, indicating that the effect of G-gas is also small (Figure 5B).




Figure 5 | Relationship between variations in the gastrointestinal gas (ΔG-gas) volume and the variations in the clinical target volume (CTV) coverage (ΔTCCTV) and homogeneity index (ΔHI). (A) Relationship between ΔG-gas and ΔTCCTV (V95%); (B) ΔHI. The horizontal axis shows the volume variation in G-gas from the initial plan. The effect of the beam range is considered in ΔG-gas. The vertical axes in (A) and (B) show the variations in TCCTV and HI from the initial plan, respectively. The smaller the gradient, the smaller the effect of G-gas.






Discussion

In this study, we proposed a method to robustly plan for the effect of G-gas in the treatment of pancreatic cancer by carbon-ion scanning irradiation, and we evaluated the validity of the method based on clinical data. We found that the replacement area in Pattern 2 is optimal for setting the replacement region and that replacing the mean value with Pattern 2 was effective.

Using the proposed Pattern 2 mean value replacement method, the replacement value of G-gas was determined for each patient, and individual differences in the incidence of G-gas were considered. Furthermore, the replacement value was determined for each organ and section, even for the same organ, thereby considering differences in the degree of G-gas accumulation. Although the replacement regions were complicated, we were able to successfully use this method for routine treatment planning without compromising throughput. However, as shown in Figure 4, dose variations were observed in some cases even when the mean value replacement method was used. This may be because the location or amount of G-gas varied significantly from the treatment plan. Therefore, when implementing this method in clinical practice, it is necessary to carefully observe the location and amount of G-gas in the X-ray images obtained for 2D–3D bone matching at the time of each treatment before irradiation. If the variations in the location or proportion of G-gas are significant, the precautionary measures, such as routine verification of dose distributions using irCT images, seem to be necessary. Moreover, there is a need for an institutional protocol for the dividing method of the small intestine to minimize individual differences.

We analyzed the positional changes of G-gas and the validity of the replacement regions that correspond to those set with Pattern 2 (Figure 2C). On the premise that actual treatment will be performed using 2D–3D bone matching, pCT and irCT images were fused by bone matching using the MIM software, and we evaluated the concordance rate between the gas contour (GaspCT50% ) delineated on the pCT50% images along the beam path and the gas contour (GasirCT50% ) delineated on the irCT50% images as per volume. Furthermore, we evaluated the concordance rate between the replacement regions in Pattern 2 and GasirCT50% . Figure 6 shows the resultant concordance rate. First, the median concordance rate between gas contouring along the path of each beam on GaspCT50% and GasirCT50% was 18.6%, 28.6%, and 27.6% in Beam 1, 2, and 3, respectively. Next, the median concordance rate between the replacement region of Pattern 2 and GasirCT50% was 65.7%, 72.9%, and 81.9% in Beam 1, 2, and 3, respectively. In the radiotherapy of the abdominal region, the position of G-gas was rarely consistent; however, the majority of gas remains mobile within the region that is considered as the gastrointestinal tract. The area replacement method of Pattern 2 is expected to minimize the effects of positional changes in G-gas throughout the treatment period and during irradiation (10).




Figure 6 | Positional changes of gastrointestinal gas. The median, first and third quartile, maximum and minimum values, and outliers for the concordance of gas contouring is presented in a box-and-whisker plot per each beam. The gas contour of the treatment planning CT images is presented as GaspCT50% , the gas contour in the in-room CT images is presented as GasirCT50% , and the replacement region set using Pattern 2 during treatment planning is presented as Reppattern2. We used the Wilcoxon signed rank test for the statistical analysis. The symbol * indicate that there is a significant difference between them.



The evaluation of variations between G-gas volume and ΔTCCTV and ΔHI (Figure 5), showed that Pattern 2 was the least affected but Pattern 1 was the most affected by G-gas. In the initial treatment planning of Pattern 1, the beam stop positions were determined under the no-gas state. The effect of G-gas was considered the most significant due to the large rSPR value difference between treatment planning and each treatment. As shown in Figure 6, the concordance rate of G-gas position was lower in Pattern 3 than Pattern 2. However, Pattern 3 was able to consider the effect of G-gas more than Pattern 1, and the effect of G-gas was considered to be reduced compared with that in Pattern 1. Pattern 2 was able to consider variations in the location of G-gas more than Pattern 3 due to area replacement, and robustly responded to variations in the amount of G-gas due to mean value replacement.

Finally, we calculated a dose distribution of 55.2 Gy RBE/12 fractions (3, 30), which was adjusted for the effects of G-gas (Figure 7). Based on the results of this study, we propose that a treatment plan for robustness against G-gas can be prepared in which the fractions of Beams 1, 2, and 5 in the total dose are four, two, and six. The gantry angle and ratio of the irradiation dose were decided based on the effects of G-gas, uncertainty of the RBE model, and uncertainty of beam range calculation. Concerning Pattern 2, the variation was clearly significantly low for both ΔTCCTV and ΔHI; compared with the other methods, the Pattern 2 mean value replacement method is feasible for robust treatment planning. The maximum dose, which covered 2 cm3 (D2cm3) of the gastrointestinal tract was 1.3–45.8 Gy RBE/12 fractions, and the dose constraints specified by the Japan Carbon-ion Radiation Oncology Study Group (3, 30) were satisfied. This study had some limitations. First, the number of patients evaluated was 10, and the number of irCT scans was 4–7 per patient during the treatment. Although irCT scans were not performed at every treatment, the total number of beams used for evaluation in this study was considered sufficient. However, the accuracy of the analysis may be improved by increasing the number of beams. Second, individual differences in G-gas volume may have occurred due to dietary restrictions, drinking water restrictions, and medications. Reducing the effects of G-gas may be possible by taking appropriate measures for each patient, but G-gas cannot be completely removed.




Figure 7 | Results of the clinical target volume (CTV) coverage (TCCTV) and homogeneity index (HI) evaluation for the total dose. Figure panels (A, B) show the results of TCCTV and HI, respectively. Figure panels (C, D) show the results of variations in TCCTV (ΔTCCTV) and HI (ΔHI) from the initial plan, respectively. These results were corrected for changes in factors other than gastrointestinal gas. For each replacement pattern, the median, first and third quartiles, maximum and minimum values, and outliers for (A) TCCTV, (B) HI, (C) ΔTCCTV, and (D) ΔHI are presented in a box-and-whisker plot. Statistical analyses were performed using the Friedman test. The symbol * indicate that there is a significant difference between them.





Conclusions

This study demonstrated that treatment plans that were robust to changes in G-gas could be prepared by setting the replacement range as the region based on gastrointestinal contours delineated on pCT images and then replacing the range with the mean rSPR value obtained for each region. Our method improved dose delivery to the tumor. We are currently formulating treatment plans at our hospital based on this method. Despite the need for clinical follow-up, we believe that this method may help improve clinical outcomes. Furthermore, although this study focused on pancreatic cancer, this method might be used for particle beam scanning radiation for cancers that are affected by G-gas, such as cancers of the liver and abdominal cartilage, as well as gynecologic cancers. This method does not require any particular software or equipment, and it is simple to implement in clinical practice.
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Background and purpose

Consolidatory radiotherapy in form of stereotactic body radiation therapy (SBRT) with an ablative dose following induction chemotherapy is emerging as a promising treatment scheme for unresectable pancreatic cancer. Outcomes of given treatment at a single center for contiguous patients with unresectable pancreatic cancer were evaluated to build the optimal treatment strategy.



Materials and methods

In this retrospective study, a total of 50 patients with unresectable pancreatic cancer who underwent induction chemotherapy and ablative dose SBRT were included. SBRT dose was 40–50 Gy in five fractions. Two strategies were adopted to adhere to the organs at risk (OAR) dose constraints: simultaneous integrated protection (SIP) technique and magnetic resonance (MR)-guided adaptive technique. Overall survival (OS) and local progression-free survival (LPFS) were calculated from the start date of SBRT.



Results

The median follow-up period for survivors was 21.1 months (range, 6.2–61.0 months). Eleven (22.0%) patients underwent resection after SBRT, which were all R0 resection. In patients with non-metastatic disease, the median OS was 26.5 months (range, 4.1–61.0 months), and the 1- and 3-year LPFS were 90.0% (95% confidence interval [CI], 72.0–96.7%) and 57.4% (95% CI, 31.7–76.4%), respectively. Patients with oligometastatic disease had inferior survival outcomes, but there was no survival difference among responders to induction chemotherapy. In the multivariable analysis, tumor size ≤4 cm, non-metastatic status, and good response to induction chemotherapy were associated with improved LPFS. In dosimetric analysis, GTV Dmin ≥50.5 Gy was the strongest prognosticator against local progression. Grade ≥3 adverse events occurred in two (4.0%) patients with non-adaptive RT, but none in patients with MR-guided adaptive RT.



Conclusion

Ablative dose SBRT following induction chemotherapy is an effective strategy for selected patients with unresectable pancreatic cancer. The SIP technique and MR-guided adaptive RT were attributed to minimizing the risk of adverse events. Further studies are needed to identify the best candidates for consolidatory SBRT in unresectable pancreatic cancer.





Keywords: pancreatic cancer, stereotactic body radiotherapy, ablative dose, MR-guided adaptive radiotherapy, simultaneous integrated protection, oligometastatic disease



Introduction

Pancreatic cancer is one of the leading causes of cancer-related mortality worldwide. Most patients with pancreatic cancer present with locally advanced or metastatic disease and are not amenable to curative surgery (1). Chemotherapy is considered the standard of care for these patients, but the prognosis remains dismal, with a 5-year life expectancy of less than 10% (2). Recently, new multi-agent chemotherapy regimens have changed this paradigm (3–5). The combination regimen of 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX) and gemcitabine with nanoparticle albumin-bound-paclitaxel (Gem/nab-paclitaxel) have become the first-line treatment options for unresectable pancreatic cancer. These regimens have been demonstrated to almost double the survival of unresectable pancreatic cancer compared with the previous monochemotherapy regimens. However, the limited gain in terms of local control may possibly expand the role of RT for local control.

Stereotactic body radiation therapy (SBRT) has emerged as an attractive approach in multimodality treatment for pancreatic cancer (6–8). SBRT offers the ability to deliver a large biologically effective dose (BED) in a highly conformal manner. Furthermore, SBRT interferes less with systemic therapy as it requires only 1–2 weeks for delivery. The optimal SBRT scheme has yet to be determined, but the administration of a higher BED is essential to achieve durable tumor control and has a significant impact on survival (9). However, SBRT for pancreatic cancer is challenging due to the proximity of radiosensitive organs-at-risk (OAR), such as the duodenum, stomach, and bowel. Although prospective data regarding pancreatic SBRT is accumulating, the optimal treatment strategy remains controversial (10).

In this study, simultaneous integrated protection (SIP) technique and magnetic resonance (MR)-guided adaptive technique are implemented as components of SBRT to deliver ablative dose SBRT while minimizing the treatment-related adverse event risk. The resultant efficacy and safety of the applied treatment is evaluated. In addition, we investigated optimal SBRT strategies, including patient selection and dosimetric parameters.



Materials and methods


Study cohort

We retrospectively identified patients with locally advanced pancreatic adenocarcinoma, including oligometastatic disease, who received induction chemotherapy followed by ablative dose SBRT between January 2017 and September 2021. Locally advanced stage was defined as a tumor with greater than 180-degree involvement of the superior mesenteric artery or celiac axis or unreconstructable involvement of the superior mesenteric vein or portal vein. Oligometastatic disease was defined as less than four metastases to a single organ. Patients were excluded if they had a prior definitive treatment history, pancreatic tumor histology other than adenocarcinoma, or double-primary malignancies. A total of 50 patients with unresectable pancreatic cancer constituted the analyzed cohort (Figure 1). This study was approved by the Institutional Review Board (IRB no. H-2105-070-1218).




Figure 1 | Consort diagram. MR, magnetic resonance; SBRT, stereotactic body radiotherapy; OAR, organs at risk.





Treatment

All patients received four or more cycles of induction chemotherapy before SBRT. Induction chemotherapy consisted of FOLFIRINOX (92.0%) and Gem/nab-paclitaxel (8.0%) regimens. A 3–4 week break from induction chemotherapy was required before SBRT delivery.

SBRT was performed in two ways; MR-guided adaptive SBRT was delivered using the MRIdian (ViewRay Inc., Oakwood Village, OH) and non-adaptive linear accelerator (linac)-based SBRT was delivered using the TrueBeam-STX (Varian Medical Systems, Palo Alto, CA). Patients underwent both MR and computed tomography (CT) simulations on the same day. Patients were immobilized in the supine position with arms over head. A pneumatic abdominal compressor was used to reduce breathing-induced internal tumor movement. Patients who were unable to breathe regularly, could not tolerate extended treatment times, or had any contraindications to MR (e.g., claustrophobic, metal implant) were assigned to non-adaptive SBRT. Otherwise, both adaptive and non-adaptive SBRT plans were constructed, and the best plan for an individual patient was chosen based on both OAR dose and target coverage.

The principle of tumor delineation was same for both set-up (Figure 2). Gross tumor volume (GTV) was defined as pancreatic tumor based on 4-dimensional–CT and MR images. Clinical target volume (CTV) encompassed the GTV and vascular involvement, including the entire tumor-vessel interface. Planning target volume (PTV) included the CTV plus a 6 mm margin. Planning OAR volume (PRV) was defined as OAR plus a 4 mm margin. If the patient had an overlapping area between PTV and PRV, PTV was divided into two; PTVsip was the overlap area between PTV and PRV, and PTVtumor was the remaining, non-overlapping PTV area with PRV. Using the SIP technique, we prescribed 33 Gy to the PTVsip, while simultaneously delivering a 50 Gy to the PTVtumor. Exceptionally, GTV was prescribed to 50 Gy even if there was an overlapping area with PRV as long as OAR constraints, which was <33 Gy to 1cc, were met. Prescribed doses were lowered down to 40 Gy depending on the situation, including target/organ movement and target to organ distance of the individual patient. SBRT was delivered in five fractions with the goal of 95% PTV coverage with 100% of the prescription dose, prioritizing hard OAR constraints. OAR dose constraints were as follows: for the duodenum, bowel, and stomach, Dmax <35 Gy and D1cc <33 Gy; for the spinal cord, Dmax <22 Gy; for kidneys, Dmean <10 Gy; and for the liver, 700 cm3 <21 Gy. If the OAR-to-target distance was sufficient and the PTV coverage and OAR constraints were simultaneously met, the patient was often assigned to non-adaptive linac-based SBRT, due to the convenience of a shorter treatment delivery time. In contrast, if PTV coverage could not be met due to a violation of OAR constraints, the patient was usually assigned to MR-guided adaptive SBRT.




Figure 2 | The target volumes and isodose lines for patients prescribed 50 Gy in 5 fractions with magnetic resonance-guided adaptive radiotherapy (A), and linac-based nonadaptive radiotherapy (B). GTV, gross tumor volume; PTV, planning target volume; OAR, organ at risk; PRV, planning OAR volume.



For adaptive SBRT delivery, MR imaging was performed before each fraction, and new OARs were re-contoured, reflecting inter-fractional changes. Then, the new re-optimized plan was generated. If the new plan violated OAR constraints, plan normalization was altered till OAR constraints were fulfilled. After the daily adaptive plan was determined, each fraction was delivered under MR-guided real-time gating. In non-adaptive SBRT, image-guided RT using cone beam CT was performed for all fractions. To reduce inter- and intra-fractional variability, a 6-hour fasting period before simulation and each fraction was mandated.



Follow-up

After completing SBRT, physical examination, laboratory tests, and imaging were performed every 2–6 months or when clinically indicated. Most patients continued to receive additional systemic therapy. The multidisciplinary tumor board determined resectability after reviewing the imaging and performance status. Adverse events were graded using the Common Terminology Criteria for Adverse Events (version 5.0). Acute adverse events were defined as those occurring within three months after SBRT, whereas late adverse events were defined as those occurring beyond three months after SBRT.



Statistical analysis

Response evaluation was performed using response evaluation criteria in solid tumors (RECIST). The response to induction chemotherapy was evaluated in two ways. The overall response was measured by comparing the disease status between the time of initial diagnosis and the time of SBRT. Whereas, the response at SBRT referral compared disease status between three months before SBRT and at the time of SBRT. For dosimetric analysis, all parameters were depicted from the cumulative daily delivered re-optimized plans for the adaptive treatments, whereas the original treatment plan was used for the non-adaptive treatments. GTV Dmean was defined as the mean dose absorbed by the GTV. GTV Dmin and GTV Dmax were defined as the minimum and maximum dose absorbed by 1 cc of GTV, respectively.

Local progression was defined as a 20% or more increase in tumor size on the CT scan compared to previous imaging following the RECIST criteria. Local progression-free survival (LPFS) was calculated from the start date of SBRT to the date of local progression or death. Overall survival (OS) was calculated from the start date of SBRT to the date of death. Surviving patients were censored at the date of the last follow-up. Survival outcomes were estimated using the Kaplan–Meier method. Cox proportional hazards modeling assessed whether survival outcomes varied according to risk factors. Continuous variables, including dose parameters, were divided into two subgroups at cutoff values identified by receiver operating characteristic (ROC) curves and then analyzed. All statistical tests were performed using STATA (version 15.1; StataCorp LP, College Station, TX, USA).




Results


Patient and treatment characteristics

Patients and treatment characteristics are summarized in Table 1. The median age was 62 years (range, 39–78 years), and the median tumor size was 3.0 cm (range, 1.6–5.5 cm). A total of 16 (32.0%) patients had nodal involvement and 17 (34.0%) patients had oligometastatic lesion. After induction chemotherapy for a median of 13 cycles (range, 4–29 cycles), the overall response was a partial response (PR) in 28 (56.0%), stable disease (SD) in 18 (36.0%), and progressive disease (PD) in 4 (8.0%) patients. The response at SBRT referral included fewer PR’s and more SD’s and PD’s (PR: 44.0%, SD: 42.0%, and PD: 14.0%, respectively). The median prescribed dose was 50.0 Gy (range, 40–50 Gy), and the SIP protocol was applied in 29 (58%) patients. Of the 26 patients (52.0%) who received MR-guided adaptive SBRT, the delivered dose was reduced in 16 patients (32.0%) to abide by the OAR constraint. A total of 47 (94.0%) patients received post-SBRT chemotherapy for a median number of 8 cycles (range, 1–41 cycles).


Table 1 | Patients and treatment characteristics (N=50).



A dramatic decline in carbohydrate antigen (CA) 19-9 was observed after induction chemotherapy and SBRT. The median % change of CA 19-9 was -82.7% from baseline to post-induction chemotherapy/pre-SBRT and -38.8% from post-induction chemotherapy/pre-SBRT to post-SBRT.



Treatment outcomes

The median follow-up period was 18.8 months (range, 4.1–61.0 months) for all patients and 21.1 months (range, 6.2–61.0 months) for survivors from the start date of SBRT. In patients with non-metastatic disease, the median OS was 26.5 months (range, 4.1–61.0 months), and the 1- and 3-year OS rates were 87.3% (95% confidence interval [CI], 69.6–95.1%) and 37.0% (95% CI, 17.4–56.8%), respectively. Patients with oligometastatic disease had inferior survival outcomes with a median OS of 12.5 months (range, 6.2–40.7 months), and the 1- and 3-year OS rates of 61.6% (95% CI, 33.5–80.7%) and 16.0% (95% CI, 2.7–39.5%), respectively (Figure 3). However, this difference diminished in patients responding to induction chemotherapy (oligometastatic/PR: 1-year OS 85.7% [95% CI, 33.4–97.9%] and 3-year OS 35.7% [95% CI, 5.2–69.9%]; oligometastatic/SD-PD: 1-year OS 40.5% [95% CI, 10.0–70.1%] and 3-year OS 0%). The 1- and 3-year LPFS rates of the non-metastatic group were 90.0% (95% CI, 72.0–96.7%) and 57.4% (95% CI, 31.7–76.4%), respectively. In oligometastatic/PR group, the 1- and 3-year LPFS were 100.0% and 44.4% (95% CI, 6.6–78.5%), respectively. Meanwhile, the corresponding rates of oligometastatic/SD-PD group were 45.7% (95% CI, 8.2–78.3%) and 0%, respectively.




Figure 3 | Kaplan-Meier curves of (A) overall survival, and (B) local progression-free survival according to metastatic status. SBRT, stereotactic body radiotherapy.



After SBRT, eleven (22.0%) patients underwent resection, and all had R0 resection, with three (6.0%) achieving a pathologic complete response (pCR). There were no grade ≥3 postoperative adverse events. Patients with resected tumors showed significantly improved survival outcomes compared with patients without resection (1-year OS: 90.9% [95% CI, 50.8–98.7%] vs. 75.1% [95% CI, 57.5–86.2%]; 3-year OS: 64.9% [95% CI, 24.9–87.4%] vs. 19.0% [95% CI, 6.7–36.0%]; p=0.014). At the last follow-up, 16 (32.0%) patients were in a progression-free state with normalized CA 19-9 and without imaging evidence of progression.



Prognostic factors

The univariate and multivariate Cox proportional hazards models for OS and LPFS are presented in Table 2. In the multivariate analysis, M-stage was a strong prognostic factor for both OS and LPFS (Hazard ratio [HR] 2.74, p=0.018 in OS; HR 5.32, p=0.003 in LPFS). A large initial tumor size (≥4 cm) was associated with inferior LPFS (HR 4.26, p=0.003). Response to the induction chemotherapy in overall (HR 3.79, p=0.044) and at SBRT referral (HR 4.27, p=0.001) were both significantly related to OS, but only response at SBRT referral was a significant factor for LPFS (HR 3.72, p=0.022). Among dose parameters, higher GTV Dmin (≥50.5 Gy) was significantly associated with improved LPFS (HR 3.06, p=0.045) and OS (HR 2.58, p=0.031). However, the prescribed dose (≥50 Gy), GTV Dmax (≥52 Gy), and GTV Dmean (≥51 Gy) failed to demonstrate statistical significance. Greater CA 19-9 decline after SBRT (≥50%) had a strong relationship with improved LPFS (HR 3.85, p=0.015). On the other hand, the volume of PTV and PTVsip did not affect survival outcomes. SBRT technique (adaptive vs. non-adaptive) also had no significant association with both OS and LPFS.


Table 2 | Univariate and multivariate analysis affecting overall survival and local progression-free survival.





Dosimetric analysis

The values of dosimetric parameters in patients with or without local progression within three years following SBRT are shown in Table 3. The mean values were all higher in patients without local progression compared to those with local progression. Among dosimetric parameters, the difference between the two groups was significant for the prescribed dose (p=0.006), GTV Dmin (p<0.001), and GTV Dmean (p=0.008). According to the ROC analysis, GTV Dmin showed the highest AUC (0.789) as a predictor of local progression (Supplementary Figure 1). Patients with GTV Dmin ≥50.5 Gy showed superior OS and LPFS compared to those with GTV Dmin < 50.5 Gy (1-year OS: 82.9% [95% CI, 60.6–93.2%] vs. 74.3% [95% CI, 51.4–87.6%], p=0.049; 1-year LPFS: 91.5% [95% CI, 70.0–97.8%] vs. 77.3% [95% CI, 53.2–54.2%], p=0.007) (Figure 4).


Table 3 | Comparison of dosimetric parameters between patient groups with or without local progression within 3 years following SBRT.






Figure 4 | Kaplan-Meier curves of (A) overall survival, and (B) local progression-free survival according to GTV Dmin (≥50.5 Gy vs. <50.5 Gy). SBRT, stereotactic body radiotherapy; GTV, gross tumor volume. GTV Dmin = the minimum dose absorbed by 1cc of the GTV.





Adverse events

The acute and late adverse events are presented in Table 4. Acute grade 2 adverse events occurred in 23 (46.0%) patients. There were no grade 3 or higher acute adverse events. The most common acute adverse events were abdominal pain (32.0%), nausea/vomiting (28.0%), and poor oral intake (16.0%). Regarding the late adverse events, grade 2 or higher events occurred in 15 (30.0%) patients. A total of two (6.0%) patients experienced grade 3 gastro-intestinal bleeding, both requiring endoscopic intervention, but were successfully managed. There were no grade 4 or higher late adverse events. Patients treated with MR-guided adaptive SBRT showed a trend toward lower rates of late adverse events compared with those treated with non-adaptive SBRT (grade 2: 19.2% vs. 33.3%; grade 3: 0% vs. 8.3%; p=0.084).


