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Purpose/Objective(s)

Multimodality treatments together with local proton therapy (PT) are commonly used in unresectable primary bone malignancies in order to provide better tumor control rate while maintaining good feasibility. The aim of this study is to provide data on outcome of PT for the challenging cohort of pelvic and lumbar bone tumors.



Methods and Materials

This retrospective study includes all patients with primary bone malignancy of the pelvis and lumbar spine receiving PT in our institution between May 2013 and December 2019 enrolled in the prospective registries KiProReg and ProReg collecting information on demographics, treatment, tumor characteristics, toxicities, and outcome.



Results

Eighty-one patients were enrolled with a median age of 19.7 years (1.3–85.8). The median follow-up time was 27.5 months (1.2–83.2). The majority of patients was male (64.2%), ECOG status of 0–1 (75.2%), underwent only biopsy (50.6%), received chemotherapy (69.1%) and was assigned for definite PT (70.4%). The predominant tumor characteristics were as follows: Ewing’s sarcoma histology (58%), negative nodal involvement (97.5%) and no metastasis at diagnosis (81.5%). Median maximal diameter of tumor was 8 cm (1.4–20). LC, EFS and OS rate were 76.5, 60, and 88.1% at two years and 72.9, 45.7, and 68.9% at three years, respectively. Age over 20 years was a significant negative factor for LC, EFS, and OS. Metastatic disease at initial diagnosis affected OS and ECOG status of 2–4 affected EFS only. Regarding 17 relapsed cases (21%), isolated distant relapse was the most common failure (46.9%) followed by local failure (40.6%). Eleven out of 14 evaluable patients relapsed within high-dose region of radiotherapy. Acute grade 3–4 toxicity was found in 41 patients (50.6%) and all toxicities were manageable. Late grade 3 toxicity was reported in 7 patients (10.4%) without any of grade 4. Most common higher grade acute and late side effects concerned hematologic and musculoskeletal toxicity.



Conclusion

Proton therapy resulted in good oncological outcomes when being part of the multimodality treatment for pelvic and lumbar primary bone malignancies. However, distant metastases and local failures within the high-dose region of radiotherapy are still a common issue. Acute and late toxicities of combined therapy were acceptable.
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Introduction

Primary bone malignancy is a rare malignant disease (1, 2). Resection is still the main curative local treatment for bone tumors (3), but not all patients are suitable for total tumor removal with adequate margins, especially for tumors of difficult locations as pelvis and lumbar spine (4, 5). Due to the close proximity to important normal structures, complete surgery of the tumor in these regions can cause unacceptable morbidity to patients. However, worse survival rates have been reported in patients not having total resection (3, 5, 6). Thus, radiotherapy will play a major role in these patients to improve local control and survival rates. However, high doses of radiotherapy are needed due to the radioresistant nature of bone tumor potentially leading to relevant toxicity (7–10). One way to minimize this risk for treatment complication is the use of proton therapy (PT). While proton passes through the body of a patient, it releases kinetic energy in the certain depth without any dose exposure to normal tissue distal to this area. The peak of kinetic energy deposited in tissue is called Bragg peak. Due to this physical advantage, PT offers the chance to increasing RT doses while lowering the burden to the surrounding normal tissues (11, 12).

While clinical data on proton therapy in primary bone malignancy of the pelvic and lumbar area is still limited, this study provides clinical tumor outcome, toxicity and pattern of failure after treatment with proton therapy from our prospective registries embedded in a large interdisciplinary sarcoma center and the national study framework.



Materials and Methods


Patient Selection

Patients from both the prospective ProReg (Registry number: DRKS00004384) and KiProReg registries (Registry number: DRKS00005363) with primary diagnosis of Ewing’s sarcoma, chondrosarcoma, chordoma, osteosarcoma, and osteoblastoma with tumor locations of the pelvis and lumbar spine who started proton treatment in our institution between May 1, 2013 and December 31, 2019 were included in this analysis. Approval of the local ethics committee for ProReg (12-5143-BO) and for KiProReg (13-5544-BO) had been obtained. All patients had signed informed consent for enrollment into the respective registry. Database covered data collection on demographics, treatment, tumor characteristics, survival and toxicities.



General Treatment Approach

All the files of the patients were discussed in a multidisciplinary tumor board with regard to the appropriate treatment decision including surgical approach for each patient before starting PT. The treatment was applied according to the recommendation from the tumor board and European treatment protocols such as the EURO-EWING for Ewing’s sarcoma and the EURAMOS for osteosarcoma, respectively. In addition, patients with chordoma and chondrosarcoma were treated according to in-house standard of practice (SOP) (13). In these protocols, wide or marginal resection was recommended for patients if the risk of surgery was manageable and acceptable post-operative morbidity was expected. For histologies such as Ewing’s sarcoma, high-graded chondrosarcoma and osteosarcoma, chemotherapy was given to patients according to the protocol. If gross total tumor resection with oncologically appropriate surgical margins could not be achieved or poor response to chemotherapy was reported, radiotherapy was introduced. Therefore, adjuvant radiotherapy was still considered for chordoma and chondrosarcoma patients who achieved gross total (R0 or R1) resection. The radiation dose and volume depended on the extent of resection, histopathology and timing of radiotherapy.



Radiotherapy Concept

Patients were set-up either in supine or prone position depending on dorsal or ventral location of tumor. Immobilization was assured with individually customized vacuum casts. In pelvic tumors, bladder filling protocol, either via drinking or suprapubic cystostomy (the latter particularly for pediatric patients), were considered case by case in accordance with the location of tumor. All patients with lumbar tumors were planned for treatment with empty bladder. After performing planning CT with internal or external planning MRI, import and matching of diagnostic MRI at first diagnosis and during course of treatment to the Raysearch (RaySearch Laboratories, Stockholm, Sweden) planning system were done for target volume delineation. GTV1 was contoured according to the initial tumor volume and defined as the tumor bed after adaptation to any geometrical changes. Gross residual tumor at the time of PT was contoured as GTV2. CTV1 was generated from tumor bed plus a CTV margin depending on histology: 1.5–2 cm for Ewing’s sarcoma, 1 cm for chordoma and chondrosarcoma, 2 cm for osteosarcoma and 0.5–2 cm for osteoblastoma. The next level of prescription dose was defined differently according to histology. Whereas CTV2 of chordoma, chondrosarcoma and osteosarcoma was GTV2 (CTV2 = GTV2), CTV2 of Ewing’s sarcoma was tumor bed (CTV2 = Tumor bed). No CTV2 was defined for osteoblastoma. Subsequently, additional boost to GTV2 as CTV3 was considered for Ewing’s sarcoma patients with gross residual disease (see Supplementary 1). Safety PTV margin of 5 mm was used in the pelvic and lumbar location of tumor.

The dose of proton therapy was calculated taking into account the RBE expressed in Gy (RBE), which equals the absorbed dose in Gray of protons multiplied by 1.1. Thus, dose constraints for plan evaluation were all determined in Gy (RBE). Proton treatment can be planned either sequentially boost, which we used homogenous dose and reduced volume for the boost in the later phase, or simultaneous integrated boost (SIB), which we boost to high-risk region simultaneously by using heterogenous dose distribution. Equivalent biological dose was calculated for SIB planning to provide same radiobiological effect as sequential treatment. Dose to organ at risks (OARs) was determined as a maximal dose of 50 Gy (RBE) to spinal cord, maximal dose of 66 Gy (RBE) and mean dose of 55 Gy (RBE) to caudal sac, mean dose 45 Gy (RBE) to femoral heads in adults and 26 Gy (RBE) in children, mean dose of 50 Gy (RBE) to penile bulb and mean dose of testis of 3 Gy. Volume of bowel exposure to a dose of 45 Gy (RBE) or more should be kept below 195 ml. Mean dose of kidneys should be kept below 18 Gy and volume exposure to a radiation dose of 15 Gy or higher should be kept below 65% for one side or below 20–25% for both sides. Volume of bladder and rectum receiving doses of more than 50 Gy should be kept below 60% and 50%, respectively. Whole involved vertebras were covered with at least 20–30 Gy in case of pre-puberty patients to stop bone growth symmetrically and reduce scoliosis in the future.