Table 4 | Acute and late adverse events after SBRT.






Discussion

Pancreatic cancer is perceived as a systemic disease with the eventual emergence of widespread metastases. Despite this, up to 30% of patients with pancreatic cancer are reported to be without metastatic disease at the time of death (11). This percentage is likely to further increase as systemic therapy is continuously advancing in both multiagent cytotoxic approaches and combined precision medicine-based strategies (4, 12). In an era of more effective systemic therapy, maximizing local treatment has become more important, which may eventually lead to improved treatment outcomes. However, the use of conventionally fractionated RT failed to convey survival benefits in addition to the standard of care chemotherapy in a prospective trial, despite improvement in local control (13).

In this context, SBRT has emerged as an attractive alternative showing the potential to improve local control, with an ability to deliver a higher dose in a conformal manner and requiring shorter overall treatment time, simultaneously. A recent meta-analysis reported that SBRT significantly improved 2-year OS compared to conventionally fractionated RT (26.9% vs. 13.7%, p = 0.004) (6). Petrelli et al. performed a systemic review of 19 trials of SBRT and reported the pooled 1-year OS rate of 51.6% (95% CI 41.4-61.7%) and 1-year local control rate of 72.3% (95% CI 58.5-79%) (14). Many of these data suggest that a higher dose is needed to achieve adequate tumor control (15, 16). Toesca et al. reviewed the treatment outcomes of 149 patients who received multi-fraction SBRT for unresectable pancreatic cancer (15). They reported that patients treated with SBRT dose ≥40 Gy had superior OS and PFS compared to those who received SBRT dose <40 Gy (median OS: 23 vs. 14 months, p=0.0007; median PFS: 13 vs. 10 months, p = 0.007). In this study, we reported the 1-year OS and LPFS rates of 87.3% and 90.0%, respectively, which is in line with SBRT series with an ablative-dose (BED10 ≥100 Gy). However, SBRT delivering an ablative dose is still limited due to the proximity of critical neighboring radiosensitive OARs. Furthermore, the tumor and surrounding structures are highly mobile and sometimes difficult to identify using cone beam CT-based imaging. Thus, in this study, we adopted two approaches to safely deliver ablative doses.

The SIP technique allows the simultaneous delivery of ablative doses to the tumor volume, whereas the overlapping volume with critical OARs is covered by a lowered, safer dose (17). Several studies have reported the results of SIP protocol in different RT schemes (18–20). Simoni et al. performed SBRT using the SIP technique by administering 50 Gy to the tumor-vessel interface (TVI), 30 Gy to the pancreatic tumor, and 25 Gy to the SIP volume (18). They found no acute or late grade ≥3 adverse events, but a predominant incidence of in-field failures occurred. After that, the authors investigated dose escalation protocols up to 60, 40, and 33 Gy to TVI, pancreatic tumor, and SIP volume, respectively, and demonstrated the feasibility with adequate PTV coverage and acceptable OAR exposure (21). In this cohort, we prescribed 50 Gy to the TVI and tumor and 33 Gy to the SIP volume. We found favorable toxicity profiles without compromising survival outcomes. The volume of PTV and PTVsip did not affect survival outcomes in multivariable analysis, although the small cohort size may have obscured the impact.

On the other hand, MR-guided adaptive RT is another powerful tool ensuring accurate treatment delivery with several advantages (22). First, MR guidance offers improved soft tissue contrast, resulting in the ability to distinguish the boundaries of pancreatic tumors. Second, a new re-optimized plan can be generated and optimized per fraction, reflecting daily anatomical changes. Hassanzadeh et al. found that duodenal dose constraints would have been violated in 67.7% of fractions for pancreatic cancer patients without per fraction optimization (23). Third, a real-time gating system enables intra-treatment monitoring of OARs. Several retrospective studies of MR-guided adaptive RT have reported promising outcomes while minimizing toxicities (24, 25). In the current study, grade ≥ 3 adverse events occurred in two (4.0%) patients with non-adaptive RT, and none in patients with MR-guided adaptive RT. It is notable that patients with close OAR-to-target distance were mostly assigned to MR-guided adaptive SBRT (Figure 1). Therefore, MR-guided adaptive RT may be more suitable for patients with a high risk of adverse events. Given the low conversion rate to surgery, safety concerns should be a top priority for SBRT treatment. The adoption of SIP technique and MR-guided adaptive RT can contribute to minimizing the risk of adverse events while delivering ablative doses to the tumor.

Currently, the optimal SBRT strategies have yet to be determined for pancreatic cancer. Published studies have used various combinations of dose and fraction schemes. Nonetheless, in order to perform SBRT effectively, particularly in daily adaptive SBRT, it is essential to identify significant dose parameters. Current dosimetric analysis nominated GTV Dmin as the most relevant parameter against local progression, with the cutoff value of 50.5 Gy, as determined by ROC analysis. Thus, patients with smaller PTV and PTVsip volumes may be better candidates for SBRT that meet the dosimetric requirements and minimize adverse events. In addition, our results found that patients who had a tumor size ≤4 cm, non-metastatic status, and good response to induction chemotherapy showed a better prognosis after SBRT. Response to induction chemotherapy at three months prior to SBRT was more predictive of treatment outcomes compared to at the time of diagnosis. This may reflect that prompt delivery of consolidatory treatment would be a more effective strategy for patients with an initial response to induction chemotherapy but a stationary response afterward, compared with continued chemotherapy till progression.

Furthermore, it is notable that patients who had oligometastatic disease but achieved response to induction chemotherapy showed similar survival rates compared to non-metastatic patients in this study. Only few studies have examined the role of SBRT in metastatic pancreatic cancer. Lischalk et al. evaluated 20 patients with metastatic pancreatic cancer who received chemotherapy and SBRT (26). They reported 1-year OS and local control rates of 43% and 53%, respectively, without grade ≥3 toxicities. They also found that smaller PTV was associated with improved OS (p=0.001) and local control rates (p=0.02). Rosati et al. recommended a minimum of 6 months of chemotherapy and an observation period (4–8 weeks) before SBRT to better understand the natural history of disease (27). In this study, we found that a longer duration of induction chemotherapy (≥3 months) and good response to chemotherapy were associated with improved survival outcomes. Although based on the observation from very selected small population, SBRT to the primary site may have a role for oligometastatic patients who underwent chemotherapy over a period of time and achieve a durable response to induction chemotherapy. On the contrary, we do not advocate SBRT for patients with oligometastatic disease who did not respond to induction chemotherapy, as patients with these unfavorable factors eventually experienced disease progression within six months from SBRT. This principle is in line with selectively offering ablative local treatment in oligo-persistent disease.

There are several limitations to this study. First, the number of patients is far insufficient to draw concrete conclusion, especially in the oligometastatic disease subgroup. Additionally, as this was a retrospective study, the events could have been underestimated due to incomplete medical records. Second, the dosimetric analysis might be biased because lower doses were prescribed in patients with poor performance status. Finally, MR-guided adaptive SBRT was performed using the Cobalt-60 system in this study. Better OAR sparing may be achieved with MR-linac system with a steeper dose gradient. Nonetheless, the entire cohort was treated with the uniform treatment protocol, including dose prescription, target delineation, and decision policy for radiotherapy technique. Furthermore, they all received FOLFIRINOX or Gem/nab-paclitaxel, which are currently considered the standard of care as the first-line treatments. Thus, our findings may have better applicability and generalizability to current clinical practice.

In conclusion, consolidatory ablative dose SBRT following induction chemotherapy could be a viable treatment option for selected patients with unresectable pancreatic cancer. Patients with a tumor size ≤4 cm and achieved a durable response to induction chemotherapy may be good candidates for SBRT treatment as consolidatory measure. Prompt ablative consolidatory treatment delivery may be more appropriate approach compared to sustained chemotherapy beyond initial response. For SBRT planning, GTV Dmin (≥50.5 Gy) was identified as the most relevant parameter against local progression. The SIP technique and MR-guided adaptive RT strategies enabled the delivery of an ablative dose to the tumor while minimizing toxicity of surrounding OARs. Further studies with larger cohort sizes, better yet prospective design would help to further validate the role of the optimal SBRT strategies in pancreatic cancer.
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Purpose

In principle, intensity-modulated electron therapy (IMET) can be delivered through mechanical scanning, with a robotic arm mounting a linac.



Materials and methods

Here is a scanning algorithm to identify the back-and-forth, top-to-bottom (zigzag) pattern scan sequence. The algorithm includes generating beam positions with a uniform resolution according to the applicator size; adopting discrete energies to achieve the depth of 90% dose by compositing energies; selecting energy by locating the target’s distal edge; and employing the energy-by-energy scan strategy for step-and-shoot discrete scanning. After a zigzag scan sequence is obtained, the delivery order of the scan spots is optimized by fast simulated annealing (FSA) to minimize the path length. For algorithm evaluation, scan sequences were generated using the computed tomography data of 10 patients with pancreatic cancer undergoing intraoperative radiotherapy, and the results were compared between the zigzag path and an optimized path. A simple calculation of the treatment delivery time, which comprises the irradiation time, the total robotic arm moving time, the time for energy switch, and the time to stop and restart the beam, was also made.



Results

In these clinical cases, FSA optimization shortened the path lengths by 12%–43%. Assuming the prescribed dose was 15 Gy, machine dose rate was 15 Gy/s, energy switch time was 2 s, stop and restart beam time was 20 ms, and robotic arm move speed was 50 mm/s, the average delivery time was 124±38 s. The largest reduction in path length yielded an approximately 10% reduction in the delivery time, which can be further reduced by increasing the machine dose rate and the robotic arm speed, decreasing the time for energy switch, and/or developing more efficient algorithms.



Conclusion

Mechanically scanning IMET is potentially feasible and worthy of further exploration.
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1 Introduction

Intensity-modulated electron therapy (IMET) uses multiple electron beams, each of differing energy and intensity patterns, to deliver a dose distribution that conforms the 90% dose surface to the distal surface of the PTV (1). IMET research on fluence and energy modulation has several pioneers (2–7).

IMET was tried to be delivered using X-ray multileaf collimators (MLCs), similar to X-ray MLCs employed in delivering intensity-modulated X-ray therapy (8–11). However, the air gap of X-ray MLCs is too great; thus, adequate conformity could hardly be acquired (12). Some intensity modulation was realized with scanned electron beams (13), but it requires helium in the treatment head to reduce multiple Coulomb scattering caused by air (14). Furthermore, electron MLC (eMLC) was designed (15–20) and made available by a third party (Euromechanics, Schwarzenbruck, Germany). However, this technology has not been widely applied, possibly because of the high cost of an add-on eMLC, need for integration into commercially available treatment planning systems, and low number of patients requiring electron radiotherapy.

Intraoperative electron radiotherapy also uses a newly designed multirobotic arm apparatus, which comprises a main robotic arm mounted a linac for moving the radiation beam and two subrobotic arms for gripping the accessories. By the cooperative operation of multirobotic arms with automatic control technologies, treatment precision can be improved while greatly reducing the workload (21). This kind of apparatus, that is, the robotic linac, could be used not only for intraoperative radiotherapy (IORT) but also for external radiotherapy, such as skin cancer and keloid excision, with the following beneficial effects (1): multirobotic arms could be integrated together into a flexible on-line image-guided radiotherapy equipment (e.g., a main robotic arm mounted a linac, multiple subrobotic arms selectively mounted a ultrasound device or other imaging devices, an end-gripper for gripping treatment accessories [cone or applicator for electron therapy], and/or a beam stopper to attenuate radiation); (2) a uniform coordinate system may be established for all the robotic arms, allowing the main robotic arm to be guided in aligning the linac to the tumor target with high precision according to the images acquired by the image device; (3) the robotic arm, which has six degrees of freedom, can maneuver and point the beam almost anywhere in space; (4) treatment beams in robotic arm linac have no fixed isocenter, thereby not restricted to isocentric geometry and consequently, can be directed independently; (5) after mounting an X-band accelerator (a beam stopper on the opposite side of the source to reduce the shielding requirements for primary radiation), the linac could be lightweight and compact, thereby delicate and suitable for IORT.

In recent years, the researches on “FLASH” radiotherapy have attracted a great attention for the potential electron clinical applications due to a remarkable sparing of normal tissue. A flexible on-line image-guided radiotherapy equipment integrating multirobotic arms could deliver conformal modulated dose distributions with scanning ultra-high dose rate electron beam and substantially further enhance the therapeutic window in radiotherapy.

Currently, the most advanced proton radiotherapy technique is intensity-modulated radiotherapy, with active scanning being the most advanced mode. Considering the extremely large number of proton beams, the large number of selectable energies, and the complexity of calculations, several optimization methods have been established for active scanning paths for proton radiotherapy (22–26). The three-dimensional scanning intensity-modulated radiotherapy technique for protons can be referenced to achieve scanning intensity-modulated electron therapy (sIMET) using a robotic arm mounting a linac.

This study primarily aimed to establish the mechanical sIMET algorithm, and the following three aspects were considered: (1) determining the scan parameters and strategy, (2) optimizing the scan path, and (3) solving equations.



2 Methods


2.1 Scan parameter and strategy determination


2.1.1 Scan parameters

This study presumed that an electron accelerator with four discrete energies (E1, E2, E3, and E4) is capable of a depth of 90% dose (R90) spanning 10–37 mm for a square field with a side length of 5 mm. This devise might also have dynamic, intensity-controlled discrete spot scanning capabilities with perfect positioning accuracy. The beam R90 could be varied in 1 mm steps by compositing two discrete energies. The ratio of the two compositing energies was determined by an exhaustive method with 0.5% accuracy, and then a table of R90 and energy correspondence was formed; this table was queried during optimization to identify the beam’s energy.

Next, the scan spots and energies were plainly described. On the beam direction determined by the distribution of a tumor at a certain depth, the beam positions were distributed in one plane. A uniform lateral resolution of beam positions was chosen for the entire plane. After the beam positions were placed at these pixels, energy selection started by locating the target’s distal edge. The appropriate energy values (R90) were then matched to the distance between the distal edge and the proximal edge.



2.1.2 Scan strategy

After the scan beam size, position, energy, and dose were determined, the scan strategy was implemented, assigning the mode and sequence of scanning. For a single beam position, two energies may be needed to increase the beam R90 in 1 mm steps. In other words, two scan spots may be generated for one beam position. Owing to the differences in target depths, differences in electron beam energies for adjacent beam positions also differed, leading to frequent energy switching and ultimately increasing the delivery time. Therefore, the scanning mode was “energy by energy,” where all scan spots are first grouped by energy, with the same energy grouped into one group. The scanning sequence was the path where the scanning order was optimized to shorten the scanning path and delivered by step-and-shoot discrete scanning.




2.2 Scan path length minimization


2.2.1 Traveling salesman formulation

Minimizing the scan path length was a variation on the traveling salesman problem (TSP) in combinatorial optimization. In the classic TSP formulation, one has a map of N cities and must travel a round-trip circuit visiting each city exactly once and returning to the first city, finding the least costly route. The TSP is well researched, and numerous algorithms can be used to solve it. This algorithmic problem can now be applied to electron beam scanning sequences. It is slightly modified in this case, given that the scanner is not required to return to the first scan spot before moving to the next energy. The scan path for each is optimized independently from other energies because the time required to switch to the next beam energy (typically 1–2 s) exceeds that for the robotic arm to move to any scan spot in the next energy (21). The scanning time might have a directly proportional relationship to the path length of the scan. By following this simple model, the scan path length can be optimized, and the cost to move from one scan spot to another is then merely the Euclidean distance, which is expressed as follows:



where N is the number of scan spots, (xn, yn) represents the Cartesian coordinates of the n-th scan spot in a given energy group, and P indicates the total scan path.



2.2.2 Fast simulated annealing (FSA) algorithm

The FSA was adopted to solve the modified TSP, using a modified cooling function in which the temperature decreases faster than by the logarithmic cooling schedule (27). The neighborhood of states was generated according to a Cauchy probability density distribution, which allows a more efficient search of the solution space. The temperature as a function of the iteration number k is expressed as follows:



where T0 is the initial temperature, and N is the number of scan spots. Typically, T0 is set large enough to accept almost all transitions in the beginning. The Cauchy distribution that allows for occasional jumps in the solution space and faster convergence to a global minimum is defined as






2.3 Clinical cases

The most important dosimetric feature of an electron beam is its limited range, which can effectively avoid irradiation of organs behind the tumor target. In addition, it is used in IORT for head and neck (28), abdominal (29, 30), breast (31, 32), and sarcoma (33) tumors.

The FSA algorithm was evaluated retrospectively using computed tomography (CT) data from 10 patients with pancreatic cancer undergoing IORT with 15 Gy prescription dose at our hospital. A flow chart of the sIMET procedure is shown in Figure 1. For IORT, form patient’s setup to completion of irradiation, it will be acceptable to take no more than 20 minutes, including less than 10 minutes for acquisition of images, delineation and planning. The GTV was defined as the lesion visible on preoperative contrast-enhanced CT while the operative recording and additional diagnostic imaging (MR/PET) were considered. PTV resulted from a 5 mm expansion of GTV, with the expansion restricted at anatomical boundaries such as the duodenum, intestine, and colon, around which a 5 mm margin was added. The scan beam size, position, energy, and dose were determined from the PTV and the prescription. Subsequently, the back-and-forth, top-to-bottom (zigzag) pattern scan sequence were identified.




Figure 1 | Flow chart of scanning intensity-modulated electron therapy.





2.4 Estimating treatment delivery time

A simple calculation was made on the sIMET for each plan to estimate the treatment delivery time. The delivery time (Tdelivery) includes the irradiation time (Tirradiation) from the first scan spot to the last one, the total robotic arm moving time (Tmove), the time for switching beam energy from one to the next (Tenergyswitching), and the time to stop and restart the electron beam (Ton/off). The time function given by



where









where DP,   and NB refer to the prescription dose, dose rate, and the number of beam positions, respectively; L and VS are the path length and the robotic arm’s motion speed, respectively; TE and NE denote the time for switching the beam energy from one to the next and the number of energies adopted, respectively; TO and NS are the time to stop and restart the electron beam during the discrete scanning and the number of scan spots, respectively.

Taking the initial zigzag path length as a reference, the reduction in treatment delivery time was evaluated due to path length minimization. The motion speed of a realistic robotic arm was 50 mm/s. The robotic arm was stationary at a scan spot until prescription dose delivery, which would take 1 s with a dose rate of 15 Gy/s. The time to prepare a new electron energy was 2 s. The electron beam might need 20 s to stop and restart. This approach suffices to obtain a basic impression of expected relative improvement.




3 Results


3.1 Results of discrete energy composition

Figure 2 shows the percentage depth dose for four discrete energies and three composited energies. The R90 values of E1, E2, E3, and E4 were 9, 19, 29, and 37 mm, respectively. E5, E6, and E7 were composited by 20.5% E1 and 79.5% E2, 27.5% E2 and 72.5% E3, and 23.5% E3 and 76.5% E4, whose R90 values were 14, 24, and 33 mm, respectively.




Figure 2 | Electron beam percent depth dose curve for the four discrete energies E1, E2, E3, and E4, which can have R90 values of 9, 19, 29, and 37 mm, respectively. E5, E6, and E7 are the composited energies, generated by adding 20.5% E1 and 79.5% E2, 27.5% E2 and 72.5% E3, and 23.5% E3 and 76.5% E4, respectively.





3.2 Performance of the FSA algorithm

The computation time for a TSP had become tractable for the optimization of proton therapy scan path (22). In using MATLAB (www.mathworks.com) on a computer with a 3.2 GHz processor, FSA optimization required approximately 82 s for patient 1, comprising 4 energies and 238 scan spots.


3.2.1 Results of scan path length minimization

For the 10 patients, the mean number of scan spots was 18, 39, 55, and 55 for E1, E2, E3, and E4, respectively. Each of these energy groups was optimized independently, with 1 ≤ N ≤ 200. After FSA minimization, the change (ΔS) in the total path length (S) for every patient was reduced by 12.22%–43.07% (Table 1).


Table 1 | Results of the FSA optimization of the total scan path for sIMET plans. Si, Sf, and ΔS refer to the initial, final, and change in path length, respectively.



A larger N following FSA could lead to a good improvement; in fact, the largest improvement was found in patient 1 who had the largest N. Figure 3 illustrates the comparison between initial solution and FSA solution from patient 1. For E1, E2, E3, and E4, the path length was reduced by 50.79%, 62.06%, 55.79%, and 0.00%, respectively. Path length reduction was pronounced for sparsely distributed scan spots, whereas for uniform and dense scanning regions, its optimization yielded little or no benefit. Of note, owing to energy composition, one beam position could possibly have two energies; thus, the four energies had 14, 41, 65, and 118 scan spots, for a total of 238, which was more than the number of beam positions (n = 159).




Figure 3 | FSA optimization results from patient 1. The plots (A), (B), (D), and (F) show the initial zigzag scan path for the energies E4, E1, E2, and E3, and the plots (C), (E), and (G) show the FSA solution for E1, E2, and E3, respectively. For E1, N = 14, Si = 386.28 mm, Sf = 190.09 mm, and ΔS = −50.79%; for E2, N = 41, Si = 703.00 mm, Sf = 266.70 mm, and ΔS = −62.06%; for E3, N = 65, Si = 767.93 mm, Sf = 339.51 mm, and ΔS = −55.79%; and for E4, N = 118, Si = 605.78 mm, and ΔS = 0.00%.





3.2.2 Reduction in treatment delivery time

For the 10 patients, with the mean reduction of 5% due to scan path length optimization, the mean treatment delivery time was 124 ± 38 s, of which the irradiation accounted for 60%. For patient 1, the initial delivery time was 224 s, and the optimized delivery time was 203, of which the irradiation time was 78%.





4 Discussion


4.1 Path length reduction

In proton radiotherapy, some discontinuities in scanning maps generally result from the inhomogeneity of the patient’s anatomy in the beam line before the target, the use of multiple fields, and the consideration of organs at risk by the optimization process (22). In IORT, few discontinuities could result from the following conditions: only one irradiation field is parallel to the direction of the tumor depth, the tumor is exposed, the organs are pushed away from the irradiation field, and the irradiation field is within 10 cm. The precision in selecting the beam energy, dependent on the tumor depth, determines the number of energy groups. Higher precision indicates more energy, more sparse distribution, and more path length reduction.



4.2 Treatment delivery time

Scientists are working on shortening the treatment delivery time because of its multiple benefits, including the increase in the number of patients treated per unit of time, mitigation of patients’ unbearable anxiety, and reduction of the treatment cost. The IORT has very strict total time requirements, and it should ideally be controlled to 15–20 minutes, which is a huge challenge for sIMET. In addition to the treatment delivery time evaluated in this study, extra time for equipment preparation, simulation, planning, and equipment withdrawal are needed.

Using four discrete energies to composite R90 with 1 mm accuracy has several advantages in terms of treatment delivery time consumption. First, during the scanning process, switching energy frequently is unnecessary. For patient 1, if the energy increased by 1 for every 1 mm increase in path length, more than 30 energies were needed. Therefore, the time spent on switching energy was more than 60 s. Second, the lower the number of energy, the shorter the path length is. Conversely, the higher the number of energy, the easier it is to form multiple discontinuous scan positions that increase the scanned path length; additionally, the delivery time will still increase even if the path could be shortened by optimization.

There is a difference between the conventionally installed energies and composited energies, and the greater the difference between discrete energies and composited energies, the greater the difference. In this study, only four energies were used for calculation, but are four actually enough? Theoretically, for different tumors, the magnitude and amount of energy used to generate the composited energies should be different, which would be preferably determined using an optimization method. Increasing the number of discrete energies allows for better conformity and more uniform dose and distribution. This approach could be considered if the energy can be switched quickly (e.g., within 50 ms). For patient 1, when the dose rate could be increased to 600 Gy/s (IntraOp Medical Corporation, Sunnyvale, USA), the time after scan path optimization was relatively reduced to 30%. With the 50 mm/s motion speed of a robotic arm, the treatment delivery time could be less than 1 minute.



4.3 Intensity modulation and scan beam size

This study revealed that by adjusting the intensity of the scan beam, IMET can be achieved with nonuniform dose distributions according to the intraoperative images such as the CT image (34) and the three-dimensional ultrasound images (35). The electron beam is collimated by the applicator, which determines the scan beam size. Theoretically, the more different the size of the applicators is, the more conformal the dose distributions are for sIMET in the direction perpendicular to the scan beam. However, replacing the applicators with those of various sizes increases the complexity of delivery and prolongs the delivery time. In practice, the selection varies from patient to patient, and a balance between dose conformity and delivery time is needed. Further research is warranted for this direction.