Staging and Follow-up

For all patients, relevant staging information was requested before treatment. Information included initial, postoperative and recent MRI imaging, surgery reports, general medical report, neurological status, blood count, lung and bone screening and additional investigations if appropriate like rectoscopy, or for bladder and kidney function. All of the patients had clinical base-line evaluation before starting PT. Weekly clinical assessments were performed in all patients during proton therapy. Blood count was requested and performed on a regular basis if chemotherapy was applied or if the field of PT was considered to potentially affect bone marrow. After completion of treatment, all patients should have personal appointment at the institution at 90 days after PT and then yearly on basis. If they were not able or willing to have their check-up in person, written inquiries by questionnaires and telephone interviews were performed. At the same time points, all relevant medical documents and imaging including reports were requested. During COVID-19 pandemic, appointments by telephone without personal visits were suggested.



Pattern of Failure Evaluation

Pattern failure was also reported within the registries. In case of local recurrence, the MRI at time of progression was imported and fused with planning CT in Raysearch planning system. Local failure pattern was scored according to Dawson et al. (14). High-dose region recurrence was defined if local tumor progression of more than 20% in size or relapse was situated with more than 95% volume inside 95% of total cumulative prescription dose. Lower-dose region recurrence was defined if more than 95% volume of relapsed tumor was covered by 95% of the prescription dose for CTV1. Local failure was considered “marginal” if 20 to 95% of recurrent tumor volume was within 95% of the dose to CTV1. If image data at time of progression was not available, it was specifically requested. If finally only report was available, local recurrence was registered but not scored according to type of local recurrence.



Toxicity Evaluation

All toxicities were assessed and graded prospectively according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. All patients were evaluated before the start of PT, weekly during PT and then as explained above. Higher-grade toxicities were defined as CTCAE grade 3 or higher. Whereas acute toxicities were defined as any adverse events occurring during PT and before 3 months after completion of PT, late toxicities were defined as any adverse event occurring since 3 months after completion of PT.



Statistics

This study analyzed data retrospectively. Qualitative data were presented as frequency and percentage, quantitative data was reported as median and range. Follow-up time was calculated from first diagnosis to last contact of patient or death. Overall survival (OS—time from diagnosis to dead of any cause) was the primary objective. Both local control (LC—time from diagnosis to local recurrence or progression) and event-free survival (EFS—time from diagnosis to any event) were the secondary objectives for this study. They were all analyzed with the Kaplan–Meier Method. Any recurrence or death of any cause was defined as an event. After univariate analysis with log-rank test, multivariate analysis for factors which have or tend to have effect on local control, EFS and OS was conducted with Cox regression test, respectively.

All statistical analyses were performed in 95% confidence interval (5% alpha risk) using IBM SPSS Statistics version 27.




Results

Eighty-one patients were eligible for this study. Characteristics of patients are displayed in Table 1. Median and mean age were 19.7 and 30.5 years (1.3–85.8 years). The majority of patients were male (64.2%) with good ECOG performance status of 0-1 (71.6%) treated with curative intent (97.5%). The most common histopathology was Ewing’s sarcoma family tumor (58%), followed by chordoma (24.7%), chondrosarcoma (7.4%), osteosarcoma (7.4%) and osteoblastoma (2.5%). Tumors were located either in pelvic and sacral sites (84%) or the lumbar region (16%). The median tumor size was 8 cm (1.4 – 20 cm). The majority of patients did not have any nodal involvement (97.5%) or other metastatic disease at time of diagnosis (81.5%). Nodal involvement was found in only 2 patients and all of them were diagnosed with Ewing’s sarcoma.


Table 1 | Patient Demographics, Tumor and Treatment Characteristics.



With regard to the surgical approach, the majority of patients underwent only biopsy (50.6%), in 14.8% R0-resection was achieved, whereas in 3.7% R1-resection and in 23.5% R2-resection was confirmed, respectively. Six patients who underwent total resection, resection status could not be categorized either R0 or R1 (Rx). In the present cohort, more than half of the patients received concurrent chemotherapy (53.1%) and even more (69.1%) received some chemotherapy at any time. Regarding all patients in this cohort, 67.9% had chemotherapy before receiving PT and 55.6% received chemotherapy following PT. Despite neoadjuvant chemotherapy, only 12 patients received definite surgery. In eleven of them pathological reports were available. While seven patients of them showed good response (more than 90% necrosis of tumor), in four patients response to chemotherapy was poor. Whereas all patients diagnosed with Ewing’s sarcoma and osteosarcoma were treated with chemotherapy according to the respective protocol, none of the chordoma patients or any osteoblastoma patients received any chemotherapy. In chondrosarcoma, however, half of the patients who had high-graded chondrosarcoma with a higher risk for distant metastasis received chemotherapy as part of the multimodality treatment.

With regard to radiotherapy, most patients had 1st course radiotherapy treatment (97.5%) with curative intent. Approximately 86.4% of patients received radiotherapy only at primary lesion for the first course of treatment at initial diagnosis, 5% at both primary and metastatic sites and 8.6% at primary location after recurrence. In 70.4% of the cohort, radiotherapy was given as definite local therapy. Postoperative radiotherapy was given in 22.2% and pre-operative radiotherapy in 7.4% of the patients, respectively. Prescription doses differed according to histopathology, extent of resection and timing of radiotherapy. Median radiotherapy dose of 59.4 Gy in Ewing’s sarcoma, 74 Gy in chordoma, 69.3 Gy in chondrosarcoma, 70 Gy in osteosarcoma and 54 Gy in osteoblastoma were applied (see Supplementary 2). Sixty-six patients (81.5%) were treated with sequential cone-down technique and 15 patients (18.5%) were treated with SIB technique (Table 1).

Median time from surgery to radiotherapy was 147.5 days (34–519) for post-operative treatment, and median time from radiotherapy to surgery was 69.5 days (20–153) for pre-operative radiotherapy, respectively.


Survival

Median follow-up time for all 81 patients in this cohort was 27.5 months (12–83.2 months). Two-year and 3-year OS for all patients in this cohort were 88.1 and 68.9%, respectively. While 2-year and 3-year EFS were 60 and 45.7%, 2-year and 3-year LC were 76.5 and 72.9%, respectively (Figure 1). Regarding non-metastatic patients, 2-year and 3-year OS were 89.1 and 77.4%. EFS rates at 2 and 3 years were 60.2 and 48.5%, whereas LC rates at 2 and 3 years were 72.9 and 68.8%, respectively.




Figure 1 | Kaplan–Meier estimates of overall survival (A), event-free survival (B) and local control (C) rates for all patients of this study.



Within univariate analysis for the whole cohort (Supplementary 3), age older than 20 years displayed an impact on LC and EFS and metastatic disease impacted on OS (Figure 2). Furthermore, ECOG performance status of 0–1, tumor of 10 cm in size or lower and any resection of tumor showed borderline significance with regard to superior EFS. Nodal metastases tended to have impact on survival. Accordingly, those factors were analyzed also within multivariate analysis except for nodal metastasis due to very low number of patients on nodal positive arm (n = 2). Within the multivariate testing, age older than 20 years had a significant detrimental effect on LC (HR 8.77, p <0.01), EFS (HR 4.37, p <0.01) and OS (HR 4.8, p = 0.02), respectively. Furthermore, metastatic patients had significantly inferior OS (HR 3.72 p = 0.02) and worse performance ECOG status, scored 2–4, had significantly poorer EFS (HR 2.38, p = 0.04 (Table 2). However, we also analyzed correlation between local relapse and surgical status. Whereas, 11 of 41 (26.8%) patients who underwent only biopsy developed local relapse, six of forty patients who underwent any surgery (15%) also experienced local relapse. Anyway, no statistical significant difference was observed between both groups and even in patients who achieved R0-resection, two of twelve patients (16.7%) still experienced local relapse.