To explore the dose distributions of the scan beams, we have adopted the validated head of the Mobetron (36) to simulate 3D dose distributions in the homogeneous cubic phantom for a square field with a side length of 5 mm of energies 4, 6, 9 and 12 MeV, whose R90 were 6, 8, 10 and 12 mm, respectively. Besides, the 3D dose distributions of two fields formed by sixteen and seven these square fields have been calculated (Figure 4). The results show that using the square field can deliver irregular dose distributions, whose boundary is influenced by the side length of square fields. However, we also observed that the dose uniformity deteriorated with increasing depth, which is caused by the inherent dosimetric property of high-energy electron beams that the higher isodose levels tend to show lateral constriction. This might be improved by designing new shaped applicator and adopting repainting scanning method. It should be noted that these dose distributions were not validated due to the conditions.




Figure 4 | Dose distributions in the coronal planes (perpendicular to the direction of incident electron beam) for the field formed by sixteen abutted square fields of energy 12 MeV with a side length of 5 mm in four rows at depth of 0 (A), 5 (B) and 10 mm (C) from the phantom surface and in axial plane (parallel to the direction of incident electron beam) through the centre of the field formed by seven abutted square fields with a side length of 5 mm along the negative direction of x-axis, whose R90s range from 6 to 12 mm in step of 1 mm by energy composition (D). The dose data has been normalized to the max dose in each square field before abutment.



For sIMET, to ensure the robustness of dose distribution, special considerations are required compared to the processes used for photon. Similar to the unique physical properties of protons, the vulnerability of electrons to uncertainties exists, especially from inter- and intra-fractional variations in anatomy. In addition to anatomy variations, other sources of uncertainty in dose delivered to the patient include the stability of the scan beam, the abutment of the adjacent scan beams. Although the promising results of this algorithm study are encouraging, sIMET may show some limitations. Compared with the conventional IORT, the total treatment deliver time is lengthened due to the addition of simulation, planning, and scan treatment. In addition, due to the scan beam motion, there are organ motion and scanning interactions that need to be considered as well as that the control system and more accurate beam delivery are needed.

These uncertainties and current technological limitations of sIMET may limit the achievement of its true potential. Further study could aim at better understanding the consequences of the various uncertainties on sIMET, reducing the uncertainties and breaking through the technological limitations by image-guidance, adaptive radiotherapy, robust optimization techniques, automatic intelligent planning, ultra-high dose rate, etc. We assert that, with such research, sIMET will be an applied radiotherapy modality in the future.




5 Conclusion

This study presents an algorithm that can identify the zigzag pattern scan sequence. The FSA technique is also introduced to optimize the scanning path for mechanical sIMET. Their efficiency has been tested using CT data from 10 patients undergoing IORT for pancreatic cancer. The average delivery time is 124 ± 38 s, which can be further reduced by increasing the machine dose rate and robotic arm speed, decreasing the time for energy switch, and/or developing more efficient algorithms. Mechanically scanning IMET is potentially feasible and worth further exploration.
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Purpose

This study assessed the delivered dose accuracy in pancreas SBRT by incorporating the real-time target position determined using an in-house position monitoring system.



Methods and materials

An online image-based position monitoring system, SeedTracker, was developed to monitor radiopaque marker positions using monoscopic x-ray images, available from the Elekta XVI imaging system. This system was applied to patients receiving SBRT for pancreatic cancer on the MASTERPLAN Pilot trial (ACTRN 12617001642370). All patients were implanted pre-treatment with at least three peri-tumoral radiopaque markers for target localisation. During treatment delivery, marker positions were compared to expected positions delineated from the planning CT. The position tolerance of ±3mm from the expected position of the markers was set to trigger a gating event (GE) during treatment. The dosimetric impact of position deviations and actual dose delivered with position corrections was assessed by convolving the plan control point dose matrices with temporal target positions determined during treatment.



Results

Eight patients were treated within this study. At least one GE was observed in 38% of the treatment fractions and more than one GE was observed in 10% of the fractions. The position deviations resulted in the mean(range) difference of -0.1(-1.1 - 0.4)Gy in minimum dose to tumour and 1.9(-0.1- 4.6)Gy increase to Dmax to duodenum compared to planned dose. In actual treatment delivery with the patient realignment, the mean difference of tumour min dose and duodenal Dmax was reduced to 0.1(-1.0 – 1.1)Gy and 1.1 (-0.7 - 3.3)Gy respectively compared to the planned dose.



Conclusions

The in-house real-time position monitoring system improved the treatment accuracy of pancreatic SBRT in a general-purpose linac and enabled assessment of delivered dose by incorporating the temporal target position during delivery. The intrafraction motion impacts the dose to tumour even if target position is maintained within a 3mm position tolerance.





Keywords: pancreatic cancer, intrafraction motion, real-time monitoring, SBRT, delivered dose assessment



Introduction

Pancreatic cancer is the 12th most common cancer worldwide, accounting for 495 773 new cases and 466 003 deaths in 2020 (1). The management of pancreatic cancer continues to be challenging with high mortality and a poorer prognosis compared to other cancers; the 5-years overall survival is only 9% (2). The majority of pancreatic cancer patients are diagnosed at an advanced stage and 80-90% of patients have unresectable cancer at the time of diagnosis which attributes to the poor prognosis (2). Recent studies have shown improvement in survival for locally advanced and borderline resectable pancreatic cancer patients treated with neoadjuvant chemotherapy followed by Stereotactic body radiotherapy (SBRT) (3, 4). This combined treatment approach is shown to have a high success rate in downstaging locally advanced and borderline resectable pancreatic tumours to resectable disease, with a negative microscopic margin (R0) in relatively high percentage of cases (3, 4). Additional studies have been carried out to determine the role of dose escalation in SBRT for improved local control and survival benefits (5, 6).

Accurate and safe delivery of pancreatic SBRT is imperative, but challenging due to the proximity of radiosensitive gastrointestinal Organs at Risk (OARs) to the tumour. Additionally, the pancreas and abdominal organ motion due to respiration, deformation and peristalsis poses a greater challenge in the safety and accuracy of pancreatic SBRT. This necessitates the use of appropriate motion management and quantification of patient specific target motion for radiotherapy planning to mitigate the uncertainties arising from this motion. The Internal Target Volume (ITV), derived using respiratory correlated four-dimensional Computed Tomography (4D CT) image sets, are widely used to determine and encompass the position of target volume during treatment. Gated or breath-hold radiotherapy offers the best method of reducing respiratory motion, however not all patients are suitable for breath-hold or gated treatments (7, 8). Other methods used to reduce motion include abdominal compression (AC) or voluntary breath-hold.

Whilst motion management strategies ensure the target motion is accounted for based on the planning dataset, it does not ensure the accuracy of target position during treatment delivery. Studies have shown inconsistencies in the target motion range between planning and treatment fractions (9, 10). These studies also have reported the difference in the reproducibility of target position between breath-hold sessions during treatment (9, 10). The target position uncertainties due to these factors can result in suboptimal treatment delivery in pancreatic SBRT with reduced dose to the tumour and potentially very high dose to OARs.

SBRT dedicated linear accelerators (linacs) such as Cyberknife and Vero systems, have real-time target position monitoring and tracking abilities, enabling the safe delivery of pancreatic SBRT. These systems use stereoscopic images to identify the position of fiducial markers implanted in or in the vicinity of tumours to determine the target position during treatment. Recent studies have shown the successful implementation of Magnetic Resonance image guided radiotherapy delivery systems in pancreatic SBRT and its ability to safely limit the dose to OARs using online adaption and gated treatment delivery (11, 12). The demonstrated efficacy of pancreatic SBRT has enabled its widespread uptake in clinics worldwide using general-purpose C-arm linacs. Vinogradskiy et al. reported the fiducial marker-based real-time position monitoring in pancreatic SBRT using the triggered imaging option available in the Varian linac (13). Recently our group reported the first clinical implementation of real-time position monitoring in pancreatic SBRT on an Elekta linac using planar images acquired from the XVI system and an in-house developed position monitoring software (14). In this study, we investigated the accuracy of dose delivered to pancreatic SBRT patients treated within ‘Mfolfirinox And STEreotactic Radiotherapy for Patients with Locally Advanced paNcreas cancer (MASTERPLAN): a feasibility study’ (ACTRN 12617001642370) by incorporating the real-time position information derived using in-house developed position monitoring system, SeedTracker.



Material and methods


Patient data

Patients treated within the MASTERPLAN pilot study were considered for this study. The MASTERPLAN pilot study is a three-centre feasibility study investigating whether SBRT in addition to chemotherapy with modified FOLFIRINOX (Oxaliplatin, irinotecan, 5-fluorouracil; mFOLFIRINOX), is a feasible treatment option for patients with borderline resectable pancreatic adenocarcinoma (BRPC) or unresectable pancreatic adenocarcinoma (UPC). Eight patients were recruited for this pilot study. The characteristics and tumour staging of the patient cohort is shown in Table 1.


Table 1 | The characteristics and tumour staging of patients treated with in MASTERPLAN pilot study.





Radiotherapy treatment simulation

Radiotherapy commenced 2 to 4 weeks after 4 cycles of mFOLFIRINOX as per the study protocol. Prior to the radiotherapy simulation process, the patients were inserted with 4 gold fiducial markers (EchoTip Ultra Fiducial Needle, Cook Medical LLC, IN, USA) in or in the vicinity of tumour in the pancreas with endoscopic ultrasound guidance. The markers were implanted with Endoscopic Ultrasound guidance and typically inserted via a needle through the duodenum or stomach. The placement of 4 markers were recommended to be on the periphery but not within the tumour to reduce the risk of bleeding. One marker was recommended to be between the duodenum and right sided aspect of the tumour to allow accurate delineation of the duodenum. The other markers were to be inserted on the periphery of the tumour on each of the other planes where possible (e.g. superior, to the left of the tumour and inferior). This was not always possible due to the location of the tumour and vessels. The small needle used for insertion through the stomach or duodenum does not have significant risk for damage of the OARs and is a routine part of biopsy and diagnosis for pancreatic cancer.

Patients were assessed for an appropriate motion management strategy by the Radiation Oncologist at a minimum of 3 days post fiducial marker insertion. The choice of motion management depended upon patients’ ability to tolerate and comply with a particular motion management requirement and was decided under fluoroscopic x-ray image guidance by the following hierarchical process:

	If the patient could tolerate the Active Breathing Coordinator (ABC) device (Elekta Ltd, UK) and was able to hold their breath in an exhale state for a minimum 15 seconds(s) with the stability and reproducibility of the marker positions within 2mm, the simulation and treatment was performed using ABC assisted Exhale Breath Hold (EBH) strategy.

	If the patient did not comply with EBH requirements, firstly the Superior-Inferior (SI) motion range of the markers in a free breathing state was determined using fluoroscopic images. Abdominal compression (AC) using Omni V SBRT position System (Bionix, USA) was performed and the markers’ motion range was reassessed with the optimal abdominal compression that was comfortable to the patient. If the AC reduced the markers’ motion range ≥ 5mm in comparison to free breathing, AC compression was selected as a motion management option

	If neither the ABC device nor AC was tolerable or had <5mm difference compared to free breathing, the patient was simulated and treated using a free breathing approach.



For the patients who were eligible for the EBH motion management option, the planning CT with contrast was acquired in EBH with an ABC device. For patients who were eligible for AC and free breathing, the planning CT with contrast was acquired at comfortable voluntary EBH of the patient. Additionally, 4D CT images were acquired to generate the ITV for treatment planning.



Treatment planning

The following two Planning Target Volumes (PTVs), receiving 30 Gy and 45 Gy in 5 fractions, were contoured by a radiation oncologist for treatment planning:

PTV 30Gy: ITV + 5mm safety margin

PTV 45Gy: PTV 30Gy excluding Stomach, Duodenum and Small Bowel with 5mm safety expansion

A dual arc Volumetric Modulated Arc Therapy (VMAT) plan for Elekta linac with Agility treatment head was generated using Pinnacle treatment planning system (TPS). The motion management techniques used for the patients are shown in Table 1. The PTV 45Gy was planned with an inhomogeneous dose within the volume with D1cc not exceeding 58.5 Gy (130% of 45Gy). The GI OARs doses were limited to the guideline values during the planning process (5, 15).



Treatment delivery

The treatment was delivered on an alternate treatment day schedule. The stability and reproducibility of the EBH and reproducibility of AC on each treatment day was verified using fluoroscopic x-ray images prior to the acquisition of the verification CBCT. For patients simulated with EBH, the verification CBCT was acquired during EBH, with the CBCT images registered with the reference planning CT to ensure the accurate match of fiducial positions and the internal organs that can be seen on CBCT images. For the AC and free breathing patients cohort, 4D CBCT images were acquired for position verification. The exhale phase of the 4D CBCT dataset was matched with the reference CT to quantify the position offset and table corrections. The 4D CBCT dataset was used to ensure the motion range of fiducials/target volume within the ITV determined from the planning 4D CT.



Real-time position monitoring

The positional accuracy of the target during treatment delivery was monitored using an in-house developed software system, SeedTracker. The fluoroscopic x-ray images acquired during treatment delivery using the XVI system were processed by the SeedTracker system in real-time to identify the position of the implanted markers and compared to the expected positions based on the reference planning position at each imaging angle. If the position of the markers exceeds the set tolerance value the system will alert the user to interrupt the treatment and reposition the patient. In the events where position deviations were observed, the table corrections were performed based on the 3D offsets determined by CBCT based verification. The details on the principle of operation of the SeedTracker system can be found elsewhere (14, 16, 17).

A position tolerance of ±3mm with a maximum deviation duration of 5s was set to trigger the gating event (GE) to interrupt the treatment delivery and perform the patient realignment. For the treatment with AC and free breathing techniques the position tolerance + ITV extent was used as a tolerance window, while for EBH treatment only the position tolerance was used as a tolerance window.



Delivered dose assessment

The actual dose delivered to the tumour and OARs in each treatment fraction was calculated by convolving the control point (CP) dose matrices of the treatment plan with the target positions determined during the delivery of the respective CPs. The 3D position of the target for this convolution process was determined using the real-time 2D monitoring data. In FB and AC motion management techniques the 3D position of the tumours was calculated using the following two steps:

	• Firstly, the SI trajectory of each breath cycle was divided into 10 equidistant positions between maximum inhale and exhale positions. The 3D position of the target at each of these discrete position was determined using the 2D data with the angular separation of 45° using the variable angle stereoscopic method (17).

	• Based on this 3D position distribution cloud, the 3D position corresponding to the 2D data of the real-time trajectory was determined using the Maximum Likelihood Estimation (MLE) method.



For the 3D position estimation in the EBH technique, firstly the 3D position of the tumour at identical SI positions was calculated based on the variable angle stereoscopic method, then the 3D position corresponding to the 2D data of the real-time trajectory was determined using MLE.

In the gating events (GE) where the treatment was interrupted and position correction was performed, the dose that would have been delivered with the position deviation was calculated by introducing the determined position deviations to the CP dose.

The difference in dose volume histogram (DVH) metrics such as D98, Dmax, minimum and mean dose to Gross Tumour Volume (GTV) and Dmax to duodenum, small bowel and stomach were compared between planned and delivered dose. The statistical difference between the DVH metrics of the dose delivered with and without position correction was performed using the Wilcoxon signed rank test.




Results


Motion management

Of the 8 patients treated within this feasibility study, EBH and AC techniques were used for 2 and 3 patients respectively. The remaining patients who could not tolerate the ABC device and had no benefit from AC were treated with a free breathing approach (Table 1).



Real-time target position

Figures 1A, B show the online trajectory of target position determined by the SeedTracker system for patients treated with free breathing and EBH motion management options during the delivery of treatment arc 1 in fraction 1. The magnitude of tumour motion, derived from the 4D CT scan, for patients treated with free breathing and abdominal compression techniques is different in both AP and LR directions. This results in varying magnitudes of position tolerance in the AP-LR direction during the VMAT arc delivery (Figure 1A). The tumour position determined during the delivery of each of the treatment fractions along with planned ITV + 3mm position tolerance is shown in Figure 2. The median position of the target in each of the treatment fractions is represented by the central mark of the box, the bottom and top edges of the box indicate the 25th and 75th percentile respectively. The outlier position of the target during each of the treatment fraction is represented by the red + markers.




Figure 1 | Real-time tumour trajectory determined by SeedTracker system. (A) Target trajectory determined during Arc-1 of a patient treated using free-breathing technique. The tolerance window consists of the ITV extent + 3mm position tolerance. The green (solid) and blue (dotted) lines represent the tolerance window in SI and AP-LR directions respectively. (B) Target trajectory determined during Arc-1 of a patient treated using EBH technique. The green (solid) lines represent the tolerance window in SI and AP-LR directions.






Figure 2 | The intrafraction position of the tumour in Left –Right (LR), Anterior-Posterior(AP) and Superior-Inferior (SI) directions during treatment delivery in each of the treatment fractions. The outlier position of the target volume in each of fractions is represented by the red + markers.





Gating events

The number of GEs resulting in each of the treatment fractions is shown in Figure 3A. At least one GE occurred in 7 of the 8 patients and a total of 19 GEs occurred in 40 treatment fractions. In patient 3, GEs occurred in 4 of the 5 treatment fractions. The magnitude of 3D position correction that triggered GEs is shown in Figure 3B. Of the observed GEs 7 occurred just before the start of treatment after initial CBCT based verification, 7 occurred just before the start of the second treatment arc and 4 occurred during the delivery of the treatment arc. A maximum position difference of 6mm, 4mm and 4mm was observed in Lat, AP and SI direction in one GE of patient 6.




Figure 3 | (A) The gating events (GEs) occurred in individual treatment fractions and (B) The magnitude of position deviations determined using CBCT based verification after GEs.





Delivered dose

Figure 4 shows the original planned and delivered GTV and OARs dose as assessed by DVH metrics for each of the fractions with real-time monitoring and position corrections. The dose that would have been delivered without position corrections is also shown in the same figures. The mean (range) difference between the planned and delivered dose with and without position correction for the whole treatment is shown in Table 2. The planned Dmax to GTV and the delivered Dmax with and without position corrections is shown in Figure 5. The mean dose, minimum dose and D98 to GTV agreed with the planned dose in both corrected and not corrected treatment scenarios with the mean difference of -0.4Gy,0.1Gy and 0.2Gy respectively (Figures 4A, B and Table 2). In 7 out of 8 patients the delivered Dmax to duodenum was higher than the planned dose in each of the treatment fractions (Figure 4C). If the position correction were not performed the Dmax to duodenum would have seen a mean increase of 0.8Gy in comparison to the planned dose (Figure 4C and Table 2). In individual fractions, the Dmax to stomach and small bowel for treatment delivered without position corrections are within the range of actual treatment delivered with corrections (Figures 4D, E). The mean difference between planned and delivered Dmax to stomach was -0.5Gy and this difference would have been -0.9Gy for treatment without position corrections (Table 2). The Dmax to small bowel would have received higher than the planned dose, maximum by 1.6Gy in fraction 5 of patient 1, if position corrections were not performed (Figure 4E). The statistical significance of the dose difference between the treatment fractions delivered with and without position correction is shown in Table 2. The statistically significant differences was found in Dmax to the duodenum between treatments delivered with and without position corrections.




Figure 4 | Planned and delivered DVH metrics, corrected for position deviations, of  GTV (A, B) and gastrointestinal OARs  Duodenum (C), Stomach (D) and Small Bowel (E) for individual treatment fractions. The delivered DVH metrics are derived from the CP dose matrices convolved with the real-time target position determined during treatment delivery. The dose that would have been delivered with position deviations not corrected in the absence of real-time position monitoring also shown in the same figures.




Table 2 | The mean (range) difference between planned and delivered dose to GTV and gastrointestinal OARs with and without position corrections.






Figure 5 | The GTV Dmax of original plan and delivery with and without position corrections.






Discussion

In this work we reported the feasibility of real-time position monitoring using an in-house developed system for the safe and accurate delivery of pancreas SBRT on a general purpose linear accelerator. This is to our knowledge the first implementation for pancreas treatment on an Elekta Linear accelerator, with the patient cohort treated in this study covering both free breathing and the application of motion management techniques such as AC and EBH. A number of intrafraction position deviations during the treatment delivery were detected by the system in the studied patient cohort and position corrections were performed to improve the accuracy of treatment delivery. The delivered dose assessment, by incorporating the target position during treatment delivery, showed that the dose delivered to the duodenum and stomach would have been higher than the planned if the position deviations were not identified and corrected.

The pancreas real-time position monitoring and target tracking using implanted gold fiducials has been in practice for some time in SBRT dedicated treatment delivery systems such as Cyberknife and Vero (18–20). Zhang et al. reported various movement patterns of pancreas in 498 datasets for 29 patients’ Cyberknife treatments and observed position deviations of >5mm in 50% of the datasets analysed with treatment times that exceeding > 240s (19). Recently, Vinogradskiy et al. reported the real-time pancreas position monitoring in SBRT using a Varian True beam accelerator with triggered imaging capability (13). The tracking data from 68 patients treated with AC or respiratory gating were analysed in this study and reported that 32% of all treatment fractions required patient realignment due to position deviations. This is comparable to our study results, with GEs and patient realignment occurring in 38% of the treatment fractions. The small sample number could be the reason for the relatively higher rate of GEs observed in this study.

Akimoto et al. quantified the intrafraction pancreas tumour motion using the orthogonal kV imaging subsystem available in Vero system and reported a greater magnitude of motion in SI direction followed by AP and LR directions (20). In our study the intrafractional tumour position determined using the SeedTracker system showed similar results for patients treated with FB and AC techniques (Figure 2) and was consistent with the motion determined using the planning 4D CT dataset. The intrafraction tumour motion determined by SeedTracker showed that the tumour movement range does exceed the ITV in the majority of the fractions for patients treated with the FB and AC technique (Figure 2). In particular for two of the patients (Patients 3 and 8) treated using the AC technique, the magnitude of motion in SI direction during treatment delivery was consistently less than the ITV magnitude in the SI direction derived based on the planning 4D CT. Minn et al. compared the pancreatic tumour motion quantified using planning 4D CT with the intrafraction motion determined using the imaging subsystem available in Cyberknife system and found that tumour motion determined during treatment did not correlate with the motion quantified using 4D CT (9). In EBH treatment, the stability and reproducibility of tumour position varies during the treatment and results in the spread of tumour position in all three directions during dose delivery (Figure 2). Studies have reported variations in tumour position of up to 1cm during the Deep Inspiration Breath Hold treatment in Liver SBRT due to poor breath-hold reproducibility (21, 22). The position deviations detected in the patients treated with EBH technique in our study agree with previous studies (Figure 3B) (21, 22).

The accuracy of dose delivered to the target and OARs is paramount in understanding the efficacy of treatment; this is particularly important in pancreas SBRT as the evidence continuously evolves favoring the improvement in overall survival. The error in target position, interplay effects between target motion and treatment delivery parameters and inter and intrafraction internal anatomy position changes and deformation contributes to the accuracy of dose delivered to the target volume and OARs. In this study, both the dose difference that resulted from detected position deviations and the actual delivered dose with patient realignment was calculated by incorporating actual target positions determined during delivery to the 3D dose resulting from each CP of the VMAT plan generated for each of the patients. The spread in GTV dose volume metrics indicates that in actual delivery with patient realignment the min dose and D98 to GTV were reduced by 1.0Gy and 0.6Gy respectively (Table 2). This could be attributed to the residual error and relatively high sensitivity of the plan to interplay effects between the target motion and dose delivery. In four of the six patients treated with either FB or AC, the target motion during the treatment delivery and position deviations blurs the Dmax to GTV (Figure 5). In the patients treated with BH techniques the Dmax delivered to GTV was marginally high, maximum by 0.7Gy, compared to planned dose. Whilst generally the target motion and random position deviations blurs the dose, the reason for the increase in Dmax with motion and position deviation in the studied cases could be due to the position of the high fluence in the VMAT arcs and its interplay with the target motion.