Figure 2 | Kaplan–Meier estimates of overall survival rates for all patients of this study according to metastatic status (A) and age (B).




Table 2 | Multivariate analysis of all patients.



Ewing’s sarcoma patients represented the largest subgroup in this cohort (n = 47 patients) and were analyzed separately. The results of both 2-year and 3-year LC were 80.2%. Whereas, 2- and 3-year EFS were 61.7 and 50.1%, OS rate at 2 and 3 years were 88.7 and 67.7%, respectively (Figure 3). Tumor larger than 10 cm showed negative impact on LC and EFS. While, patient older than 20 years showed poorer EFS rate and patient with nodal metastasis had impact on survival, radiotherapy at primary as initial treatment showed better EFS and OS than radiation after recurrence (Supplementary 4). Nodal metastasis was not included for the further multivariate analysis due to the same reason as mentioned before. As a result of multivariate analysis, only significant adverse effect on EFS was found for older age (>20 years of age) (HR 4.51, p <0.01), Tumor of more than 10 cm (HR 4.16, p = 0.02) and radiation for recurrence versus initial therapy (HR 7.59, p <0.01). However, none of the factors showed any significant effect on LC or OS (Supplementary 5).




Figure 3 | Kaplan–Meier estimates of overall survival (A), event-free survival (B) and local control (C) rates according to histology.



Concerning other histology, 2-year and 3-year LC rate were 73.2 and 61% in chordoma group. Whereas both 2-year and 3-year LC rate were 50% in chondrosarcoma patients, 83.3% LC rate in osteosarcoma patients and 100% LC rate in osteoblastoma patients were found in both 2 and 3 years (Figure 3).



Pattern of Failure

During follow-up, 32 patients experienced progressive disease. The most common cause of progression was distant failure in 15 patients (46.9%), followed by local failure in 13 patients (40.6%) and combined local and distant failure in 4 patients (12.5%), respectively.

Median time to local relapse was 14.7 months (6.2–34.9). Out of the 17 patients experiencing local relapse with or without distant metastasis, in 14 all required information for matching of relapse imaging data with RT plan was available. Eleven (64.7%) had progression or relapse in the high-dose region of PT. Two patients had local failure within the lower dose region and 1 patient had marginal failure of tumor. The later patient unfortunately experienced synchronous extensive metastatic failure, too.



Toxicity

During the course of PT, overall higher-grade acute toxicity was documented in 41 patients (Table 3). The most common acute higher-grade toxicity was hematologic toxicity, occurring in 34 patients out of 72 patients having blood counts on a regularly basis. In 15 patients, higher-grade gastrointestinal toxicity, and in 7 higher-grade skin toxicity occurred. Regarding hematologic toxicity, all concerned 34 patients with higher-grade toxicity received chemotherapy before or concurrent to proton treatment. The most common type of hematologic toxicity was leukopenia occurring as grade 3 or 4 in 33 patients. One patient presented with ileostomy before the beginning of the radiotherapy session, which was defined as non-radiotherapy-related grade 4 gastrointestinal toxicity. Three patients needed unplanned hospitalization for reasons other than receiving chemotherapy (due to febrile neutropenia, accident, and hematoma of left knee of unknown cause, respectively). Five patients had more than three days of treatment interruption, either due to toxicity or to machine issues.


Table 3 | Acute toxicity report for all patients.



After radiotherapy, data on late toxicity (Table 4) during follow-up was available for 67 patients (82.7%) so far. Higher-grade toxicities were found in seven out of 67 patients (10.4%). The most common toxicity was found regarding the musculoskeletal system for three patients (bone pain in 2, bone deformity in 1).


Table 4 | Late toxicity report for all patients.






Discussion

Due to the rarity of primary malignant bone tumors, data on RT are sparse, particularly with regard to modern RT technologies. This study was performed in retrospective manner to provide clinical data of 81 patients treated with modern PT, focusing on primary bone malignancy located in the pelvic and lumbar region. In general, RT for bone tumors is challenging due to the need for high doses at delicate sites. Principally, PT can provide some benefits due to the advantage of physical characteristics in order to spare normal tissue. However, clinical data for proton therapy treatment is still limited today.

When compared to other studies, our patient cohort seems to display unfavorable risk factors. All patients included in this analysis had tumors located in the pelvic and lumbar region, which is known to have worse prognosis when compared to those in the extremities (15–18). Furthermore, majority of our patients had large tumor size which also understood as a negative predicting factor (5, 15) and complete tumor resection was not considered feasible. Some patients also had nodal or distant metastatic disease at diagnosis which considered as high-risk in sarcoma patients. So, chemotherapy and relatively high doses of radiation for treatment were required in majority of patients in this cohort.

Still, the results of the survival analysis were satisfactory in this study. Overall, the results of our study were similar or even somewhat superior when compared to other studies despite the particularly unfavorable cohort we had investigated. Systematic review outcomes of primary pelvic bone sarcoma from 2018 showed 5-year LC of 81.7% and 5-year OS of 55% (19). In addition, Kerr, et al. (2019) studied the treatment outcomes of primary spinal bone malignant tumor and reported 5-year OS in different histological types of primary bone tumor. The best prognosis was observed in chordoma patients with 5-year OS of 70%, followed by chondrosarcoma with 5-year OS of 69% and Ewing’s sarcoma with 5-year OS of 62%. The most unfavorable outcome was reported for osteosarcoma, with only 38% survival rates at 5 years (5). When comparing our study with some surgical series, the results are still very much alike. Laitinen et al. reported 5-year LC and 5-year disease-specific survival (DSS) of 58 and 70.2%, respectively, and 10-year DSS of 62.9% (6). Another surgical series from 2016 reported on patients very high local control and survival at 5 years of 91.3 and 84.4%, respectively (20). However, this surgical series included only 23 patients with some of them having had only benign tumors. Tumor sizes were small and could be resected totally. While in 17 patients (73.9%) negative margins could be achieved, six had contaminated margins; adjuvant radiotherapy was given to seven patients in that study. Supposedly, this was the reason why this study reported favorable treatment outcomes.

Due to Ewing’s sarcoma patients being the largest subgroup in this study, we also analyzed outcomes for Ewing’s sarcoma treatment separately. Therefore, local control and survival results are comparable to former series reporting 5-year OS of 50.3–73% and 5-year LC of 72–88% (7, 21–23). Only one report from Japan, in which multimodality treatment combined with proton therapy was used, showed substantially higher survival rate at 3 years of 92% and a high local control rate of 89.7% (24). Among all 35 non-metastatic Ewing’s sarcoma patients in the Japanese study, five had initially unresectable tumor of more than 8 cm and therefore had to receive higher radiotherapy dose. Whereas one of them received 59.4 Gy, the other four patients received even 64.8 Gy. None of the patients received doses in excess of 59.4 Gy encountered local relapsed of the disease. In our present study, the median total dose for Ewing sarcomas was 59.4 Gy, but in the majority of our cases the tumor was unresectable and had maximal diameter of more than 8 cm tumor. In addition, it included metastatic patients. This could explain the slightly superior treatment results of the Japanese study.

Regarding the outcome of osteosarcomas, our study resulted in high local control and survival rates with LC of 83.3% and both EFS and OS of 66.7% similarly at 2 years and 3 years even though this study had only one patient who underwent gross total surgery. These results are superior when compared to previous reports of pelvic osteosarcoma treated with photons (10, 25). When looking at previous proton therapy studies, findings are comparable (26). However, the number of patients with osteosarcoma in our study was limited and the median follow-up time for osteosarcomas was still limited with 16.4 months (9.3–55.6 months).