Vinogradskiy et al. reported that the target shift observed in their study resulted in point dose differences averaging 23 ± 22% of the prescription dose to tumour (13). This is relatively high in comparison to the tumour dose difference observed in our study. In their study they have reported the position shift up to 10mm in SI direction with an average radial shift of 5.9mm. Moreover, in the dose estimation, it was assumed that the position deviation occurred during the entire fraction of the treatment. In our study majority of the position, shifts were ≤5mm with one exception where 6mm in SI direction was detected (Figure 3B). In this study the dosimetric impact of the position shifts was accounted for only the duration of time it was present in the treatment delivery and the dose calculation was performed using the actual plan which is more realistic than the estimation based on a dosimetric model. Potentially with improved accuracy of dose delivery, PTV margins may also be reduced safely to limit OAR dose while increasing dose delivered to the target.

The impact of motion and position deviations on the dose delivered to OARs was also evaluated in this study. Overall, the mean (range) dmax to duodenum was increased by 1.1 (-0.7 - 3.3)Gy compared to the plan delivered with position corrections (Table 2 and Figure 4C). This increase in dose could be due to the combined effect of residual position error (Figure 2), dose gradient in the target and duodenum interface and interplay effect between the motion and dose delivery. In contrast to the duodenum, the Dmax to the stomach and small bowel was reduced in comparison to the planned dose. The range of deviation of some of the metrics are larger with position correction in comparison to without position correction (Table 2). This could be due to the combined effect of interplay between the dynamic delivery, target volume and OARs motion, and the direction of position deviation during treatment. The direction of position deviation occurring during treatment may reduce the dose to one structure (e.g. target volume) and improve agreement between planned and delivered dose for other structures (e.g. OARs).

In addition to the improved treatment accuracy, the other main advantage of real-time position monitoring is that it enables calculation of delivered dose by incorporating the target position determined during treatment delivery. In our study, we found that due to residual set-up error and target motion (Figure 2) the minimum dose and D98 to GTV was reduced by up to 1Gy and duodenal Dmax was increased by up to 3.3Gy in some patients (Table 2 and Figure 4). A position tolerance limit of 3mm was applied in this study. Though reducing the magnitude of tolerance limit may reduce the dose difference arising from residual error, the influence of interplay between target motion and treatment delivery remains. Moreover, reducing the tolerance limit may increase the occurrence of treatment interruptions and increase the treatment time which is inconvenient to patients, particularly those treated with AC and EBH techniques. Robust plan optimisation methods are shown to generate an optimal treatment plan which increases the robustness of target coverage to set-up uncertainties and sparing of OARs (23, 24). Future studies are warranted to investigate the application of robust planning methods to pancreatic SBRT which could minimise the dose difference to tumour and OARs arising from setup uncertainties and target motion. It should be considered that when such robust optimisation planning methods are clinically implemented, the real- time monitoring and dose assessment process presented in this study would play a vital role in the evaluation, validation and quality assurance of the treatment delivered.

Bae et al. reported that duodenal Dmax is the best predictor of duodenal toxicity in pancreatic SBRT and Verma et al. reported that V35,V30 and V25 to duodenum correlates well with duodenal toxicity (25, 26). The dosimetric predictors reported in these studies are based on the planned dose against the histopathologic and clinician-assessed outcome measures. The dosimetric assessment performed in this study quantified the magnitude of difference in the delivered dose when treatment is performed with commonly practiced position tolerance limit in the clinics.

We acknowledge that this study has some limitations. Firstly, the patient number in this study is small being a pilot trial to assess the safety of pancreatic SBRT, which was new to Australian centres at the time, and this trial allowed successful implementation of an in-house developed real-time position monitoring system. The tools developed and the process implemented in this study could be expanded to a larger study or routine clinical practice to improve the safety and accuracy of pancreatic SBRT. Secondly, the implanted fiducial markers were used as a surrogate to determine the target position - these are subject to inaccuracies that could arise due to target deformation or marker migration. Previous studies have demonstrated the inter and intrafraction deformation of tumour border in the pancreas (27). However, using multiple markers for tracking minimises the errors arising from these sources. The intrafraction deformation of tumour borders is shown to be in the range of 1-2mm, which is smaller compared to the magnitude of uncertainties arising from breathing motion and position deviations (28). In this study, 4 markers were implanted and used for tracking in 7 out of 8 patients and in one patient 3 markers were used as the implantation of the 4th marker was not clinically achievable. Further, the interfraction deformation of target and OARs are not considered in this study as the visualisation of tumour and OARs is challenging on the daily setup CBCT images and may lead to larger uncertainties. MR images acquired on MR guided RT systems enable daily plan adaption to account for target and OARs variations and are shown to benefit the pancreatic cancer patients where the tumour to adjacent OAR distance is ≤ 3mm (29, 30). Finally, for the delivered dose assessment, the OARs motion is assumed to be the same magnitude and moves in synchronisation with the target. Whilst it is a reasonable approximation for the OARs close to the fiducials/tumour, this may have limitations in the motion quantification for distal OARs as they may exhibit varying magnitude, phase and direction of motion. However, the OARs receiving high dose is likely to be the proximal regions to the tumour volume and the delivered dose calculated in this study will be closer to the actual dose than the assumption of planned dose.



Conclusion

An in-house developed position monitoring system for multiple fiducial based target position tracking in pancreas SBRT treated with free-breathing, abdominal compression and EBH motion management techniques was successfully implemented. Position corrections were required in 38% of the treatment fractions and resulted in improved accuracy of the dose delivered to tumour and OARs. To our knowledge, this is the first study to assess and report the delivered dose that incorporates temporal target position during treatment delivery in pancreatic SBRT. The intrafraction motion impacts the dose to tumour even if the target position is maintained within a 3mm position tolerance.
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Introduction

FOLFIRINOX (the combination of 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin) is the preferred systemic regimen for locally advanced pancreatic cancer (LAPC). Furthermore, stereotactic body radiation therapy (SBRT) is a promising treatment option for achieving local control in these patients. However, clinical outcomes in patients with LAPC treated using FOLFIRINOX followed by SBRT have not been clarified. Therefore, we aimed to evaluate clinical outcomes of induction FOLFIRINOX treatment followed by SBRT in patients with LAPC.



Methods

To this end, we retrospectively reviewed the medical records of patients with LAPC treated with induction FOLFIRINOX followed by SBRT in a single tertiary hospital. We evaluated overall survival (OS), progression-free survival (PFS), resection rate, SBRT-related adverse events, and prognostic factors affecting survival.



Results

Fifty patients were treated with induction FOLFIRINOX for a median of 8 cycles (range: 3–28), which was followed by SBRT. The median OS and PFS were 26.4 (95% confidence interval [CI]: 22.4–30.3) and 16.7 months (95% CI: 13.0–20.3), respectively. Nine patients underwent conversion surgery (eight achieved R0) and showed better OS than those who did not (not reached vs. 24.1 months, p = 0.022). During a follow-up period of 23.6 months, three cases of grade 3 gastrointestinal bleeding at the pseudoaneurysm site were noted, which were managed successfully. Analysis of the factors affecting clinical outcomes revealed that a high radiation dose (≥ 35 Gy) resulted in a higher rate of conversion surgery (25% [8/32] vs. 5.6% [1/18], respectively) and was an independent favorable prognostic factor for OS in the adjusted analysis (hazard ratio: 2.024, 95% CI: 1.042–3.930, p = 0.037).



Conclusion

Our findings suggest that induction FOLFIRINOX followed by SBRT in patients with LAPC results in better survival with manageable toxicities. A high total SBRT dose was associated with a high rate of conversion surgery and could afford better survival.
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Introduction

Pancreatic cancer (PC) is the third leading cause of cancer-related deaths in the United States and it has been responsible for 49,830 deaths thus far in 2022. The death rate for PC has increased slightly since the mid-2000s (1, 2). Surgical resection is the only curative treatment for PC; however, only 10-15% of affected patients are considered suitable for surgical resection at the time of diagnosis. Approximately 30–35% of patients were diagnosed with locally advanced PC (LAPC), and the 5-year survival rate in LAPC was less than 15% (3). Conventionally, systemic chemotherapy with or without traditional fractionated external-beam radiotherapy (EBRT) was considered the standard of treatment for patients with LAPC (4–6). However, some randomized controlled trials (7, 8) investigating EBRT have reported unsatisfactory results in terms of efficacy, with considerable radiation-related adverse events (AEs). Moreover, conventional EBRT with concurrent chemotherapy may require quite a few weeks for completion (9).

Since the publication of a randomized trial by Conroy et al. in 2011 (10), the combination of folinic acid, fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX) has become the standard of care for metastatic PC (11). Several studies have demonstrated that FOLFIRINOX is also effective in LAPC; thus, FOLFIRINOX is the preferred systemic chemotherapy regimen in patients with good performance status (12, 13). Furthermore, the 2022 National Comprehensive Cancer Network guidelines recommend FOLFIRINOX as the preferred systemic treatment for patients with LAPC (14).

However, over 70% of patients with LAPC are ineligible candidates for resection even after induction chemotherapy because either their lesions are not sufficiently reduced in size to be suitable for surgery or due to locoregional progression (15–18). Therefore, local ablative therapies have been explored as new therapeutic options for patients with LAPC, which could increase locoregional disease control rates (19–21). Among them, stereotactic body radiation therapy (SBRT) is a promising treatment that can overcome radio-resistance because it allows precise delivery of high-dose radiation while reducing radiation treatment-related AEs. The latter is achieved by decreasing the radiation dose delivered to adjacent healthy tissue compared to that associated with conventional EBRT (6, 22, 23).

In 2004, Koong et al. (24) conducted a dose-escalation study using SBRT for pancreatic cancer, which showed favorable results in terms of local disease control. In several retrospective (25–29) and single-arm prospective studies (LAPC-1 trial) (30, 31), sequential treatment with induction chemotherapy (FOLFIRINOX or other regimens) followed by SBRT yielded encouraging results in terms of local control in patients with LAPC. Moreover, SBRT was associated with a favorable rate of conversion surgery among patients with LAPC, which could result in better survival (32).

The addition of SBRT is a promising treatment option for patients with LAPC; however, no consensus exists regarding the patients suitable for this treatment, when it should be administered, and the clinical factors that should be considered for better clinical outcomes (14, 33, 34). Therefore, in the present study, we aimed to evaluate clinical outcomes of induction FOLFIRINOX followed by SBRT in patients with LAPC at a single tertiary teaching hospital.



Patients and methods


Study patients

Electronic medical records of patients with LAPC who were treated between December 2015 and September 2020 at a single tertiary teaching hospital (Seoul National University Bundang Hospital, Seoungnam, South Korea) were retrospectively reviewed. The patients were treated with induction FOLFIRINOX regimen (oxaliplatin, 85 mg per m2 of the body-surface area; irinotecan, 180 mg per m2; leucovorin, 400 mg per m2; and fluorouracil, 400 mg per m2 delivered as a bolus followed by 2400 mg per square meter administered as a 46-hour continuous infusion, every 2 weeks) followed by SBRT (11). The inclusion criteria were as follows: (1) patients with LAPC diagnosed based on the results of radiological evaluations and a multidisciplinary conference, (2) patients who had received induction FOLFIRINOX (≥1 cycle) and were unsuitable candidates for conversion surgery despite induction FOLFIRINOX based on multidisciplinary discussion, (3) patients who revealed no evidence of metastatic disease or gastric or duodenal invasion at the time of SBRT, (4) patients who had not previously received abdominal radiotherapy, and (5) patients without a history of other malignancies within 5 years.



Study design and definition of clinical outcomes

The patients’ baseline characteristics were assessed at diagnosis and before SBRT. Overall survival (OS), progression-free survival (PFS), resection rate, SBRT-related AEs, and prognostic factors were assessed. Furthermore, survival, disease progression, and resection data until 31 March 2022 were evaluated. OS was defined as the time from histological diagnosis to all-cause death or the last follow-up. PFS was defined as the time from histological diagnosis to radiological progression according to the Response Evaluation Criteria in Solid Tumors criteria version 1.1, all-cause death, or last follow-up. Locoregional progression was defined as disease progression within the primary tumor or peripancreatic lymph nodes, and distant progression was defined as distant metastasis. For those who underwent conversion surgery, T and N stages were assessed using resected specimens according to the eighth edition of the American Joint Committee on Cancer Staging System. The pathological response of the tumor to previous chemotherapy or radiotherapy was assessed according to the tumor regression scoring system of the College of American Pathologists (CAP) version 4.2. SBRT-related AEs were assessed according to the National Cancer Institute Common Terminology for Adverse Events version 5.0. SBRT-related acute and late AEs were defined as AEs occurring within 90 days and after 90 days from radiation therapy, respectively.



SBRT procedure

Patients were treated with five-fraction SBRT on 5 consecutive business days by using a Varian TruBeam linear accelerator (Varian Medical Systems Inc., Palo Alto, CA, USA). SBRT was initiated within 2 weeks after the completion of chemotherapy. At the time of simulation, a four-dimensional computed tomography (CT) (Philips Brilliance Big Bore CT scanner, Philips Medical Systems, Cleveland, OH, USA) simulation was performed during free breathing to determine the position variation of the pancreas and organ at risk (OAR). The respiratory cycle was recorded using an abdominal bellows strap (Philips Healthcare, Best, Netherlands). Thin-sliced CT scans with intravenous contrast were obtained, with patients positioned supine and arms above the head in a Body Pro-Lok ONE device (CIVCO Medical Solutions, Orange City, IA, USA) for immobilization. Pre-treatment diagnostic CT or magnetic resonance imaging (MRI) scans were matched if they provided better delineation of the tumor than did simulation CT images.

The Eclipse planning system was used for target and OAR delineation and treatment planning. Gross tumor volume (GTV) included the gross tumor and adjacent vessels, such as the common hepatic artery, celiac axis, and/or superior mesenteric vessels. The internal target volume (ITV) was obtained by summing the GTVs for all respiratory phases. The planning target volume (PTV) was generated by adding a 2-mm margin circumferentially and a 4- to 6-mm margin craniocaudally to the ITV. A 3-mm margin was added to the OAR volumes to obtain the planning OAR volume (PRV). The modified PTV was obtained from the PTV by subtracting the PRV. The desired prescribed dose was 40 Gy delivered in five fractions. Ninety-five percent of the modified PTV should be covered by the prescribed dose and at least 95% of the PTV should be covered by 30 Gy. If the desired prescribed dose violated the constraints of the OARs, the prescription dose was lowered from 40 to 35, 33, or 30 Gy. The OAR constraints were as follows: stomach and duodenum: Dmax ≤ 32 Gy, V20 < 3 cc, and V15 < 9 cc, and other small bowel intestine: Dmax: 35 Gy and V20 < 20 cc. Cone-beam CT was performed for positional validation before the delivery of each fraction. Daily cone beam CT 3-dimensional images without fiducial were registered to planning CT images. Patients were aligned to the spine and then shifted to align to great vessels, including the aorta, celiac axis, and/or superior mesenteric artery. Although the soft tissue is rarely visible on cone beam CT, soft tissue was sometimes used in alignment when visible.



Statistical analysis

To compare the patients’ baseline characteristics, chi-square or Fisher’s exact test was used for categorical scales, and the t-test or Mann-Whitney U test was used for numerical scales. OS and PFS were evaluated using the Kaplan-Meier method, and differences in survival were analyzed using the log-rank test. The Cox proportional hazards model was used to analyze survival and other factors. The values of all continuous variables were dichotomized on the entire sample (< median vs. ≥ median) in univariate and multivariate cox proportional analyses. All tests were double-sided with a p-value of less than 0.05 being statistically significant. Multivariate analysis was performed using variables with p-values of less than 0.1 in the univariate analyses. All statistical analyses were performed using SPSS software version 25 (IBM Corporation, New York, USA) and R software version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria).




Results


Patient characteristics

Fifty patients were retrospectively evaluated, and the median follow-up period was 23.6 months. Among them, 39 (78.0%) patients died during the follow-up period and 11 (22.0%) were alive until March 31, 2022. The median age of the patients was 64.1 (range: 47.8–81.6) years. Twenty-eight (56.0%) patients were female, and 30 (60.0%) had pancreatic head or neck cancer. The median body mass index was 22.7 kg/m2 at diagnosis and before SBRT. The median serum albumin and CA 19-9 levels changed from 4.0 to 3.9 g/dL and from 106.0 to 48.5 U/mL, respectively, after induction FOLFIRINOX. The median tumor size changed from 3.2 to 2.9 cm after induction FOLFIRINOX. The median number of cycles and duration of FOLFIRINOX treatment was 8 (range: 3–28) and 4.9 (range: 1.4–21.7) months, respectively. Thirty-nine (78.0%) patients showed stable disease as the best response during induction FOLFIRINOX, while 11 (22.0%) showed partial response. The median time to SBRT from diagnosis, the total dose of SBRT, and SBRT dose per fraction was 6.1 (range: 2.8–22.3) months, 35 (range: 30–40) Gy in five fractions, and 7 (6–8) Gy, respectively. Nine (18.0%) patients underwent conversion surgery after SBRT during the follow-up period (median: 3.5 months, range: 0.8–11.7 months) (Table 1).


Table 1 | Baseline characteristics.





Efficacy

The patients’ median OS and PFS were 26.3 months (95% confidence interval [CI]: 22.4–30.3) and 16.7 months (95% CI: 13.0–20.3), respectively (Figures 1A, B). Nine patients (18%) who underwent conversion surgery showed longer OS than did those who did not (not reached vs. 24.1 months, p = 0.022). (Figure 2A) and longer median PFS (35.2 months vs. 16.0 months, p = 0.001) (Figure 2B). Among them, eight underwent margin-negative resection. The T and N stage distributions were as follows: five in T1 and four in T2 and seven in N0 and two in N1. One patient revealed a near-complete response (CAP grade 1), and eight exhibited a partial response (CAP grade 2) (Table 2). Among the 34 patients who exhibited disease progression after SBRT, 9 (26.5%) showed locoregional progression without distant metastasis (Table 3).




Figure 1 | Kaplan–Meier survival curves in the entire cohort of pancreatic cancer patients. (A) Overall survival and (B) progression-free survival. OS, overall survival; PFS, progression-free survival; CI, confidence interval.






Figure 2 | Kaplan–Meier survival curves in patients according to the conversion surgery. (A) Overall survival and (B) progression-free survival. Kaplan–Meier analysis shows that the patients who underwent conversion surgery exhibit better OS and PFS than those who did not. Log-rank test p-value was (A) 0.022 and (B) 0.001 between the two subgroups, respectively. OS, overall survival; PFS, progression-free survival.




Table 2 | Pathological and clinical characteristics of patients who underwent conversion surgery.




Table 3 | Pattern of disease progression.





SBRT-related acute and late AEs

SBRT-related AEs of grade 3 or higher occurred within 1 year of SBRT in three patients who had gastrointestinal (GI) bleeding at the pseudoaneurysm site. These bleeding events were controlled by supportive management and transarterial embolization (dose ≥ 35 Gy in two patients and < 35 Gy in one). SBRT-related acute AEs of grade 2 or lower included anorexia (three patients), fatigue (three patients), nausea (three patients), vomiting (one patient), and diarrhea (five patients). SBRT-related late AEs of grade 2 or lower were gastritis (two patients), GI ulcer (four patients), and non-significant GI bleeding (one patient). These complications were well-managed conservatively, and there were no deaths due to these complications (Table 4).


Table 4 | Radiation treatment-related acute and late adverse events.





Clinical factors affecting survival

The two variables (Tumor size (pre-SBRT) and Total SBRT dose) with a p-value of less than 0.1 in univariate cox analysis were used for adjusted analysis in OS and PFS. Analysis of OS by using adjusted variables showed that a high total dose of SBRT was an independent and significant favorable prognostic factor (≥ 35 vs. < 35 Gy; 27.0 vs. 24.1 months; hazard ratio [HR] 2.024; 95% CI 1.042–3.930; p = 0.037) (Table 5, Figure 3A), although there were no statistically significant differences between the high and low total SBRT dose groups in terms of baseline characteristics (Supplementary Table). Moreover, a higher total dose of SBRT resulted in a higher resection rate than did a lower total dose of SBRT (25.0% vs. 5.6%, p = 0.086). Analysis of PFS using adjusted variables showed that a high total dose of SBRT (≥ 35 vs. < 35 Gy; 19.3 vs. 13.2 months; HR 2.364; 95% CI 1.218–4.588, p = 0.011) and small tumor size (< 2.9 vs. ≥ 2.9 cm; 23.4 vs. 15.9 months; HR: 1.853; 95% CI: 1.005–3.416, p = 0.048) were independent and significant favorable prognostic factors (Table 6 and Figure 3B).


Table 5 | Univariate and multivariate analyses of the overall survival at diagnosis.






Figure 3 | Kaplan–Meier survival curves according to the total dose of SBRT. (A) Overall survival and (B) progression-free survival. Kaplan–Meier analysis shows that the patients treated with a high total dose of SBRT (≥ 35 Gy in five fractions) exhibit better OS and PFS than those who received a low total dose of SBRT (< 35 Gy in five fractions). Log-rank test p-values were (A) 0.033 and (B) 0.008 between the two subgroups, respectively. OS, overall survival; PFS, progression-free survival; Gy, gray.




Table 6 | Univariate and multivariate analyses of the progression-free survival at diagnosis.






Discussion

In the present study, we investigated the feasibility of induction FOLFIRINOX followed by SBRT as a strategy for local control and increased possibility of conversion surgery in patients with LAPC. Furthermore, we explored whether this strategy improves survival. After discussing multidisciplinary approach for one patient whose disease was stable but remained unresectable after sufficient FOLFIRINOX, sequential SBRT was conducted on patients who considered it helpful. Resultantly, 18.0% of patients who were considered unsuitable candidates for surgery despite induction FOLFIRINOX could undergo conversion surgery, and most patients achieved R0 resection. Moreover, the first recurrency occurred more often at the distant site than at the locoregional site, and SBRT-related AEs were rare and manageable. Therefore, induction FOLFIRINOX followed by SBRT may be a promising treatment strategy for patients who remained unresectable despite induction FOLFIRINOX, given its considerable efficacy (conversion rate and locoregional control rate) and acceptable SBRT-related AEs.

Several recent studies have investigated the issue of induction chemotherapy followed by SBRT. Mellon EA et al. (27) studied 49 patients with LAPC who received induction chemotherapy (43% of them were treated with FOLFIRINOX) followed by SBRT (30 Gy in five fractions), and their results showed a median OS of 15 months. Moningi S et al. (28) also reported similar results in 74 patients with LAPC who received induction chemotherapy (24% of them were treated with FOLFIRINOX) followed by SBRT (25–33 Gy in five fractions), with a median OS of 18.4 months. These results were worse than our results (median OS of 26.3 months), probably due to the reduced dose of SBRT and lower potency of induction chemotherapy. This suggestion is supported by a previous study (29) in which a combination of modified FOLFIRINOX and a higher SBRT dose (≥ 40 Gy in five fractions) reported results similar to ours (median OS of 24 months). Conversely, a small prospective trial (LAPC-1 trial) (30, 31) reported an OS of 18 months in 39 patients treated with induction FOLFIRINOX followed by SBRT (40 Gy in five fractions), which was worse than the OS (26 months) we identified.

Not all patients in the present study could undergo resection despite prior induction FOLFIRINOX. However, after additional SBRT, nine patients (18%) could undergo curative resection (R0 resection in eight and N0 in seven); this finding was similar to that shown in other studies (27, 28, 30, 31). However, results of the present study cannot be explained solely based on SBRT because of selection bias due to the retrospective nature of the study. Nevertheless, considering that 18% of the patients who were unsuitable candidates for surgery after sufficient induction chemotherapy (median eight cycles of FOLFIRINOX) were able to undergo resection after continuing FOLFIRINOX with simultaneous SBRT, SBRT may arguably play a role in these patients. Recently, in a phase 2 randomized clinical trial (35), neoadjuvant FOLFIRINOX was used in patients with borderline resectable PC with or without hypofractionated radiation therapy. That trial showed that additional hypofractionated radiation therapy did not improve the 18-month OS and R0 resection rates. However, 12.5% of the patients in the study received a lower radiation dose (hypofractionated image-guided radiotherapy: 25 Gy in five fractions), which could have influenced the outcomes, since a higher radiation dose was associated with better outcomes in ours and other studies (29, 36).

SBRT-related AEs in the present study were well tolerated and managed, which was similar to that in previous studies (24–31). Furthermore, these AEs were less frequent than those associated with conventional EBRT (7–9). It is well known that GI bleeding is a severe late complication in patients and is more often observed in those who receive single-fraction SBRT compared with that in those who receive multi-fraction SBRT (37). In the present study, in which all patients received five fractions, three cases of grade 3 GI bleeding at the pseudoaneurysm site were noted and were well controlled by transarterial embolization, which was similar to the results of other studies (29, 30). One patient who died due to bowel perforation occurred sequentially superior mesenteric artery and superior mesenteric vein thrombosis, bowel infarction, and bowel perforation within five months after surgery. SBRT could contribute to the increased difficulty of surgery that resulted in severe surgical complications. Still, it is difficult to determine a direct causality and cannot be explained solely based on SBRT.

A higher total dose of SBRT (35 Gy) showed a trend toward better OS than did a dose of 30 Gy or less. This finding was similar to that in other studies (29, 36). Moreover, 25% (8 of 32) of the patients treated with a higher total dose of SBRT underwent surgery subsequently, compared with 5% (1 of 18) treated with a lower total dose of SBRT. However, the two groups were not significantly different in terms of radiation-related AEs. Taken together, these findings suggest that when additional SBRT is necessary and feasible for LAPC, a higher total dose of SBRT may be recommended, considering its efficacy and safety. More prospective studies are needed to determine the appropriate SBRT protocols and whether they have clinical benefits.

This study has some limitations. First, this was a retrospective study conducted in a single tertiary center, which may have resulted in selective bias. However, the enrolled patients had a uniform disease status and remained unsuitable candidates for resection after induction FOLFIRINOX and received radiation therapy using a uniform SBRT protocol, which provided informative results that were easy to apply in clinical practice. Second, we did not use fiducial marker placement to target tumors accurately during SBRT because this product was unavailable for clinical practice in Korea. However, SBRT without fiducial markers in our study was associated with manageable AEs compared with those associated with SBRT in other studies that used fiducial markers (38). Third, the interval and total cycles of FOLFIRINOX were not standardized because of this study’s retrospective design. FOLFIRINOX was continued until sequential SBRT was initiated, which was decided in a multidisciplinary discussion. However, except for one extreme case (28 cycles), the FOLFIRINOX cycles for the remaining patients ranged from 3 to 16. Moreover, the median cycle of FOLFIRINOX was similar to that used in other studies (30, 31).

The strategy of adding SBRT to LAPC patients who had received FOLFIRINOX was not standardized. LAPC-1 trial (30, 31) showed the advantage of SBRT followed by induction FOLFIRINOX in improving survival in patients initially inoperable at diagnosis. A large-sample size study (Gemenetzis et al.) (32) revealed that additional SBRT would contribute to an increased resection rate in patients with LAPC suitable for surgical exploration after FOLFIRINOX. However, there has yet to be a consensus on the role of SBRT in which clinical situations SBRT may be beneficial in LAPC patients who have received induction chemotherapy. Our study enrolled patients who remained unresectable (with reduced CA 19-9 but no significant change in tumor size) despite sufficient chemotherapy. Furthermore, among nine patients who underwent resection in our study, five patients received induction FOLFRINOX for more than eight cycles (range 10-15 cycles), unlike the LAPC-1 trial (induction FOLFIRINOX up to 8 cycles). SBRT may be helpful when curative resection is not possible despite sufficient induction chemotherapy in actual clinical practice. Our results may be valuable when making a decision (adding SBRT vs. continuing FOLFIRINOX) in the patients who remained unresectable despite sufficient chemotherapy. Furthermore, our study aimed to identify clinical factors influencing a better prognosis for these strategies and revealed that a higher total dose of SBRT could result in a better resection rate and OS.

In conclusion, induction FOLFIRINOX followed by SBRT in LAPC results in favorable OS and PFS with manageable AEs related to SBRT. A high total dose of SBRT (≥ 35 Gy in five fractions) can improve survival with a higher resection rate.
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   Purpose

To assess dosimetry predictors of gastric and duodenal toxicities for locally advanced pancreatic cancer (LAPC) patients treated with chemo-radiotherapy in 15 fractions.


 Methods

Data from 204 LAPC patients treated with induction+concurrent chemotherapy and radiotherapy (44.25 Gy in 15 fractions) were available. Forty-three patients received a simultaneous integrated boost of 48–58 Gy. Gastric/duodenal Common Terminology Criteria for Adverse Events v. 5 (CTCAEv5) Grade ≥2 toxicities were analyzed. Absolute/% duodenal and stomach dose–volume histograms (DVHs) of patients with/without toxicities were compared: the most predictive DVH points were identified, and their association with toxicity was tested in univariate and multivariate logistic regressions together with near-maximum dose (D0.03) and selected clinical variables.


 Results

Toxicity occurred in 18 patients: 3 duodenal (ulcer and duodenitis) and 10 gastric (ulcer and stomatitis); 5/18 experienced both. At univariate analysis, V44cc (duodenum: p = 0.02, OR = 1.07; stomach: p = 0.01, OR = 1.12) and D0.03 (p = 0.07, OR = 1.19; p = 0.008, OR = 1.12) were found to be the most predictive parameters. Stomach/duodenum V44Gy and stomach D0.03 were confirmed at multivariate analysis and found to be sufficiently robust at internal, bootstrap-based validation; the results regarding duodenum D0.03 were less robust. No clinical variables or %DVH was significantly associated with toxicity. The best duodenum cutoff values were V44Gy < 9.1 cc (and D0.03 < 47.6 Gy); concerning the stomach, they were V44Gy < 2 cc and D0.03 < 45 Gy. The identified predictors showed a high negative predictive value (>94%).


 Conclusion

In a large cohort treated with hypofractionated radiotherapy for LAPC, the risk of duodenal/gastric toxicities was associated with duodenum/stomach DVH. Constraining duodenum V44Gy < 9.1 cc, stomach V44Gy < 2 cc, and stomach D0.03 < 45 Gy should keep the toxicity rate at approximately or below 5%. The association with duodenum D0.03 was not sufficiently robust due to the limited number of events, although results suggest that a limit of 45–46 Gy should be safe.




 Keywords: pancreatic cancer, radiotherapy, gastric toxicity, duodenum, dose-volume effects 

  1. Introduction.

Pancreatic cancer is one of the leading causes of cancer-related death in Europe and North America (1). Most patients are still unresectable at diagnosis, with the large majority presenting at locally advanced stage or metastatic (2, 3). Despite some advancements, the prognosis of locally advanced pancreatic cancer (LAPC) remains poor, with median overall survival around approximately 12–15 months (2–7). A major cause for this unsatisfactory result lies in the prevalent metastatic progression; however, the role of improving local control through local therapy intensification has been underlined suggesting the exploration of “safe” ways to escalate the dose to the tumor (8–11). There is, in fact, some mounting evidence that a fraction not negligible of patients could benefit in terms of overall survival from improved local control, although this is not yet precisely quantified (9–14).

The technological developments in radiotherapy imaging and precision delivery (15) pushed researchers in investigating dose-escalated protocols, mostly using image-guided radiation therapy (IGRT) aiming to reduce planning target volumes (PTVs) around more precisely defined target volumes (clinical target volume (CTV) and internal target volume (ITV)). A relevant issue concerns the proximity of organs at risk (OARs), primarily the stomach and duodenum, whose sparing is crucial to avoid severe toxicities. The way these OARs are spared heavily influences the ability to deliver sufficiently high doses to the tumor. The small and uncertain benefit of stereotactic body radiotherapy (SBRT) delivered in 1–5 fractions (14, 16–21) is likely to depend on this issue, despite the use of advanced technology to reduce the impact of inter- and intra-fraction motion (15, 22–25); new developments in MRI-Linacs (23) promise to improve the picture, but the experience is still too early, and the spread of these machines is not expected to move rapidly.

In the last years, the interest toward moderate hypofractionation, also combined with concomitant dose escalation on portions of PTV (8, 9, 11, 12, 22), is increasing, suggesting that schedules with a number of fractions equal to 15 or around this value may represent an optimal window to deliver sufficiently high dose by keeping low the rate of gastric/duodenal toxicities (9, 12, 26). Moreover, the relatively large number of fractions intrinsically reduces the impact of unusual anatomy deformation in single fractions, compared to SBRT (25). However, there is still an evident lack of knowledge of dose–volume effects for these organs under these fractionations, with few published studies regarding relatively small populations (22, 26–29). This lack may reflect a limitation in exploiting the potential of dose escalation, due to a likely “over-safe” approach in sparing OARs. Our institute was among the first ones to adopt a moderate hypofractionation approach using 15 fractions since 2004, including concomitant dose escalation in sub-volumes within a Phase I trial (8).

In a pilot investigation on the first 61 patients, Cattaneo et al. (27) found a significant association between stomach/duodenum dose–volume histograms (DVHs) and gastric/duodenal toxicities.

The aim of the current study was to update the previous results on a much larger population of 204 LAPC patients treated in a quite homogeneous way, delivering 44.25 Gy in 15 fractions using helical tomotherapy (HT); based on these results, rational constraints were derived even in the light of a renewed interest toward the promising field of dose-escalated radiotherapy delivered in 15 fractions (30).


 2. Materials and methods.

 2.1. Eligibility criteria.

The current analysis refers to patients with histologically confirmed LAPC treated according to an institutional protocol (see below), from 2004 to 2019 at San Raffaele Institute in Milan. Patients excluded from surgery because judged unresectable were submitted to induction chemotherapy; schedules changed over time, consisting in most patients of four to six cycles of four-drug combinations: cisplatin, epirubicin, 5-fluorouracil or capecitabine, and gemcitabine (acronyms PEFG and PEXG). After completing induction chemotherapy, patients were restaged and discussed at multidisciplinary team meetings. Considered for radio-chemotherapy (RCT) were 1) patients in stage III still deemed not resectable due to vascular encasement, including patients with local progression after chemotherapy or with increased CA 19.9 compared to the nadir value reached during chemotherapy, and 2) patients in stage IV with complete response of metastases stable over a period of at least 4 months after the end of induction chemotherapy. Among those treated with RCT, the criteria for inclusion in the current analysis were as follows: a) histological diagnosis of pancreatic adenocarcinoma, b) radiotherapy delivered with HT, c) Karnofsky performance status scale >70, d) age > 18 years, and e) availability of complete treatment planning data. In total, the resulting cohort included 204 patients.


 2.2. Treatment characteristics.

RCT was generally planned 2–4 weeks after the completion of induction chemotherapy. It consisted of the delivery of 44.25 Gy in 15 fractions, concomitant to capecitabine, 1,250 mg/day weekend included, for 3 weeks. Details of radiotherapy procedures are reported elsewhere (8, 27, 31). In short, patients were immobilized and underwent simulation contrast-enhanced CT and FDG-PET/CT. Primary tumors and enlarged lymph nodes visible on the contrast-enhanced CT images or 4D-CT images were defined as gross tumor volume (GTV). When a standard CT was performed, ITV was defined as GTV with a margin of 0.5 cm in anterior–posterior and left directions, and of 1.0 cm in cranial–caudal direction. In the case of 4D-CT, GTV was contoured on at least four phases, and an ITV was obtained by the union of four GTVs. The PET-positive volume and the biological target volume (BTV), when available, were merged with ITV to create the ITV/BTV. A further margin of 0.5 cm in all directions was added to ITV/BTV to create PTV. The stomach, duodenum, liver, kidneys, and spinal cord were contoured as OARs. Constraints for the stomach were V40 < 18 cc and V30 < 23 cc; constraints for duodenum were V45 < 1 cc, V40 < 15 cc, and V30 < 35 cc. The dose prescription to the overlap between PTV and the stomach/duodenum was 44.25, 43.25, and 42.25 Gy, when the overlap volume was <14, 30, and 50 cc, respectively. In case of overlap >50 cc or dose constraints were not recognized, the dose to the whole PTV was reduced to 40 Gy. All treatment plans were generated using the HT planning system. With regard to PTVs, the goal was to deliver ≥95% of the prescribed dose to ≥95% of the volume while keeping the dose as homogenous as possible. During the optimization process, the planner had to reduce the volume of irradiated stomach+duodenum as much as possible while maintaining tumor coverage as the highest priority.

All treatment plans were generated using tomotherapy inverse planning software, using the same convolution/superposition dose calculation algorithm.

Fifteen patients received an additional boost to a sub-volume PTV2 obtained from the infiltrating vessels with doses ranging from 48 to 58 Gy. Details are described elsewhere (8). In addition, 28 patients with favorable tumor dimensions or tumor anatomic sites with respect to dose constraints received a simultaneous integrated boost of 48 Gy to BTV. Patients with simultaneous integrated boost (SIB) to infiltrating vessels were included in a Phase I trial. The protocol was approved by our Institutional Ethical Committee. Once it was confirmed that the delivery of 44.25 Gy in 15 fractions was feasible, the Phase I protocol was amended, and a subsequent observational perspective trial was approved for the remaining patients; all patients provided written informed consent. For all patients, a megavoltage CT was performed before each fraction and co-registered with the planning CT by means of automatic matching on bony anatomy, followed by manual refinement based on daily patient anatomy. The physician further checked and corrected the patient setup by means of direct visualization of other anatomical details. Of note, patients were carefully instructed to have empty stomach both at planning CT and during treatment delivery.


 2.3. Toxicity scoring, end-point definition, and DVH recovery.

Patients were examined once a week during treatment by radiation and medical oncologists. Adverse events were classified as acute or late toxicity when taking place during the treatment and within 3 months after RCT completion or 3 months after, respectively. Toxicity was scored by the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE). For the current study, gastric and duodenal CTCAEv5 Grade ≥2 toxicities were considered. Due to the limited number of events, acute and late events were considered together. DVHs (absolute and %) of the stomach and duodenum as previously contoured by the treating physician were recovered. Percentage and absolute stomach and duodenum volumes receiving more than XGy, with X ranging at 1–60 Gy, were extracted with a 1-Gy step.


 2.4. Quantifying the relationship between DVH and toxicity.

Average absolute/% DVHs of the stomach/duodenum for patients with/without toxicity were compared through a two-sided t-test, according to a previously applied approach (32–34): the DVH regions corresponding to the lowest p-values were considered as candidate values to be tested in a logistic regression analysis as potential dosimetry predictors. The best cutoff values discriminating patients with/without toxicity were also assessed by receiver operating characteristic (ROC) curves, according to the DeLong method, using Youden’s index (35), aiming to define optimal constraints. Univariable logistic regression (UVA) was performed to assess the correlation between the considered end-points and the selected dosimetric parameters; selected clinical variables were also tested (gender, age, stage (III vs. IV), drugs used as induction chemotherapy (one vs. multiple drugs), number of induction chemotherapy cycles (≥6 vs. <6), Karnofsky performance status, and patient’s weight). Variables with p-value <0.1 at UVA and without cross-correlations (Pearson’s or Spearman’s coefficient, in the range of −0.25 to 0.25) were entered into a backward stepwise multivariable logistic regression (MVA). The goodness of fit was assessed by the Hosmer–Lemeshow test (H&L). Analyses were performed with the MedCalc software (v.19.0.4, MedCalc Software bvba, Ostend, Belgium) and the R software version 3.2.4 (©The R Foundation for Statistical Computing, Vienna, Austria). Due to the limited number of events, an internal validation procedure was performed using a dedicated script in Matlab by repeating the regression fit for the major dosimetry predictors on 500 data sets obtained by bootstrapping the original cohort. Median and inter-quartile ranges of p-values, odd ratios (ORs), and AUC values obtained by the procedure were reported and compared with the results obtained on the original cohort, as a measure of the results’ robustness.



 3. Results.

 3.1. Patient characteristics.

The main characteristics of patients were summarized in  Table 1 : 184 patients were in stage III, and 20 were in stage IV. Most patients (n = 177) received a combination of at least two drugs as induction chemotherapy. The median number of cycles was 6 (range, 2–13), and 108 patients received ≥6 cycles. Most patients (n = 135) were treated with a dose of 44.25 Gy; 26 patients with 40 Gy and 43 patients received a SIB of up to 48–58 Gy. The median follow-up was 18 months, and the median overall survival was 19.5 months (from the start of induction chemotherapy). Eighteen patients (8.8%) had gastric and/or duodenal mucosal damage CTCAEv5 Grade ≥2 toxicities (5 acute and 13 late): 3 patients only duodenal, 10 patients only gastric, and 5 patients both duodenal and gastric damage. Of 18 patients, 10 were treated with SIB. The median time to toxicity was 5 months (range, 1–10) from the end of RCT.

 Table 1 | Main characteristics of considered patients. 




 3.2. Assessing dosimetry predictors.

In  Figures 1  and  2 , the average absolute/percentage DVHs for the duodenum and stomach for patients with and without toxicities were reported. In  Figures S1 and S2 (Supplementary Material) , the t-test graphs for absolute and percentage DVHs were shown. For both duodenum and stomach absolute DVHs, the absolute volumes (in cc) that receive 15 Gy (V15cc) and 44 Gy (V44cc) were selected through a two-sided t-test as the most promising discriminating DVH parameters. For percentage DVHs, V20 (%) and V44 (%) were found to be the most discriminating DVH parameters for duodenum; V15 (%), V20 (%), and V44 (%) were found to be the most discriminating DVH parameters for the stomach.

 

Figure 1 | Average absolute DVH for duodenum (A) and stomach (B) for patients with and without toxicities. DVH, dose–volume histogram. 



 

Figure 2 | Average percentage DVH for duodenum (A) and stomach (B) for patients with and without toxicities. DVH, dose–volume histogram. 



At univariate logistic regression analysis, the previously selected DVH parameters and Dmax (D0.03) were tested as potential dosimetry predictors of gastric and duodenal toxicity. Duodenum V44Gy(cc) (p = 0.02; OR = 1.07) was found as the only significative predictive parameter for duodenal toxicity; stomach D0.03 (p = 0.008; OR = 1.23) and V44Gy(cc) (p = 0.01; OR = 1.12) were found as the most predictive parameters for gastric toxicity. A borderline significance was found for duodenum D0.03 (p = 0.07; OR = 1.19) for duodenal toxicity. None of the percentage dosimetric parameters selected through a two-sided t-test were found predictive, neither for duodenal nor gastric toxicity ( Table S1, Supplementary Material ). Based on a ROC analysis, duodenum V44Gy > 9.1 cc was found to be the best cutoff value for duodenal toxicity with a negative predictive value (NPV) of 97.6%; although near to the significance, D0.03 > 47.6 Gy was found as the best cutoff value for duodenal toxicity. For the stomach, D0.03 > 45 Gy and V44Gy > 2 cc were found as the best cutoff values for gastric toxicity, with NPVs equal to 95.8% and 95.4%, respectively ( Figure S3, Supplementary Material ).

The crude rate of duodenal toxicity was 4/176 (2.3%) vs. 4/28 (14.3%) (p = 0.012) if duodenum V44Gy <9.1 or ≥9.1 cc, respectively. The crude rate of gastric toxicity was 6/145 (4.1%) vs. 9/58 (15.5%) (p = 0.012) if stomach D0.03 <45 or ≥45 Gy, and 7/158 (4.4%) vs. 8/45 (17.8%) (p = 0.007) if V44Gy <2 or ≥2 cc. Of note, the incidence of Grade ≥2 mucosal damage was 10/43 (23.3%) for patients treated with doses 48–58 Gy vs. 8/161 (5.0%) for patients treated with 44.25 Gy or less (p = 0.0002).

The internal validation procedure was applied to V44Gy and D0.03 of both the duodenum and stomach, respectively, for duodenal and gastric toxicity end-points. Results, reported in the Supplementary Material Results, confirmed sufficiently high robustness of the found associations, confirming duodenum V44Gy and stomach D0.03 as the most robust predictors for duodenal and gastric toxicities, respectively.


 3.3. Multivariable analysis.

For both duodenal and gastric toxicities, no significant correlations were found with clinical variables at univariable analysis ( Table S2, Supplementary Material ). In a backward stepwise logistic multivariate analysis, considering the previously selected dosimetry predictors and the clinical variables, only stomach D0.03 (Gy) and duodenum V44Gy were confirmed at multivariate analysis for gastric and duodenal toxicities, respectively (H&L > 0.05). In  Figures 3  and  4 , the risk of duodenal and gastric toxicities against duodenum/stomach V44Gy/D0.03 is plotted together with the true rates.

 

Figure 3 | Risk of duodenal toxicity against duodenum V44 (A) and maximum dose (B) (D0.03), together with the true rates and their standard deviations. 



 

Figure 4 | Risk of gastric toxicity against stomach V44 (A) and maximum dose (B) (D0.03), together with the true rates and their standard deviations. 





 4. Discussion.

Knowledge concerning quantitative relationships between dose or dose–volume metrics and the risk of toxicity for the stomach and duodenum after radiotherapy is still lacking. However, a recently accomplished review (36) showed substantial improvement in the last few years. More quantitative information was reported in the contexts of conventionally fractionated radiotherapy (i.e., 1.8–2.0 Gy/fr) and SBRT (delivered in 1–5 fractions). Concerning conventional fractionation, most studies were consistent in suggesting a prevalent dose effect when considering moderate/severe duodenal and gastric toxicities, with the risk rapidly increasing for prescribed doses above 55–60 Gy and fractions of duodenum/stomach receiving more than 35–55 Gy above few %/few to tens of cubic centimeters (28, 36–40): similar findings were suggested for mild hypofractionation (2.15–2.25 Gy/fr) in a cohort of 105 patients treated with intensity-modulated radiotherapy (IMRT) for esophageal cancer at 60.2 Gy (29). Regarding SBRT, safe constraints for stomach and duodenum were suggested for one/three/five fractions, with quite consistent recent updates based on patient data, mostly for the duodenum with the 5-fraction scheme, as reviewed by Cattaneo and Marrazzo (36). It is worth mentioning that a quite large variability in terms of treated site and variable usage of chemotherapy may partly jeopardize the generalizability of the reported results.

Approaches using moderate hypofractionation have been suggested by us and other groups as a promising way to deliver higher BED to LAPC patients to reduce the risks of delivering a too-high dose to the adjacent stomach and/or duodenum. Different from SBRT, the smaller dosimetry gap between the prescribed dose and the constrained dose to these organs could limit severe underdosing to fractions of GTV in a large part of patients. The choice of a number of fractions of approximately 15 seems to be a good compromise, and several groups recently reported promising results using this fractionation scheme (8–11, 22, 30). However, the lack of knowledge concerning the dose–volume relationships, in this case, is pushing researchers to apply strict dose limits to the stomach/duodenum (11, 22), resulting in very mild toxicity profiles (10, 22, 30). This point suggests that it is likely that a larger window exists to be explored once dose and/or dose/volume limits are better assessed, with the potential to further reinforce the impact of dose escalation on local control. In this scenario, our experience with the 15-fraction scheme with limited dose escalation to sub-volumes of PTV (in a fraction of patients) may help in better assessing refined constraints. As a matter of fact, our results, representing the largest series analyzed with this aim to our knowledge, confirm that the shape of the DVH tail of the stomach and duodenum is associated with the risk of moderate/severe toxicities. Regarding the stomach, D0.03 < 45 Gy and V44Gy < 2 cc may be suggested as sufficiently safe; however, V44Gy < 9 cc was found to be a robust constraint for duodenum, while the association with D0.03 was found to be of borderline significance: despite that the best cutoff value suggested a threshold of 47.6 Gy, the lack of robustness seen at internal validation suggests a safer limit in the range 45–46 Gy as reasonable. These values are slightly higher than the ones applied in recent dose escalation trials for duodenum and similar for the stomach (22), suggesting a likely larger potential to be exploited by dose escalation. In  Table 2  a summary of recent studies dealing with dose–volume relationships of the stomach and duodenum with moderate hypofractionation is shown. The different planning techniques, toxicity definitions, and the number of fractions make the comparison among these studies quite difficult. However, it is important to underline that the current study is the largest in terms of the number of treated patients. Compared to our previous preliminary analysis on 61 patients, only the result regarding Dmax of the duodenum was substantially confirmed, while only %DVH was analyzed in those studies. Current analysis revealed that, as expected, the absolute DVH (in cc) resulted in a better association with toxicity compared to %DVH. Huang et al. (41) also used %DVH, finding an association for duodenal toxicity: however, their study included almost only 3D conformal radiotherapy (CRT) patients, resulting in large fractions of duodenum included in the high dose regions, which is quite far from the actually delivered dose distributions. The results reported by Liu et al. (29) regarding duodenum are quite consistent with our results despite the limited number of patients: no relationships were found for the stomach.

 Table 2 | Summary of the literature for moderate hypofractionation. 