We also analyzed the factors potentially influencing on oncological outcome. Older patients have poor prognosis in all oncological outcomes. This negative impact of higher age has already been described in other studies indicating that younger patients have better survival after treatment particularly in Ewing’s sarcoma comprising the largest group in our analysis (5, 9, 16, 23). However, there is no definite cut-off level of age and a variety of cut-off levels were used in different studies. In our analysis, we used an age of 20 (young adult) as cut-off. However, we have to acknowledge that in patients of 20 years and more had a higher proportion of pelvic tumor sites (27), while younger cut-off level showed no significant impact on survival in the whole cohort patients. Besides higher age, also metastatic disease showed negative impact on survival in our study. This negative impact on survival outcome was observed across all sarcomas (28–31). Interestingly, also poor performance status was associated with decreased EFS. However, surgery did not show significant better local control or survival in our cohort which might because of insufficient number of patients in subgroup analysis. Among Ewing’s sarcoma patients alone, patients who were older than 20 years and tumor larger than 10 cm had worse prognosis for EFS. In accordance with our findings, the negative impact of older age and tumor size on survival has been revealed in other historical studies already (15, 16, 31). However, 8 cm of size which was used in many previous studies and TNM staging did not display any significant impact in our study. Radiotherapy given to the primary tumor for the first course of treatment showed better EFS in Ewing’s sarcoma patients when compared to patients who had radiotherapy at time of recurrence or when irradiated for metastatic sites which considered as higher risk disease. Surprisingly, none of the factors impacting on EFS appeared to affect overall survival. However, observation time may be too short to display the effect of the EFS on overall survival.

This study reported on 32 patients having relapsed. The most common pattern was isolated distant failure. However, local failure concerned more than half of all patients with or without dissemination. These results reflect the need for effective local therapy despite the high risk for dissemination for the majority of bone tumors. When highlighting the results of local PT, pattern of relapse with regard to high dose volume seems of particular importance. Our data suggest that the predominant site of failure was inside the high-dose region of PT. Only one patient experienced marginal failure but having synchronous widespread metastasis. Therefore, it is difficult to distinguish local marginal relapse from metastatic disease in this patient. This might be explained by the well-known radio-resistance of primary bone malignant tumors. It may be required to explore even higher dose or hypofractionation in the future to overcome of this radio-resistant nature. Presently, several studies are going to address dose escalation particularly in Ewing tumors with bulky residual disease (32).

Regarding toxicity profile, acute grades 3-4 toxicity were reported in 41 patients. The most common toxicity was hematological toxicity, which is not surprising as 69% of patients in this cohort received chemotherapy. All acute toxicity was manageable. Only three patients needed short-term hospitalization apart from receiving chemotherapy and only 2 patients had more than 3 days of PT interruption due to any toxicity-related. Furthermore, late toxicity of any higher grade was observed in only seven patients but not exceeding grade 3. Even though some data were missing, we still gathered about 82.7% of toxicity reports displaying a low rate of late toxicity so far. Two patients had undefined pain and bone pain, respectively. One patient treated osteosarcoma with total resection and adjuvant PT at age of 17 developed bone deformity, one patient had neuromotor problems, one patient had urinary incontinence and the last two patients had chronic diarrhea and fecal incontinence, respectively. Despite, one-third of patients received high dose radiotherapy of almost 70 Gy, low rate of late toxicity can be observed. This finding supports the idea of dose escalation of PT in this region can be well-tolerated.

It has to be acknowledged, that this analysis is limited due to its retrospective nature even if data collection within the registry was performed prospectively. Furthermore, selection bias cannot be excluded as the trial was not generated in a randomized fashion against other local therapies. Patients’ characteristics were also somewhat heterogeneous and difficult to compare because of the unbalanced nature of the data. In addition, some follow-up data were missing and could not be obtained. For surgical status, the recorded data did not distinguish between R0 or R1 status in some of patients who underwent gross total resection. Another limitation is the relatively small number of patients in our study particularly making statistical analyses difficult. We also have to acknowledge the limited follow-up periods. The median follow-up of this study was 27.5 months, and further investigation after longer follow-up will have to be done. Overall, longer follow-up and a greater number of patients is desirable to provide better evidence in the future.