A major limitation of the current analysis consists in the consideration of both acute and late toxicities in a unique end-point. This was necessary in order to consider a sufficient number of events, being the late events only 11/204 (5.5%): of note, the longer time between the end of treatment and toxicity was 10 months, suggesting that the occurrence of late toxicities is in continuity with more acute events. The low number of toxicities confirmed that the irradiation to a total dose of approximately 44–45 Gy is safe, as demonstrated by the much higher rate of toxicities in the sub-groups of patients treated with SIB. However, it is important to underline that the current cohort represents the largest group analyzed with this intent and that the suggested constraints should be considered as a robust basis for future “safe” dose-escalation trials to be prospectively confirmed.


 5. Conclusions.

Current analysis suggests that constraining Dmax (D0.03) and V44Gy of the stomach and duodenum within 45 and 45–46 Gy and a few cubic centimeters (2 cc for the stomach and 9 cc for the duodenum, respectively) should be effective in maintaining duodenal and gastric toxicities at approximately or below 5% when delivering radiotherapy in 15 fractions to LAPC patients, combined with chemotherapy. These values are consistent with the possibility of substantially escalating the dose to the tumor without relevant risks of toxicity in a likely large fraction of patients, corroborating the promise of significantly increasing local control without any relevant increase of toxicity in future trials.
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Purpose

Re-irradiation of locally recurrent pancreatic cancer may be an optimal choice as a local ablative therapy.  However, dose constraints of organs at risk (OARs) predictive of severe toxicity remain unknown. Therefore, we aim to calculate and identify accumulated dose distributions of OARs correlating with severe adverse effects and determine possible dose constraints regarding re-irradiation.



Methods

Patients receiving two courses of stereotactic body radiation therapy (SBRT) for the same irradiated regions (the primary tumors) due to local recurrence were included. All doses of the first and second plans were recalculated to an equivalent dose of 2 Gy per fraction (EQD2). Deformable image registration with the workflow “Dose Accumulation-Deformable” of the MIM® System (version: 6.6.8) was performed for dose summations. Dose–volume parameters predictive of grade 2 or more toxicities were identified, and the receiver operating characteristic (ROC) curve was used to determine optimal thresholds of dose constraints.



Results

Forty patients were included in the analysis. Only the V10 of the stomach [hazard ratio (HR): 1.02 (95% CI:1.00–1.04), P = 0.035] and Dmean of the intestine [HR: 1.78 (95% CI: 1.00–3.18), P = 0.049] correlated with grade 2 or more gastrointestinal toxicity. Hence, the equation of probability of such toxicity was   Additionally, the area under the ROC curve and threshold of dose constraints of V10 of the stomach and Dmean of the intestine were 0.779 and 77.575 cc, 0.769 and 4.22 Gy3 (α/β = 3), respectively. The area under the ROC curve of the equation was 0.821.



Conclusion

The V10 of the stomach and Dmean of the intestine may be vital parameters to predict grade 2 or more gastrointestinal toxicity, of which the threshold of dose constraints may be beneficial for the practice of re-irradiation of locally relapsed pancreatic cancer.





Keywords: pancreatic cancer, stereotactic body radiation therapy, dose distributions, re-irradiation, organs at risk (OARs)



Introduction

Despite the advances of modality and treatment regimens, pancreatic cancer still remains a lethal disease with a low survival rate and increasing mortality (1). Similar findings were also identified in China (2). Although surgical resection is considered as a curative option, only less than 20% of patients were candidates for up-front surgery at the initial diagnosis. Hence, chemoradiotherapy may be an alternative for most patients with advanced pancreatic cancer. However, a significant number of patients would still develop local recurrences within the primary regions after aggressive treatment. Those patients may not be amenable to surgery or second-line chemotherapy due to the high incidences of perioperative complications or chemotherapy-induced toxicities (3–5). A second radiotherapy may be employed with caution at the physician’s discretion. In the case of radiotherapy technique, stereotactic body radiation therapy (SBRT) has commonly been used in locally advanced pancreatic cancer. Additionally, previous studies have clarified the feasibility of delivery of re-irradiation with SBRT for pancreatic cancer (6–10).

Regarding retreatment, it is a challenge to achieve good local control with proper radiation doses without compromise of protection of organs at risk (OARs), namely, keeping the doses under desired limits. Moreover, no standards about the dose constraints in the second radiotherapy have been proposed. Hence, in clinical practice, dose evaluations of the normal tissues might depend on dose distributions in the first treatment projecting to those in the second radiotherapy via image registration, which resulted in direct dosimetric comparisons of the plans other than assessment based on biological quantities. Only maximum doses to OARs may be converted into equivalent dose in 2 Gy/f and summed by the linear quadratic model (11).

Additionally, the fusion of images from the first and second radiotherapy for dose summations and evaluations was an obstacle of precise delivery, especially for SBRT. Typically, the rigid image registration (RIR) was employed for registrations of the first images with the second one, where the processed translation and rotation of the first images were compromised to be aligned with the second images. Most SBRT systems are equipped with the RIR, although the deformable image registration (DIR) has been developed. However, in the case of re-irradiation, due to gastrointestinal motility, tumor growth, or changes in the patient’s weight, discrepancies between the alignment of the first and second images may contribute to the inaccurate evaluations of summed doses albeit calculated with the RIR.

In this scenario, the DIR provides both geometric and dosimetric accuracy compared to the RIR, which is pivotal to map, overlap, and integrate information from different images. As a result, quantifications of summed doses to OARs over the courses of treatment could be achieved by doses mapped back to a common reference anatomy with the DIR (12–15). Dose accumulations are calculated by warping dose grids to the reference anatomy based on the obtained deformation vector field (12–14).

Limited studies have investigated re-irradiation with SBRT for pancreatic cancer, which demonstrated high local control with a 1-year rate of 62%–81% and acceptable toxicities (6–8, 16, 17). Nonetheless, no further studies have evaluated accumulated doses to OARs and the correlation between doses and toxicities so far. Additionally, previous studies about re-irradiation all adopted conventional radiotherapy as the first treatment. Therefore, the aim of the study was to calculate accumulated dose distributions of OARs from two courses of SBRT and identify the correlations between radiation-induced toxicities with the doses to OARs, which might provide evidence for the determination of potential acceptable dose constraints for re-irradiation with SBRT.



Methods


Eligibility

From 2012 to 2017, patients with biopsy- and radiographically proven pancreatic cancer who received two courses of SBRT were screened for eligibility. Patients undergoing the second SBRT for other targets other than the primary lesions were excluded from the study. A total of 40 patients received two courses of SBRT for the same irradiated regions (the primary tumors) due to local recurrence.



Dose constraints

The baseline dose constraints referred to TG-101 (18). The maximum dose of the OAR was calculated as 50% more than the normal constraint in the case of re-irradiation. Due to different doses to target regions and OARs and fractionation schemes, all treatment schedules were recalculated to an equivalent dose of 2 Gy per fraction (EQD2) based on the following formula:  An α/β value of 10 Gy (Gy10) was employed for the tumor dose and acute effects, and the value determined as 3 Gy (Gy3) concerns late effects. Secondly, the correlation between dose attenuation and time interval between two courses of radiotherapy was based on a previous study (120). Therefore, we allowed a dose reduction of 50% of the first radiation dose to OARs as the baseline for a re-irradiation 12 months after the last radiation. A dose reduction of 25% of the first radiation dose to OARs as the baseline was allowed for re-irradiation after 6–12 months. No dose reduction was used when re-irradiation was done within 6 months (19).



Treatment planning

The protocol of SBRT was similar to our previous studies (20–22). SBRT was delivered via CyberKnife® (Accuray Incorporated, Sunnyvale, CA, USA). Three to five gold fiducials within or adjacent to the pancreatic tumor were preferable. A radiographically evident gross disease was regarded as the gross tumor volume (GTV). The clinical target volume (CTV) was defined as areas of the potential subclinical disease spread. In most cases, the CTV was equal to the GTV. The planning target volume (PTV) included a 2–5-mm margin on the GTV. The dose was prescribed to the 70%–80% isodose line, covering at least 90% of the PTV. However, doses would be reduced at the physician’s discretion if the tumor was located one-third or more to the duodenum or stomach circumference, or if the tumor abutted the bowel in only one area, as determined by the relationship of the tumor to the duodenum in axial, coronal, and sagittal planes in CT scans, or if the distance between the tumor and the bowel wall less than 3 mm.



Dose summation

Delineations of OARs depended on the treatment schemes. The liver, stomach, duodenum, and kidneys were contoured completely. The esophagus and bowels were contoured based on the extent of radiation fields of the two treatment plans, and the volumes should coincide. The difference of volumes of the duodenum, stomach, and bowel between the two plans should be less than 15, 30, and 80 cm3, respectively. Hence, the OARs in the first plan were required to be the same as those in the second plan (Figure 1). Dose distributions, structures sets, and CT scans of the two treatment plans were extracted from the Multiplan® System (version: 4.0.2) and sent to the MIM® System (version: 6.6.8) for analysis. Firstly, two CT scans were aligned rigidly via automatic bone matches (translation and rotations). Therefore, for each plan before summation, each of the contoured OARs was registered rigidly. Subsequently, the DIR with the workflow “Dose Accumulation-Deformable” of MIM was performed for dose summations, which has been used in dose distributions of other cancers (23–25). After the DIR, the dose distributions of the first plan were projected to the second treatment with both doses converted to EQD2, which were summed up finally (Figure 2). The modifications of image fusions with the DIR were performed by Reg Refine and Reg Reveal, the quality control modes in MIM. Afterward, the dose–volume histograms (DVHs) were derived from the summed plans of patients with two courses of SBRT by summed dose distributions. The OARs with maximum doses exceeding the redefined dose constraints were selected, and the correlations between excessive doses and toxicities were reanalyzed. The overlap target volume was defined as the volume covered by 95% isodose line of the summed dose.




Figure 1 | Organs at risk (OARs) in the (A) first and (B) second plan. (C) OARs in the first plan projected to the second plan.






Figure 2 | Dose distributions in the (A) first and (B) second plan. (C) Dose distributions in the first plan projected to the second CT scans. (D) Summations of dose distributions of the first and second plan by deformable image registration.





Quality assurance of the deformable image registration (DIR)

Reg Reveal and Reg Refine are the primary tools used to evaluate and adjust a deformation in order to achieve accurate results. Reg Reveal was developed for this purpose and is currently the only tool available for the specific purpose of efficient quality assurance (QA) of the DIR. Reg Reveal allows the user to interrogate the registration in specific regions of interest and draw conclusions about its accuracy. Reg Refine allows the user to influence the registration algorithm to achieve a more accurate result.

Reg Refine is an input into multiple DIR algorithms. It allows the user to define local rigid alignments to provide additional information to help guide the deformation algorithm near these areas. It can be used iteratively to execute a DIR, evaluate the local DIR accuracy, and suggest local alignments to improve the DIR result until an optimal alignment is achieved. The DIR was first evaluated with Reg Reveal to determine areas of the registration that needed improvement. Rigid registration adjustment tools were then used in areas where the naive DIR was determined to be inaccurate to allow the observer to manually adjust the local registration or to execute an automatic rigid registration within a box of interest. The observer then recorded this preferable local alignment. When re-executing the DIR, these recorded local rigid alignments were used as inputs to influence the algorithm to achieve a local DIR closer to this observer-defined result.



Toxicity and efficacy

The toxicity of treatment was evaluated in detail and scored for each patient. In addition, the efficacy of two courses of SBRT was assessed based on the tumor response, amelioration of pain, improvement of quality of life, and gain of weight during follow-up. Acute toxicities were determined using the “Acute radiation morbidity scoring criteria” from the Radiation Therapy Oncology Group, while late toxicities were evaluated using the “Late radiation morbidity scoring schema” from the Radiation Therapy Oncology Group/European Organization for Research on the Treatment of Cancer (26).



Statistical analysis

The correlation between doses and toxicities was determined by logistic regression (backward conditional), where the potential dose–volume parameters predictive of toxicities were identified. The goodness of fit of the logistic model was analyzed using the Hosmer–Lemeshow test. The optimal risk threshold of each predictor was determined by the receiver operating characteristic (ROC) curve. Afterward, the probability of each patient developing gastrointestinal toxicity derived from predictors in the logistic regression analysis was also analyzed with the ROC curve to identify the optimal thresholds of probability. Two-sided P values<0.05 were considered statistically significant. Statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA).




Results


Dose distributions

Patients’ characteristics were demonstrated in Table 1. The median time interval of the two courses of SBRT was 11.4 months (range: 3.8–29.1 months). The median prescription dose of the initial and second courses of SBRT was 35.5 Gy/5–7f and 32 Gy/5–8f, respectively. The median EQD2 of PTV in the first and second SBRT was 49.58 Gy10 (range: 40 Gy10–71.25 Gy10) and 41.85 Gy10 (range: 31.25 Gy10–55.73 Gy10), respectively. Details were shown in Table 2. The accumulated doses of the OARs, including the stomach, duodenum, bowel, liver, spinal cord, and kidneys were demonstrated in Table 3.


Table 1 | Patient characteristics.




Table 2 | Prescription doses to the PTV.




Table 3 | Accumulated doses after the deformable image registration.





Toxicity

Eighteen patients experienced grade 2 or more adverse events. Among these patients, one patient had grade 3 vomiting as an acute gastrointestinal toxicity and one patient had grade 3 gastrointestinal bleeding as a late toxicity. They all recovered after the treatment. The radiation doses to the stomach, duodenum, and bowel of these two patients were extracted and compared with the median summed does of those OARs (Table 4). As a result, most of the doses to the OARs of these two patients were higher than the median accumulated doses.


Table 4 | Comparisons of doses to OARs of patients with grade 3 toxicity and median summed doses.



Due to low incidences of grade 3 gastrointestinal toxicity, grade 2 adverse effects were included for the identification of potential predictors. After multivariate analysis, the V10 of the stomach [hazard ratio (HR): 1.02 (95% CI: 1.00–1.04), P = 0.035] and Dmean of the intestine [HR: 1.78 (95% CI: 1.00–3.18), P = 0.049] correlated with grade 2 or more gastrointestinal toxicity (Table 5).


Table 5 | Factors predictive of grade 2 or more gastrointestinal toxicity.





Prediction of grade 2 or more gastrointestinal toxicity

After multivariate analysis, the equation was as follows:   X1 = Dmean of the intestine, X2 = V10 of the stomach. The value of the goodness of fit of the model derived from the V10 of the stomach and Dmean of the intestine was 0.514, which was better than that of the model from each one (V10 of the stomach: 0.376, Dmean of the intestine: 0.067). In addition, the threshold and area under the curve (AUC) of the V10 of the stomach were 77.575 cc and 0.779, while the threshold and AUC of the Dmean of the intestine were 4.22 Gy3 and 0.769, respectively (Figures 3A, B). Based on the probability of toxicity of each patient from logistic analysis with the two factors, further analysis with ROC curves showed that the threshold of probability of grade 2 or more gastrointestinal toxicity if patients receive the doses above the threshold of the Dmean of the intestine and V10 of the stomach was 0.4345 and the AUC was 0.821 (Figure 3C).




Figure 3 | ROC curve of the (A) V10 of the stomach, (B) Dmean of the intestine, and (C) combination of the two factors.






Discussion

Due to the high dose per fraction of SBRT, even a small geometric inaccuracy or uncertainty after image registration could potentially reduce the therapeutic ratio and lead to radiation-induced toxicity. However, direct dose summations with the RIR may contribute to the inaccurate delivery of SBRT due to different patient postures, tumor growth, or gastrointestinal motility. The employment of the DIR technique may provide the potential to obtain more realistic plan sums. So far, it has been previously demonstrated that the DIR had been investigated in dose accumulations in head and neck tumor (27, 28), thoracic tumor (29, 30), and pelvic tumor (31–33). However, no studies have focused on dose summations of re-irradiation with SBRT in pancreatic cancer. Therefore, in this pilot study, the propagation of OAR contouring and transferring of dose distributions were performed for comparisons between standard dose constraints in TG-101 and accumulated doses and evaluations of correlations of radiation-induced gastrointestinal toxicities and dose distributions of OARs from the two treatment plans.

In this study, the dose–volume parameters of each OAR at the first and second SBRT were all below the corresponding standard dose constraints. However, some of the accumulated dose parameters to the stomach, duodenum, and intestine surpassed the dose constraints without consideration of heal assumption, while doses to the spinal cord, kidneys, and liver far from the target volume were all lower than the dose constraints. Even if dose downscaling due to the time interval between the two courses was taken into account, there were still some but fewer dose parameters above the dose constraints, which might be attributable to gastrointestinal toxicity. Additionally, further analyses on the dose distributions and OAR contouring regarding patients with accumulated doses above the dose constraints were performed. We found significant displacement of the stomach and duodenum in three patients at the second SBRT compared with the first one due to tumor shrinkage after the first treatment. Therefore, some of the dose distributions in the target volume at the first SBRT were projected to the OAR at the second SBRT (Figure 4), which resulted in the accumulated doses of OAR above the direct summation of the first and second doses. This error may be ascribed to the failure to compensate for the displacement of OARs due to the significant changes of the tumor volume with the DIR. This was one of the limitations of the DIR known as tissue appearance or disappearance (TAD) (29). Additionally, TAD was also common in the image registration when the second images were taken after surgery, which led to significant anatomical changes between the two images. Actually, TAD has not been taken into consideration in the deformation models of the DIR. Continuity, smoothness, or diffeomorphism may be considered during image registrations in the case of the underlying assumption used to model the deformations. However, these factors were different from TAD. The displacement field abutting to the TAD was distorted resulting in inaccurate accumulated dose distributions. Therefore, several frameworks had been proposed. Nithiananthan et al. (34) had proven that the Demons deformable registration process to include segmentation and an extra dimension in the deformation field could accommodate missing tissues between image acquisitions. Another study also provided a non-rigid registration framework for accommodation of resection and retraction (35). Nevertheless, it still remained a problem during the performance of the DIR, and adoption of dose accumulations in the case of TAD should be taken with caution.




Figure 4 | Dose distributions of the first plan in the (A) horizontal plane, (D) coronal plane, and (G) sagittal plane. Dose distributions of the first plan in the (B) horizontal plane, (E) coronal plane, and (H) sagittal plane. Dose distributions of the first plan projected to the second CT scans in the (C) horizontal plane, (F) coronal plane, and (I) sagittal plane.



Moreover, dose attenuations between the two courses of radiotherapy were also a challenge for dose prescriptions at re-irradiation and image registrations. The radiobiological rationale for heal assumption between different time intervals has been rarely investigated. In terms of re-irradiation, the summation of doses from different dose-fractionation schedules remained controversial, although normal tissue response might be predicted with the linear-quadratic (LQ) model (36). However, the role of the LQ model in predicting the normal tissue complication probability (NTCP) was limited because this model was derived from survival assays of cancer cell lines in vitro. Therefore, dose distributions of normal tissues in vivo could not be imitated well with the LQ model. Moreover, the optimal α/β ratio for each normal tissue was unknown. So far, only Abusaris et al. (19) reported the potential correlation between dose downscaling and time periods but without biological evidence when performing dose summation and evaluation of toxicity after re-irradiation for lung tumors. It was proposed in their study that 25% and 50% heal assumption could be estimated 6–12 months and 12 months after radiotherapy, respectively. Similarly, Meijneke et al. (37) recalculated all doses from different plans based on the EQD2. Hence, the results in the pilot study should be extrapolated in clinical practice with great caution, which needs to be further validated. Additionally, many relevant factors, in addition to dose distributions and time intervals, should be taken into account in the case of assessment of doses to normal tissues, including the expected survival, curative or palliative intent, OARs overlap with or adjacent to target volumes, and anticipated NTCP based on detailed dosimetry from two or more schedules.

Additionally, it was elucidated in the study that the V10 of the stomach and Dmean of the intestine were predictors of grade 2 or more gastrointestinal toxicity. The derived thresholds indicated a lower risk of adverse effects with the V10 of the stomach below 77.575 cc and Dmean of the intestine below 4.22 Gy3. Furthermore, combined with these two factors, the equation demonstrated the probability of toxicity. Also, the threshold of the probability based on the probability of each patient having toxicity from logistic analysis with the two factors implied that the risk of radiation-induced severe gastrointestinal toxicity could be increased in the event of the probability above 0.4345. So far, previous studies only focused on gastrointestinal dose tolerance at the first SBRT. However, due to the high incidence of local recurrence of pancreatic cancer, SBRT has been employed in the re-irradiation of the local progression with good local control and mild toxicity (8, 16, 17). Therefore, it was required that evaluations of dose distributions of OARs should be given the first priority at the re-irradiation, albeit no investigations had been performed. Compared with previous studies, the thresholds of the stomach and intestine dose–volume were higher. The underlying reason may be attributable to the residual doses to the OARs from the first SBRT. Combined with the two factors, the AUC was larger than that of each one alone. Therefore, the threshold of probability from two factors by logistic analysis may be more accurate in the prediction of toxicity. Great attention should be placed when the probability of severe gastrointestinal toxicity was above the threshold calculated from the equation.

Nevertheless, there were some limitations in the study. The first one was that no radiobiological model could precisely predict the dose downscaling after the first SBRT. Also, owing to the failure to accommodate the TAD in the DIR, the accumulated doses may not be as accurate as the actual ones. Therefore, the clinical practice of the dose thresholds of the stomach and intestine as dose constraints at the re-irradiation, the equation, and the threshold probability of the gastrointestinal toxicity should be taken with great caution. Another one was that the equation and the thresholds have not been internally and externally validated because of the limited number of patients. Additionally, due to careful evaluations of patients in re-SBRT to reduce the risk of severe adverse events, we could not deliver a high radiation dose; therefore, few grade 2 or more toxicities were observed. Third, due to interoperator variability in contouring the intestine, the Dmean of the intestine may vary between physicians. This might result in the overestimation or underestimation of the risk of gastrointestinal toxicity. Therefore, the interpretation of the equation should be done cautiously. However, compared with previous studies about re-irradiation with SBRT for pancreatic cancer, the number in this study was relatively large.

In conclusion, this pilot study demonstrated that the V10 of the stomach and Dmean of the intestine correlated with severe gastrointestinal toxicity after two courses of SBRT. The prediction of gastrointestinal toxicity may be more accurate with these two factors compared to each one alone. Additionally, a higher risk of toxicity may be found in patients with a V10 of the stomach above 77.575 cc or Dmean of the intestine above 4.22 Gy3 or the probability above 0.4345. Nevertheless, these thresholds and the equation should be further validated.
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Patient No Age (yrs) Weight (kgs) Sex Stage Tumour volume (cc) Tumour location within Pancreas Motion management

1 60 584 M I 50.5 Head FB
2 63 57.0 F Ib 33.7 Body FB
3 45 79.2 M I 40.8 Duct AC
4 59 91.6 M 1Ib 19.0 Tail FB
5 64 78.6 M b 19.4 Head EBH
6 73 744 M b 28.0 Head EBH
7 72 58.0 M Ia 13.1 Head AC
8 69 93.7 M 1Ib 233 Head AC

FB, Free Breathing; AC, Abdominal Compression; EBH, Exhale Breath Hold.
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Structure Difference between total plan and delivered  Statistical difference between delivery with and without corrections

DVH metric(Gy/cc)Mean (min-max) where position deviations were detected
Metric  With position =~ Without position p value
correction correction
GTV Mean 0.4 (-1.1 - 0.9) 0.4 (-0.8 - -0.1) 0.66
dose
Min 0.1 (-1.0 - L.1) 0.1 (-1.4 - 0.5) 033
dose
D98 02 (-0.6 - 1.8) 0.2 (-0.8 - 12) 0.10
Duodenum  Dmax 1.1 (-0.7 - 3.3) 1.9 (-0.1- 4.6) 0.02
Stomach Dmax 0.5 (-16 - 12) -09 (-1.7- 0.3) 0.12

Small bowel Dmax -0.3 (-1.1 - 1.4) 0.4 (-0.4 - 2.4) 0.05
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Univariate analysis

Multivariate analysis

HR (95% Cl) P value HR (95% Cl) P value
Dinax(Gys) 1.04 (0.99-1.09) 0.081 NA NA
Dieo(Gys) 1.06 (0.99-1.21) 0.080 NA NA
DiocGys) 1.16 (1.03-1.31) 0.016 NA NA
Stomach Dynean(Gys) 1.66 (1.16-2.38) 0.006 NA NA
Vio(em®) 1.02 (1.01-1.04) 0.006 1.02 (1.00-1.04) 0.035
Vao(em®) 1.10 (1.02-1.20) 0.018 NA NA
Vio(em®) 1.24 (0.87-1.76) 0228 NA NA
Dinax(Gys) 1.01 (0.96-1.07) 0.691 NA NA
Dy.(Gys) 1.04 (0.96-1.13) 0311 NA NA
Dsc(Gys) 1.08 (0.98-1.19) 0.142 NA NA
DiocGys) 1.10 (0.98-1.23) 0.114 NA NA
Duodenum
Dinean(Gys) 1.17 (0.96-1.43) 0.130 NA NA
Vio(em®) 1.04 (0.99-1.08) 0.107 NA NA
Vao(em®) 1.09 (0.94-1.26) 0.258 NA NA
Vio(em®) 1.49 (0.67-3.30) 0324 NA NA
Dinax(Gys) 0.99 (0.92-1.06) 0676 NA NA
Dy(Gys) 1.04 (0.94-1.15) 0415 NA NA
Dsc(Gys) 1.07 (0.95-1.22) 0.263 NA NA
Intestine
Dinean(Gys) 2.08 (1.18-3.67) 0.012 1.78 (1.00-3.18) 0.049
Vio(em?) 1.06 (1.00-1.11) 0.050 NA NA
Vio(em?) 1.20 (0.84-1.73) 0.319 NA NA
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Median summed dose*

Summed dose (case 1)*

Summed dose (case

Dinax(Gys) 36.75 3393 43.46
Dic(Gys) 27.86 27.86 35.07
Dioee(Gys) 19.78 21.95 27.36
Stomach Dipean(Gys) 6.42 9.19 10.98
Vip(em®) 66.41 157.73 160.69
Vaolem®) 7.69 16.55 39.01
Vio(cm®) 0.40 0.33 535
Dinax(Gys) 3036 45 3921
Dye(Gys) 2213 39.85 323
Dsco(Gys) 15.99 37.96 2341
Diocc(Gys) 12.82 35.69 20.84
Duodenum
Dincan(Gys) 6.18 15.94 9.91
Vio(em®) 18.66 151.23 60.39
Vao(em?) 172 56.03 1233
Vio(em?) 0.05 42 0.54
Dinax(Gys) 3576 38.1 43.1
D1c(Gys) 28.06 3114 3378
Dseo(Gys) 2254 28.79 315
Intestine
Dinean(Gys) 4.03 9.92 892
Vaocm?) 8.56 3334 43.89
Vio(em®) 0.30 0.59 3.03

*All of the summed doses were calculated based on the correlation between dose attenuation and time interval.
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Summed doses
based on the

First radiation Re-irradiation Summed doses correlation of
dose attenuation
and time
Dinax(Gys) 30.20 (3.18-55.27) 18.89 (3.01-44.25) 43.25 (7.56-90.47) 36.75 (5.79-76.74)
Dy (Gys) 22.24 (2.28-34.78) 14.83 (2.57-35.18) 35.08 (4.88-76.88) 27.86 (4.30-65.69)
Dioe(Gys) 1527 (2.10-25.11) 9.87 (1.79-1.05) 24.59 (3.49-60.72) 19.78 (2.97-50.80) ‘
Stomach Dinean(Gys) 5.02 (0.65-9.96) 3.07 (0.67-6.83) 7.97 (1.55-13.38) 6.42 (1.33-10.98)
Viglem®) 36.57 (0-154.05) 937 (0-71.38) 99.69 (0-337.81) 66.41 (0-202.16)
Vaolem®) 2.66 (0-32.01) 0.01 (0-12.04) 22.73 (0-121.58) 7.69 (0-111.30)
Violem®) 0.04 (0-3.39) 0(0-2.02) 3.59 (0-43.95) 040 (0-46.50)
Dinax(Gys) 24.43 (1.67-51.53) 15.45 (1.55-35.11) 3561 (3.12-73.62) 30.36 (2.74-58.23)
Dy(Gys) 18.18 (1.29-28.45) 11.00 (0.81-20.78) 26.82 (2.58-63.70) 22.13 (2.27-39.85)
Ds.(Gys) 1244 (1.06-21.31) 7.04 (0.70-17.98) 20.77 (2.30-60.31) 15.99 (2.03-37.96)
Dioec(Gys) 958 (1.03-18.95) 5.34 (0.69-16.40) 1626 (1.99-57.25) ' 12.82 (1.73-35.69)
Duodenum
Dinean(Gys) 5.10 (1.02-12.58) 2.81 (0.68-9.25) 775 (1.93-23.75) 6.18 (1.63-19.59)
Viglem®) 9.05 (0-48.85) 1.47 (0-71.86) 23.26 (0-176.92) 18.66 (0-151.23)
Vaolem®) 0.50 (0-7.52) 0(0-1.71) 537 (0-112.89) 1.72 (0-56.03)
Violem®) 0 (0-0.72) 0(0-0.13) 056 (0-48.44) 0.05 (0-4.20)
Dinax(Gys) 30.77(17.51-43.46) 20.64(10.89-37.48) ' 44.07(29.70-92.47) 35.76(22.04-63.17)
Di(Gys) 23.95(13.50-33.21) 16.20 (8.51-29.63) 35.25(20.99-74.75) 28.06(17.28-46.80)
Ds.(Gys) 19.94(11.11-28.38) 13.41 (6.64-25.71) 28.86(16.89-43.45) 22.54(13.05-39.69)
Intestine
Dinean(Gys) 2.92 (0.90-8.28) 2.10 (0.97-5.63) 523 (2.04-14.04) 403 (2.15-11.64)
Vaolem®) 4.93 (0-88.89) 0.07 (0-25.98) 31.91(1.42-309.13) 856 (0.01-109.21)
Violem®) 0.07 (0-3.14) 0 (0-0.86) 5.02 (0-67.70) 030 (0-25.42)
Spinal Dinax(Gys) 562 (1.43-14.54) 341 (1.04-16.92) 851 (3.61-18.88) 643 (3.07-17.36)
Cord Do 35 Gys) 5.07 (1.38-13.34) 3.03 (0.93-13.64) 7.83 (3.47-16.25) 5.83 (2.69-14.17)
Dinean(Gys) 3.18 (0.53-11.62) 2.16 (0.72-8.78) 547 (121-17.56) 462 (1.04-15.34)
ekt Dy5(Gys) 1.94 (0.35-2.32) 1.32 (0.62-5.40) 355 (1.00-10.87) 3.03 (0.85-28.00)
Kidney Vi(em®) 13.98 (0-87.7) 3.87 (0-70.76) 42.17 (0-98.94) 28.13 (0-94.16)
Vio(em®) 0.76 (0-38.35) 0 (0-28.79) 934 (0-71.45) 512 (0-63.29)
Dinean(Gy) 1.93 (0.87-9.26) 1.37 (0.90-7.27) 351 (2.24-16.07) 268 (1.70-13.87)
Right Dys(Gys) 1.40 (0.67-4.93) 1.01 (0-4.70) 266 (1.49-8.25) 2.11 (1.24-7.06)
Kidney V(em®) 2.03 (0-65.04) 0 (0-60.87) 10.49 (0.11-87.23) 3.90 (0-79.71)
Viglem®) 0(0-29.18) 0 (0-20.95) 061 (0-53.16) 0 (0-44.12)
Dincan(Gys) 322 (0.45-8.72) 1.89 (0.69-8.23) 535 (1.18-12.49) 428 (1.00-10.72)
Dyx(Gys) 213 (0.35-8.21) 1.25 (0.40-6.67) 376 (0.87-11.43) 3.03 (0.57-9.53)
e Viglem®) 3.08 (0-35.31) 021 (0-28.1) 1093 (0.03-55.26) 342 (0-47.67)
Vig(em®) 0 (0-1.60) 0(0-0.88) 0.06 (0-3.86) 0 (0-2.66)
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First SBRT Second SBRT

Prescription doses 35.5 Gy (30-46.8 Gy) 3225 Gy (25-38 Gy)
EQD, 49.58 Gyyp (40-71.25 Gy,o) 41.85 Gyyg (31.25-55.73 Gyio)
PTV 37.75 cc (10.70-196.07 cc) 23.62 cc (8.81-278.42 cc)

EQD2, equivalent dose in 2Gy per fraction; PTV, planning target volume.
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Characteristic 0)
Age (years) 60.7 + 10.9
Sex
Male 28
Female 12
T category
T1 1

V T2 V4
T3 8
T4 24
Pancreas location
Head and neck 25
Body and tail 15
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Category

Acute adverse effects
Anorexia
Fatigue
Nausea
Vomiting
Diarrhea

Late adverse effects
Gastritis
GI ulcer

Gl bleeding

Grade 1

[SIENINY

Grade 2

4
1

Grade 3

© ©o o o ©

0
3b

Adverse events are assessed using the National Cancer Institute Common Terminology for Adverse Events [version 5.0].; Acute adverse events denote adverse events within 90 days from
radiation therapy; Late adverse events denote adverse events after 90 days from radiation therapy.; *Gastric ulcer bleeding (1 in > 35 Gy), "Three pseudoaneurysm site bleeding (2 in > 35 Gy,

1in < 35 Gy).
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Variables No. of patients

Total patients
Age (years)
<65
265
Sex
Male
Female
Primary site
Body and Tail
Head and Neck
CA 19-9 (Pre-SBRT)
< 485 U/mL
> 48.5 U/mL
Tumor size (cm) (Pre-SBRT)
<29
229

Induction FOLFIRINOX cycles

28
<8

Best response
PR
SD

Total SBRT dose
> 35 Gy
<35 Gy

50

29
21

22
28

20

25

25

25
25

OS (median, months)

26.4

26.8
25.6

27.4
25.6

27.6
23.1

26.8
24.1

27.0
21.7

25.6
26.8

25.6
26.4

27.0
24.1

95% CI

22.4-303

17.2-36.5
21.0-30.2

18.9-35.9
22.2-29.0

25.6-29.6
15.2-31.0

24.6-29.1
18.9-29.2

24.5-29.6
15.1-28.2

22.0-29.2
19.6-34.1

13.9-37.3
21.7-31.0

20.7-33.4
19.3-28.9

Univariate analysis

HR

1.044

1.269

1.554

1.187

1722

0.950

1.007

2017

95% CI

0.568-1.918

0.663-2.430

0.806-2.996

0.626-2.253

0.914-3.244

0.485-1.859

0.693-1.465

1.043-3.901

p value

0.891

0.472

0.189

0.599

0.093

0.880

0.969

0.037

Multivariate analysis

HR  95% CI  p value

1723 0914-3.249 0.093

2.024 1.042-3.930 0.037

08, overall survival; CI, coefficient index; HR, hazard ratios SBRT, stereotactic body radiation therapy; CA 19-9, carbohydrate antigen 19-9; PR, partial response; SD, stable disease; Gy, gray.
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Variables

Total patients
Age (years)
<65
265
Sex
Female
Male
Primary site
Body and Tail
Head and Neck
CA 19-9 (Pre-SBRT)
<485 U/mL
> 48.5 U/mL
Tumor size (Pre-SBRT)
<29 cm

=29 cm

50

29
21

28
22

20
30

25
25

25
25

Induction FOLFIRINOX cycles

=8
<8

Best response
PR
SD

Total SBRT dose
> 35 Gy
<35 Gy

34

16

39

32
18

16.7
16.6

16.7
16.6

16.6
16.7

19.3
16.6

234
15.9

16.7
16.0

16.7
16.7

19.3
132

No. of patients PFS (median, months) 95% CI (months)

13.0-20.3

11.9-21.6
15.3-18.0

8.9-24.6
154-17.7

16.4-16.8
7.2-26.2

8.2-30.4
154-17.7

11.7-35.1
7.9-24.0

12.7-20.6
14.0-17.9

13.0-20.4
12.4-209

11.8-26.8
3.0-234

Univariate analysis

HR

1.044

1227

0.986

1.330

1.860

1.124

0.936

2369

95% CI

0.568-1.918

0.667-2.257

0.532-1.857

0.724-2.442

1.012-3.418

0.597-2.117

0.647-1.354

1.226-4.580

p value

0.891

0.510

0.986

0.358

0.046

0.716

0.725

0.010

Multivariate analysis

HR 95% CI p value

1.853  1.005-3.416 0.048

2.364 1.218-4.588 0.011

PES, progression free survival; CI, coefficient index; HR, hazard ratio; SBRT, stereotactic body radiation therapy; CA 19-9, carbohydrate antigen 19-9; PR, partial response; SD, stable discases

Gy, gray.
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Characteristics

Age (yr), median
Sex
Female
Male
Primary site
Head or Neck
Body or Tail
At diagnosis
BMI (kg/mz), median
Serum albumin (g/dL), median
CA 19-9 (U/mL), median
Tumor size (cm), median
Pre-SBRT
BMI (kg/mz), median
Serum albumin (g/dL), median
CA 19-9 (U/mL), median

Tumor size (cm), median

Induction FOLFIRINOX cycles, median
Induction FOLFIRINOX duration (months), median
Best response during induction FOLFIRINOX

SD
PR

Time to SBRT from diagnosis (months), median

Total SBRT dose (Gy), median

SBRT dose per fraction (Gy), median

Conversion surgery
Yes
No

Time to conversion surgery from SBRT (months), median

Statistical value

64.1 (47.8-81.6)

28 (56.0)
22 (44.0)

30 (40.0)
20 (60.0)

22.7 (17.5-26.1)
4.0 (2.7-4.8)
106.0 (2-7999)
32(1.9-8.3)

22.7 (16.5-27.6)
3.9 (2.5-4.7)
48.5 (5-1780)
2.9 (1.4-5.7)

80 (3-28)
4.9 (1.4-217)

39 (78.0)
11 (220)
6.1 (2.8-22.3)
35 (30-40)
7 (6-8)

9 (18.0)
41 (82.0)
3.5(0.8-11.7)

Data are presented as median (range) or No. of patients/total no. (n%), unless otherwise
stated; BMI, body mass index; CA 19-9, carbohydrate antigen 19-9; SD, stable disease; PR,
partial response; SBRT, stereotatic body radiation therapy; Gy, gray.
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Pathology No. of patients

Total patients 9

Resection margin

RO 8

R1 1
T stage

Tl 5

T2 4
N stage

No 7

N1 2

Response to previous treatment

Grade 0 (complete response) 0
Grade 1 (near complete response) 1
Grade 2 (partial response) 8
Grade 3 (poor or no response) 0
Death within 6 months postoperatively® 1

T stage and N stage were assessed using American Joint Committee on Cancer staging
system 8"; Response of tumor to previous CT or RT was assessed using tumor regression
scoring system in College of American Pathologists [version 4.2]. “One patient died of
bowel perforation, a surgical complication.
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Category No. of patients (%)

Disease progression 34 (68)
Locoregional progression only 9
Distant progression 23
Liver 12
Peritoneal seeding 7
Lung 2
Distant lymph node 1
Multiple sites 3
No disease progression * 16 (32)

Data are presented as the no. of patients/total no. (n%). “Three patients who died without
radiological evidence of disease progression due to liver abscess, gastric variceal bleeding,
and bowel perforation were included.
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Opverall survival Local progression-free survival
Variables Univariate Multivariate Univariate Multivariate

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value

Baseline characteristic

Age at diagnosis (>60 vs. <60) 147 0.68-3.16 0.324 093 0.39-237 0.925

Sex (male vs. female) 0.78 0.36-1.68 0.525 046 0.17-1.22 0.119

Performance status 140 0.65-2.99 0.390 1.00  0.39-2.55 0.996

(ECOG 2/3 vs. ECOG 0/1)

Tumor location 146 0.67-3.17 0.340 103 0.40-2.62 0.956

(head vs. body/tail)

Tumor size 1.29  0.60-2.79 0.518 320 1.28-7.98 0.013 426 1.61-11.24 0.003
(>4 cm vs. <4 cm)

T-stage (T4 vs. T1-T3) 112 0.39-3.25 0.833 559 0.71-44.2 0.103

N-stage (N1 vs. NO) 1.05 0.47-2.33 0.914 0.84 0.32-2.23 0.735

M-stage (M1 vs. M0) 213 0.99-4.57 0.052 2.74  1.19-6.29 0.018 323 1.27-825 0.014 532 1.76-16.08 0.003
CA 19-9 (>37.0 vs. <37 U/mL) 058 0.22-1.54 0.274 3.61 048-27.20 0.214

Induction CRx

Induction CRx regimen 0.99 0.23-4.18 0.985 118  0.36-3.87 0.788
(FOLFIRINOX vs. Gem/nab-paclitaxel)

Induction CRx duration 436 122-1557  0.023 3.79 1.03-13.93 0.044 212 0.64-7.03 0.220
(23 months vs. <3 months)

Response to induction CRx, overall 341  1.55-7.50 0.002 427 1.82-10.02  0.001 1.50  0.57-3.94 0415

(SD/PD vs. PR)
Response to induction CRx at SBRT referral 2.62  1.16-5.88 0.020 322 1.33-7.79 0.010 227  0.86-6.01 0.093 372 121-1143  0.022
(SD/PD vs. PR)

CA19-9% change after induction CRx 148  0.62-3.54 0.378 145  0.68-3.10 0331
(<50% vs. 250%)

SBRT
SBRT technique 120 054267  0.659 187 073478  0.190
(adaptive vs. non-adaptive)
Prescribed dose (<50 Gy vs. 250 Gy) 265 121583 0015 217 097-484 0060 244 095627 0065 196 075510  0.169
GTV Dmin' (<50.5 Gy vs. 250.5 Gy) 230 1.01-5.25 0.049 2.58  1.09-6.09 0.031 4.18 1.48-11.82 0.007 3.06 1.03-9.14 0.045
GTV Dmax® (<52 Gy vs. 252 Gy) 147 067-323 0335 203 076546 0158
GTV Dmean® (<51 Gy vs. 251 Gy) 122 057265  0.608 192 075493 0173
PTV volume (<23 cm® vs. 223 cm®) 072 027-1.92 0516 047 0.14-162 0262
PTV,;, volume (<1.6 cm® vs. 21.6 cm”) 081 030213 0659 043 0.10-1.85  0.256
CA19-9% change after SBRT 290 125671 0013 225 080-634 0123 386 132-1127 0014 385 131-11.35  0.015

(<50% vs. 250%)

Post-SBRT CRx

Post-SBRT CRx regimen 0.55 0.23-1.33 0.182 1.34  0.44-4.05 0.610
(FOLFIRINOX vs. others)

ECOG, Eastern Cooperative Oncology Group; CRx, chemotherapy; Gem/abraxane, gemcitabine + nab-paclitaxel; SD, stable disease; PD, progressive disease; PR, partial response; SBRT,
stereotactic body radiotherapy; GTV, gross tumor volume; PTV, planning target volume; SIP, simultaneous integrated protection; HR, hazard ratio; CI, Confidence interval.

'GTV Dmin, the minimum dose absorbed by 1lcc of the GTV.

*GTV Dmax, the maximum dose absorbed by 1cc of the GTV.

*GTV Dmean, mean dose absorbed by the GTV.

p-values below 0.05 are shown in bold.
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No local progression (N=33)

Prescribed dose (Gy)
GTV Dmin (Gy)
GTV Dmax (Gy)
GTV Dmean (Gy)

SBRT, stereotactic body radiotherapy; GTV, gross tumor volume; AUC, area under curve.
GTV Dmin, the minimum dose absorbed by lcc of the GTV; GTV Dmax, the maximum dose absorbed by lcc of the GTV; GTV Dmean, mean dose absorbed by the GTV.

*Data are expressed as mean + standard deviation.

48.7 £2.2
51.3 %05
55.3 £0.9
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Local progression (N=17)
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P-value

0.006
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0.008
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Chronic
Abdominal pain
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Variable

Age at diagnosis (years), median
Gender

Male

Female
ECOG performance status

ECOG 0-1

ECOG 2-3
Location of tumor

Head

Body/tail
Tumor size at diagnosis (cm), median
Tumor size at SBRT (cm), median
Clinical T-stage

T2

T3

T4
Clinical N-stage

NO

N1
Clinical M-stage

MO

M1
Induction CRx regimen

FOLFIRINOX

Gemcitabine and nab-paclitaxel
Induction CRx duration (mo), median
No. of induction CRx cycles, median

CA 19-9, baseline (U/mL), median

CA 19-9, post-induction CRx/pre-SBRT (U/mL), median

CA 19-9 post-SBRT (U/mL), median
SBRT technique
MR-guided adaptive SBRT
Linac based non-adaptive SBRT
Prescribed dose (Gy), median
GTV Dmin (Gy)', median
GTV Dmax (Gy)?, median
GTV Dmean (Gy)*, median
GTV volume (cms), median
PTV volume (cm®), median

PTV;, volume (cm®), median

62

22
28

32

21

29
3.0
24

370
36

26
24
50.0
50.3
51.8
51.0
136
336
12

No. (%)

(39-78)

(44.0%)
(56.0%)

(64.0%)
(36.0%)

(42.0%)
(58.0%)
(1.6-5.5)
(1.0-4.5)

(12.0%)
(4.0%)
(84.0%)

(68.0%)
(32.0%)

(66.0%)
(34.0%)

(92.0%)
(8.0%)
(15-21.9)
(4-29)

(2 to >12000)
(1 to >12000)
(1 to >12000)

(52.0%)
(48.0%)
(40-50)
(40.8-58.3)
(43.8-68.4)
(42.4-62.1)
(2.8-54.8)
(9.0-107.0)
(0-6.4)

No, patients’ number; SBRT, stereotactic body radiotherapy; ECOG, Eastern Cooperative Oncology Group; CRx, chemotherapy; mo, months; MR, magnetic resonance; Linac, linear

accelerator; GTV, gross tumor volume; PTV, planning target volume; SIP, simultaneous integrated protection.
'GTV Dmin, the minimum dose absorbed by Icc of the GTV.

*GTV Dmax, the maximum dose absorbed by 1cc of the GTV.

3GTV Dmean, mean dose absorbed by the GTV.
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Patient Patient Gasg (cm”), pCTsgq images/irCTsgy, images (min-max)

positioning
Beam 1 (0°) Beam 2 (270°) Beam 3 (90°)

1 P 28.8/6.4-92.7 64.0/63.7-74.2 20.8/599-73.3
PR 0.7/03-7.5 70.4/40.1-46.8 106.7/104.5-211.1

2 SP 90.0/37.6-139.1 49.1/38.2-89.3 151.6/55.7-180.9
PR 3.3/0.0-422 86.8/12.5-71.1 25.5/33.8-174.9

3 N 2.8/7.3-18.5 69.2/27.4-62.1 159.5/207.4-328.2
PR 3.0/0.8-4.2 28.7/8.9-36.9 21.0/45.1-81.0

1 SP 3.3/14.1-49.3 1.3/22.8-42.9 23.3/16.0-75.5
PR 0.3/0.2-0.4 4.5/1.0-6.0 30.2/324-71.3

5 P 6.0/0.0-2.1 52.9/1.9-5.0 95.0/12.2-117.0
PR 1.0/0.4 22/10 252/34.0

6 P 54.9/12.4-44.6 34.9/4.7-28.0 32.0/43.8-207.4
PR 26.2/32.0 28.8/6.6 102.5/43.3

7 SP 442.4/52.8-60.6 142.9/36.3-41.1 353.7/22.1-47.7
PR 7.7/2.3-48 15.6/1.3-0.5 20.6/25.9-30.2

8 SP 21.4/10.6-400.1 65.6/32.6-46.0 69.8/42.3-50.5
PR 0.4/0.2 25.1/20.1 195.8/11.5

9 SP 1.7/12-3.9 6.2/16.9-52.1 2.9/164-52.1
PR 1.4/0.0-2.5 12.8/7.4-39.8 2.7/43-102.7

10 SP 84.0/5.9-70.3 24.4/7.8-50.4 73.0/41.6-70.5
PR 9.7/0.0 40.9/72.1 43.3/31.1

Gasg, gastrointestinal gas volume considering the beam range in beam path; pCTsox, images, treatment planning CT images of the maximum exhalation phase; irCTsqy, images; in-room CT
images of the maximum exhalation phase; min, minimum value; max, maximum value; SP, supine position; PR, prone position. The Gasg of Beams 4 and 5 were almost nil.
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Diagnosed with unresectable pancreatic cancer (n=202)

Not referred for definitive SBRT (n=144)

Referred for definitive SBRT

(n=58)
Excluded (n=8)

+ Histology other than adenocarcinoma (n=2)
» Recurrent tumor after prior resection (n=2)

+ No induction chemotherapy (n=4)
Induction chemotherapy (n=50)

* FOLFIRINOX (n=46)
» Gem/nab-paclitaxel (n=4)

MR-guided adaptive SBRT (n=26) Non-adaptive SBRT (n=24)

+ OAR abutted * Acceptable OAR-to-target distance
 Tolerable to extended treatment time » MRIdian contraindicated

* Regular breathing pattern (claustrophobic, metal implant..)

Systemic therapy (n=47)
or observation (n=3)
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(A)

Total Dose = 5000.0 cGy
Number of Fraction Planned : 5

5500 oGy
5000 oGy
4750 Gy
4500 oGy
Gy

Gy

0.0 cGy

GTV
PTV
OAR
PRV

(B)

Total Dose = 5000.0 cGy
Number of Fraction Planned : 5

5500 oGy
5000 oGy
4750 Gy
4500 Gy
Gy

Gy

0.0 Gy

GTV
PTV
OAR
PRV
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Patient Age Sex Loc. irCT Patient Volume (cm”)

scan times positioning
GTV CTV
1 60 M H 6 P 113 219.6
PR 115 189.1
2 79 M H 7 P 10.7 2388
PR 111 2314
3 54 F H 6 Sp 217 142.1
PR 215 140.7
4 64 M HB 5 P 39.0 3708
PR 39.9 391.0
5 86 E H 4 Sp 10.7 1127
PR 111 102.0
6 78 E H 4 Sp 7.8 2267
PR 7.8 2147
7 75 M H 6 SP 263 184.1
PR 262 2133
8 65 E HB 4 SP 109 2884
PR 113 279.1
9 72 M H 7 SP 59 692
PR 6.1 782
10 61 M H 4 P 250 274.0
PR 288 291.8

Loc., location of tumor; irCT, in-room CT; GTV, gross tumor volume; CTV, clinical target volume; M, male; F, female; H, pancreatic head; HB, pancreatic head and body; SP, supine
position; PR, prone position.
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Patient Patient Replacement value of rSPR in pCTsq, images, Pattern 1/Pattern 2

positioning
Small intestine Stomach Duodenum Colon

Al/AL Al/[U-M, 1] All/[17-2", 3%, 4™ AlI/[Rt, Lt
1 N3 1.03/1.03 1.04/(0.86, 0.84 1.04/(1.02, 1.03, 1.03 1.03/[0.86, 0.90
PR 1.03/1.03 1.03/(0.91, 1.03 1.05/(1.02, 1.03, 1.03 1.03/[0.89, 0.66
2 N3 1.02/0.95 1.04/(1.04, 1.03 1.05/(1.01, 1.02, 0.89 1.03/(0.80, 0.74
PR 1.03/1.03 1.04/(0.99, 1.03 1.04/(1.04, 1.03, 1.03 1.03/[0.65, 0.98
3 N3 1.04/1.04 1.05/(0.94, 0.94 1.03/(1.02, 1.03, 1.02 1.03/[0.95, 0.85
PR 1.04/1.03 1.03/(1.03, 1.03 1.05/(1.02, 1.02, 1.02 1.04/[0.98, 1.00
4 sp 1.04/0.97 1.04/(1.03, 1.03 1.03/(1.02, 1.02, 1.02 1.03/[0.98, 0.89
PR 1.04/1.04 1.03/(1.02, 1.03 1.04/[1.02, 1.02, 1.02 1.03/[0.80, 0.90
5 sp 1.04/1.03 1.04/(1.03, 0.90 1.03/[0.97, 0.81, 1.01 1.03/[0.76, 0.85
PR 1.04/1.04 1.03/(0.97, 097 1.04/(1.04, 1.04, 1.04 1.03/[0.90, 0.86
6 sp 1.03/1.01 1.02/(1.01, 0.83 1.03/[1.03, 1.00, 0.75 1.02/[0.94, 1.01
PR 1.03/1.01 1.03/(0.99, 1.02 1.04/[0.97, 097, 0.75 1.02/[0.89, 0.73
7 N3 1.05/1.04 1.04/(0.95, 0.97 1.04/(1.03, 1.04, 1.04 1.03/[0.65, 0.45
PR 1.03/1.03 1.04/(0.97, 1.03 1.04/(0.97, 1.04, 1.04 1.04/[0.49, 0.47
8 N3 1.03/0.93 1.04/(0.71, 0.80 1.03/(1.01, 1.03, 1.03 1.02/[0.85, 0.96
PR 1.04/1.04 1.04/(0.73, 1.02 1.03/(1.02, 1.02, 1.02 1.03/[0.95, 0.78
9 N3 1.04/1.03 1.04/(0.97, 0.99 1.04/(1.03, 1.03, 1.04 1.04/[0.94, 1.00
PR 1.03/1.03 1.03/(1.00, 1.01 1.03/(1.00, 1.02, 1.02 1.04/[0.93, 0.99
10 sp 1.04/1.02 1.02/(1.02, 0.82 1.05/(1.05, 1.05, 1.03 1.02/[0.93, 0.91
PR 1.04/0.99 1.03/(1.00/1.00] 1.04/(0.96, 1.04, 1.03 1.04/[0.92, 0.94

rSPR, relative stopping power ratio; pCTsgy images, treatment planning CT images of the maximum exhalation phase; All, all regions of contour; U, gastric fundus; M, gastric body; L,
pyloric zone; 192", between the first and second (descending portion) portions of duodenum; 3", third portion (horizontal portion) of duodenum; 4™, fourth portion (ascending portion)
of duodenum; Rt, right part; Lt, left part; SP, supine position; PR, prone position.
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Patient Patient Value of k (min-max)

positioning
Beam 1 (0°) Beam 2 (270°) Beam 3 (90°) Beam 4 (195°) Beam 5 (165°)
1 SP 0.977-0.998 0.986-0.995 0.985-1.002 0.970-1.000 0.975-1.004
PR 0.967-1.005 0.960-0.992 0.972-1.004 0.970-1.004 0.971-1.004
2 N3 0.961-0.984 0.966-1.003 0.963-1.004 0.953-1,002 0.953-1.010
PR 0.988-1.008 0.980-0.999 0.950-0.988 0.990-1.006 0.993-1.010
3 N3 0.983-1.000 0.971-0.996 0.979-1.001 0.973-0.999 0.975-1.000
PR 0.898-0.975 0.934-0.989 0.934-0.991 0.876-0.966 0.899-0.965
4 N3 0.978-1.011 0.965-0.985 0.975-0.991 0.987-1.002 0.995-1.002
PR 0.980-0.991 0.958-0.992 0.965-0.989 0.960-0.963 0.984-0.993
5 N3 0.971-0.983 0.961-0.985 0.975-0.998 0.990-1.005 0.978-1.006
PR 0992 0.988 0.968 1.001 1.001
6 N3 0.944-0.977 0.948-0.980 0.951-0.983 0.945-0.981 0.948-0.980
PR 0926 0.911 0.919 0.902 0.901
7 N3 0.918-1.000 0.945-0.963 0.946-0.976 0.952-0.955 0.946-0.964
PR 0.891-0.964 0.900-0.984 0.903-0.975 0.860-0.941 0.905-0.982
8 N3 0.992-0.999 0.991-0.996 0.985-0.994 0.959-0.997 0.953-0.993
PR 1.008 1.007 1.007 0.994 0.993
9 N3 0.981-0.996 0.952-0.985 0.913-0.959 0.975-0.996 0.975-0.995
PR 0.916-0.988 0.856-0.897 0.860-0.897 0.830-0.944 0.854-0.920
10 N3 0.927-0.993 0.972-1.002 0.969-1.005 0.980-1.008 0.982-1.004
PR 0.990 0.973 0.982 0.982 0.990

min, minimum value; max, maximum value; SP, supine position; PR, prone position.
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End-point

Cattaneo 61 >2 CTCAE 15 44.25 Ind - V20<31% SIB to infiltrating vessels PTV in 23/61 pts

(26) v.3 +conc (48-55 Gy; overlap with stomach, 44.25 Gy)
Shinoto 58 1 year 12 552 Ind - V10 <102 cc RBE-weighted dose (carbon ions). D2cc of
(25) 22 ulcer +conc V20 <24 cc GI tract constrained to 46 Gy
V30 <6 cc
Liu (28) 68 >2 CTCAE 15 or 20 50/60 Conc - - High rate of tox (late, 26%); no separation
v4 or 70/ 29/68 between 15 and 20 fractions in the analysis:
80 stomach constraints: Dy, < 60; D1 < 55; D3

< 50; D5 < 45; D10 < 40

Koay (21) - na. 15 375 Ind 45 - Suggested, based on experience. SIB to PTV
+conc derived from GTV and 4D CT to 67.5 Gy
Current 204 22 CTCAE 15 44.25 Ind 45 V44 <91 cc SIB to infiltrating vessels PTV/GTV in 43/
study v.5 +conc Do.osee 204 pts (48-58 Gy); overlap with stomach
constrained to 40-44.25 Gy depending on
volume
Duodenum ‘
Study No. End-point No. fr Dose  Cht Dmax  DVH Notes
Gy
Cattaneo 61 22 CTCAE 15 44.25 Ind - V40 < 16% SIB to infiltrating vessels PTV in 23/61 pts
(26) v3 +conc V45 < 2.6% (48-55 Gy; overlap with stomach, 44.25 Gy)
Huang 46 22 CTCAE 15 36 Conc V25 < 45% High rate (37% 1 year). 87% pts treated with
(40) v.3 V35 < 20% 3D RCT
23 CTCAE 23 CTCAE v.3 analyzed only for 28 pts
v.3 without erlotinib
Liu (28) 68 22 CTCAE 15 or 20 50/60 Conc - V45 < 0.5cc High rate of tox (late, 26%); no separation
v4 or 70/ 29/68 between 15 and 20 fractions in the analysis:
80 stomach constraints: Dy, < 55; D1 < 50; D3

<45; D5 < 40; D10 < 35

Koay - na. 15 375 Ind 45 - Suggested, based on experience. SIB to PTV

21 +conc derived from GTV and 4D CT to 67.5 Gy

Current 204 22 CTCAE 15 44.25 Ind 45-46* V44 < 9.1 cc SIB to infiltrating vessels PTV/GTV in 43/

study v.5 +conc Do.osee 204 pts (48-58 Gy); overlap with stomach
constrained to 40-44.25 Gy depending on
volume

CTCAE, Common Terminology Criteria for Adverse Events; SIB, simultaneous integrated boost; BTV, biological target volume; RBE, relative biological effectiveness;
GI, gastrointestinal; PTV, planning target volume; GTV, gross tumor volume.
*Best cutoff value, 47.6 Gy; suggested 45-46 Gy as safer due to limited number of events.
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All patients: 204

Age 65 (40-86)
Gender Male: 92
Female: 112
KPS 90 (70-100)
Stage 1II: 184
1v: 20
Weight 66.5 (41-104)

Location of primary tumor

Induction chemotherapy

Head (+uncinato): 103
Head/isthmus: 13
Head/body: 10
Isthmus: 10
Body: 30
Body/isthmus: 16
Body/tail: 20
Tail: 2

One drug: 27
Multiple drugs: 177

Number of chemotherapy cycles

Doses

>6 cycles: 108
<6 cycles: 83

40 Gy: 26
44.25 Gy: 135
48-58 Gy (infiltrating vessels):15
48-50 Gy (BTV SIB): 28

KPS, Karnofsky Performance Status; BTV, biological target volume; SIB, simultaneous

integrated boost.
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A == Overall Survival

1.0

0.8

o
o

Survival probability
o
A

0.2

0.0

O 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102
Time Since Start of RT (Months)

Number at risk

— 57 43 23 13 5 4 1 1 1 1 1 1 1 1 1 1 1 (o]
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Locations and directions

Pancreatic head (N = 44)
Sl

LR

AP

Radial

Pancreatic neck (N = 40)
Sl

LR

AP

Radial

Pancreatic body (N = 62)
Sl

LR

AP

Radial

Pancreatic tail (N = 73)
Sl

LR

AP

Radial

Mean (mm)

3.16
1.14
1.66
1.24

3.72
0.88
1.02
1.13

3.85
0.92
1.42
1.41

3.74
0.78
1.70
1.45

SD (mm)

1.38
0.59
0.74
0.29

0.81
0.59
0.31
0.20

1.80
0.70
1.18
0.60

210
0.43
1.04
0.42

Range (mm)

1.26-5.79
0.45-2.54
0.59-3.14
0.79-1.84

1.29-4.20
0.26-1.84
0.54-1.64
0.83-1.34

1.43-11.39
0.17-3.08
0.22-5.48
0.64-4.18

1.99-0.76
0.25-1.62
0.58-4.57
0.856-2.18
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Locations and directions (Data sets)

Mean (mm)

Correlation error

Prediction error

SD (mm)

Correlation error

Prediction error

Range (mm)

Correlation error

Prediction error

Pancreatic head (N = 44) Sl
LR
AP
Radial
Pancreatic neck (N = 40) Sl
LR
AP
Radial
Pancreatic body (N = 62) Sl
LR
AP
Radial
Pancreatic tail (N = 73) Sl
LR
AP
Radial
Total (N = 219) sl
LR
AP
Radial

0.84
0.56
0.48
1.01
1.02
0.57
0.62
0.95
0.83
0.45
0.38
0.96
0.59
023
0.32
0.89
0.82
047
0.41
0.98

0.49
0.51
0.35
1.55
0.54
0.61
0.39
1.27
0.58
0.66
0.42
1.62
0.62
0.71
0.43
1.64
0.57
0.62
0.39
1.58

0.31
0.20
0.21
0.36
0.52
0.36
0.27
0.35
0.34
0.25
0.15
0.41
0.26
0.13
0.17
0.27
0.46
0.33
0.24
0.37

0.11
0.10
0.08
0.20
0.13
0.09
0.11
0.13
0.14
0.19
0.14
0.39
0.17
0.54
0.15
0.48
0.14
0.28
0.17
0.36

0.25-4.01
0.13-2.26
0.20-2.02
0.04-3.39
0.17-4.58
0.08-3.23
0.12-2.43
0.08-3.61
0.06-3.98
0.02-2.15
0.08-1.82
0.15-3.26
0.15-2.60
0.06-1.27
0.11-1.88
0.45-2.92
0.06-4.58
0.02-3.23
0.08-2.43
0.04-3.61

0.11-3.03
0.28-4.08
0.1-3.99
1.08-7.49
0.21-4.51
0.44-3.91
0.06-1.38
0.34-9.32
0.26-3.10
0.36-3.21
0.13-2.05
0.35-7.94
0.40-3.41
0.45-3.39
0.27-2.59
1.14-7.95
0.11-4.51
0.28-4.08
0.06-3.99
0.35-9.51






OPS/images/fonc.2021.767832/table3.jpg
Locations and directions

Pancreatic head

Pancreatic neck

Pancreatic body

Pancreatic tail

Sl
LR
AP
Sl
LR
AP
Sl
LR
AP
Sl
LR
AP

Correlation error (mm)

95% Cl

1.46
0.97
0.9

2.49
1.59
1.16
1.87
0.95
0.68
1.1
0.49
0.66

99% CI

At
147
1.1
3.03
1.95
1.43
2.39
12
0.83
1.37
0.62
0.83

Prediction error (mm)

95% CI

0.83
0.71
0.51
0.62
0.63
0.61
0.82
1.04
07

0.9

1.79
0.73

99% CI

]
0.81
0.59
0.66
0.68
0.72
0.94
1.28
0.84
1.04
2.33
0.88

Aiming accuracy (mm)

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Total error (mm)

95% CI

2.719
218
1.91
3.61
2.72
2:27:
3.19
2.49
1.88
2.51
2.78
1.89

99% ClI

3.27
2.48
22

4.19
3.13
2.65
3.83
2.93
217
291
3.45
2.21
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(195°)

a; GTV i ; left kidney | ;stomach (upper/middle part)
b; CTV j s spinal cord || ; stomach (lower part)

c; PTV k; lib Il ; duodenum (15t-2nd portion)
d; duodenum | ; pancreas |V ; duodenum (3" portion)

e ; stomach V ; duodenum (4th portion)

f ; right colon VI ; colon (right part)

g; left colon VIl ; colon (left part)

h; liver VIII ; small intestine

|:| ; right colon (replaced area) |:| ; duodenum (replaced area)
| | ; left colon (replaced area) | | ; stomach (replaced area)

[ ] ; gastrointestinal gas areas on the pCT;, images
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Variables Univariate analysis Multivariate analysis®

HR (95% CI) p-Value HR (95% CI) p-Value
Sex (male) 1.026 (0.553-1.902) 0.935
Advanced age (years) 0.992 (0.964-1.021) 0.592
Tumor location
Head Reference
Non-head 0.719 (0.38-1.363) 0.313
Larger tumor 1.041 (0.867-1.251) 0.664
Positive nodal metastases 0.569 (0.31-1.044) 0.069 0.962 (0.357-2.592) 0.939
BED;o > 67.1 Gyso 0.852 (0.459-1.581) 0.611
Pre-RT CA19-9 > 90 U/ml 1.776 (0.885-3.563) 0.106
Post-RT CA19-9 nadir > 90 U/ml 2.773 (1.327-5.798) 0.007 1.813 (0.703-4.675) 0.218
Pre-RT NLR > 3.5 2.349 (1.167-4.728) 0.017 8.245 (2.685-25.32) <0.001
Pre-RT PLR > 95 0.718 (0.311-1.655) 0.437
Pre-RT NMR > 15 1.461 (0.715-2.983) 0.299
CA19-9 reduction > 50% 0.237 (0.11-0.508) <0.001 0.261 (0.101-0.672) 0.005
Higher tumor size reduction % 0.17 (0.036-0.802) 0.025 0.983 (0.958-1.008) 0177
Bigger PTV (cm®) 0.997 (0.995-0.999) 0.011 1(0.998-1.003) 0.869
Received induction chemotherapy 0.65 (0.346-1.224) 0.182
Received post-RT chemotherapy 0.318 (0.127-0.798) 0.015 0.207 (0.05-0.857) 0.03
Concurrent chemoradiotherapy regimen
Gemcitabine-based Reference Reference
Fluorouracil/capecitabine-based 0.8 (0.355-1.804) 0.591 1.514 (0.486-4.72) 0.475
Cisplatin/oxaliplatin-based 2.077 (0.568-7.599) 0.269 2.196 (0.203-23.8) 0.518
S-1-based 0.922 (0.334-2.541) 0.875 0.374 (0.089-1.563) 0.178
Others 1.046 (0.132-8.312) 0.966 10.6 (0.83-135.4) 0.069
None 2.772 (1.099-6.992) 0.031 5.903 (1.757-19.83) 0.004

HR, hazard ratio; BED;o, biologically effective dose; RT, radiotherapy; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; NMR,
neutrophil-to-monocyte ratio; PTV, planning target volume.

“All factors with p < 0.1 in univariate analysis were entered in a multivariate Cox regression model.

In the univariate analysis, the bold values represented those with p value < 0.1; whereas in the multivariate analysis, it represented those with p value < 0.05.
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Variables

Univariate analysis

Multivariate analysis®

sHR (95% CI) p-Value sHR (95% CI) p-Value

Sex (male) 1.22 (0.598-2.49) 0.59
Advanced age (years) 0.968 (0.928-1.01) 0.12
Tumor location

Head Reference

Non-head 1.75 (0.879-3.48) 0.11
Larger tumor 1.05 (0.86-1.27) 0.65
Positive nodal metastases 1.92 (0.893-4.12) 0.095 3.712 (1.563-8.817) 0.003
BED;o > 67.1 Gyio 1.07 (0.522-2.19) 0.86
Pre-RT CA19-9 > 90 U/ml 0.951 (0.444-2.04) 0.9
Post-RT CA19-9 nadir > 90 U/ml 0.91 (0.433-1.91) 0.8
Pre-RT NLR > 3.5 1.05 (0.47-2.37) 0.9
Pre-RT PLR > 95 0.879 (0.354-2.18) 0.78
Pre-RT NMR > 15 0.789 (0.297-2.09) 0.63
CA19-9 reduction > 50% 0.957 (0.445-2.06) 091
Higher tumor size reduction % 0.935 (0.916-0.955) <0.001 0.922 (0.898-0.947) <0.001
Bigger PTV (cm®) 1(0.998-1) 0.64
Received induction chemotherapy 1.66 (0.724-3.82) 0.23
Received post-RT chemotherapy 2.37 (0.549-10.2) 0.25

SHR, subdistribution hazard ratio; BED;o, biologically effective dose; RT, radiotherapy; CA19-9, carbohyadrate antigen 19-9; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; NMR, neutrophil-to-monocyte ratio; PTV, planning target volume.

%Al factors with p < 0.1 in univariate analysis were entered in a multivariate Fine-Gray model.
In the univariate analysis, the bold values represented those with p value < 0.1; whereas in the multivariate analysis, it represented those with p value < 0.05.
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Variables Univariate analysis

sHR (95% CI)

Sex (male) 1.16 (0.665-2.02)
Advanced age (years) 0.983 (0.956-1.01)
Tumor location
Head Reference
Non-head 1.18 (0.666-2.08)
Larger tumor 0.988 (0.837-1.17)
Positive nodal metastases 0.716 (0.38-1.35)
BED;o > 67.1 Gyso 0.539 (0.302-0.962)
Pre-RT CA19-9 > 90 U/ml 166 (0.791-3.1)
Post-RT CA19-9 nadir > 90 U/ml 217 (1.13-4.14)
Pre-RT NLR > 3.5 1.46 (0.686-3.09)
Pre-RT PLR > 95 0.602 (0.26-1.39)
Pre-RT NMR > 15 1.85 (0.835-4.09)
CA19-9 reduction > 50% 0.327 (0.168-0.635)
Higher tumor size reduction % 0.98 (0.966-0.995)
Bigger PTV (cm?) 1 (0.998-1)
Received induction chemotherapy 0.633 (0.335-1.2)
Received post-RT chemotherapy 1.56 (0.483-0.5.05)
Concurrent chemoradiotherapy regimen
Gemcitabine-based Reference
Fluorouracil/capecitabine-based 1.08 (0.493-2.36)
Cisplatin/oxaliplatin-based 0.617 (0.106-3.59)
S-1-based 0.942 (0.33-2.69)
Others 0.674 (0.162-2.81)
None 2.466 (1.106-5.5)

p-Value

0.6
0.25

0.57
0.89
0.3
0.037
0.2
0.019
0.33
0.24
0.13
<0.001
0.008
0.95
0.16
0.46

0.85
0.59
0.91
0.59
0.027

Multivariate analysis®

sHR (95% CI)

0.297 (0.137-0.645)

1.345 (0.634-2.856)

0.334 (0.165-0.676)
0.991 (0.971-1.011)

Reference
1.775 (0.696-4.528)
1.908 (0.332-10.96)
0.786 (0.262-2.362)
1.817 (0.247-13.37)
2.633 (1.011-6.86)

p-Value

0.002

0.44

0.023
0.36

0.23

0.47

0.67

0.56
0.047

sHR, subdistribution hazard ratio; BED;o, biologically effective dose; RT, radiotherapy; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-

lymphocyte ratio; NMR, neutrophil-to-monocyte ratio; PTV, planning target volume.
Al factors with p < 0.1 in univariate analysis were entered in a multivariate Fine-Gray model.

In the univariate analysis, the bold values represented those with p value < 0.1; whereas in the multivariate analysis, it represented those with p value < 0.05.
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Characteristics

Median age, years (range)
Gender
Male
Female
Tumor location
Head region
Non-head region
Positive regional nodal metastases
Median KPS (range)
Median pre-RT CA19-9, U/ml (range)
Median post-RT CA19-9 nadir, U/ml (range)
Median pre-RT neutrophil-to-lymphocyte ratio (range)
Median pre-RT platelet-to-lymphocyte ratio (range)
Median pre-RT neutrophil-to-monocyte ratio (range)
Received induction chemotherapy
Concurrent chemoradiotherapy regimen
Gemcitabine-based
Fluorouracil/capecitabine-based
Cisplatin/oxaliplatin-based
S-1-based
Other
No concurrent chemoradiotherapy
Received post-RT chemotherapy
Median RT dose, Gy (range)
Median RT fraction (range)
Median BED,o, Gy, (range)
Median largest tumor diameter, cm (range)
Median planning target volume, cm® (range)

KPS, Karmnofsky performance status; RT, radiotherapy; CA19-9, carbohydrate antigen 19-9; BED, biological equivalent dose.
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