Conclusion

Multimodality treatment of pelvic and lumbar primary bone malignancy combined with proton therapy provided high local control and overall survival rates in a high-risk population despite limited extent of surgery for most of the patients. Isolated distant metastasis was the major cause of failure. However, local recurrence was occurring in more than half of the patients, predominantly situated within the high-dose radiotherapy region suggesting to further exploring dose escalation concepts for subcohorts of high-risk patients. Proton therapy was well feasible on a short term even when combined with chemotherapy and applied to typically large volumes. Therefore, not surprising, hematological toxicity was the most common acute toxicity followed by gastrointestinal toxicity. However, late toxicity has to be considered when applying locally intensive therapy. In our study, late complications were reported in less than 10% of our patients but after limited follow-up time and concerned predominantly musculoskeletal issues.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethik-Kommission der Medizinischen Fakultät der Universität Duisburg-Essen. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

RW, TS, and BT contributed to conception and design of the study. RW, TS organized the database. RW performed the statistical analysis. RW wrote the first draft of the manuscript. RW, TS and BT edited the final manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.805051/full#supplementary-material



References

1. Stiller, CA, Trama, A, Serraino, D, Rossi, S, Navarro, C, Chirlaque, MD, et al. Descriptive Epidemiology of Sarcomas in Europe: Report From the RARECARE Project. Eur J Cancer (Oxford England: 1990) (2013) 49(3):684–95. doi: 10.1016/j.ejca.2012.09.011

2. Howlader, N, Noone, AM, Krapcho, M, Miller, D, Brest, A, Yu, M, et al. SEER Cancer Statistics Review, 1975-2018. Bethesda, MD: National Cancer Institute (2021). Available at: https://seer.cancer.gov/csr/1975_2018.

3. Mukherjee, D, Chaichana, KL, Parker, SL, Gokaslan, ZL, and McGirt, MJ. Association of Surgical Resection and Survival in Patients With Malignant Primary Osseous Spinal Neoplasms From the Surveillance, Epidemiology, and End Results (SEER) Database. Eur Spine J (2013) 22(6):1375–82. doi: 10.1007/s00586-012-2621-4

4. Han, I, Lee, YM, Cho, HS, Oh, JH, Lee, SH, and Kim, HS. Outcome After Surgical Treatment of Pelvic Sarcomas. Clinics Orthop Surg (2010) 2(3):160–6. doi: 10.4055/cios.2010.2.3.160

5. Kerr, DL, Dial, BL, Lazarides, AL, Catanzano, AA, Lane, WO, Blazer, DG 3rd, et al. Epidemiologic and Survival Trends in Adult Primary Bone Tumors of the Spine. Spine J (2019) 19(12):1941–9. doi: 10.1016/j.spinee.2019.07.003

6. Laitinen, MK, Parry, MC, Albergo, JI, Umathi, VS, Jeys, LM, and Grimer, RJ. Resection of the Ilium in Patients With a Sarcoma: Should the Pelvic Ring be Reconstructed? Bone Joint J (2017) 99-b(4):538–43. doi: 10.1302/0301-620x.99b4.Bjj-2016-0147.R1

7. Andreou, D, Ranft, A, Gosheger, G, Timmermann, B, Ladenstein, R, Hartmann, W, et al. Which Factors Are Associated With Local Control and Survival of Patients With Localized Pelvic Ewing’s Sarcoma? A Retrospective Analysis of Data From the Euro-EWING99 Trial. Clin Orthop Related Res (2020) 478(2):290–302. doi: 10.1097/corr.0000000000000962

8. De Amorim Bernstein, K, and DeLaney, T. Chordomas and Chondrosarcomas-The Role of Radiation Therapy. J Surg Oncol (2016) 114(5):564–9. doi: 10.1002/jso.24368

9. Jian, BJ, Bloch, OG, Yang, I, Han, SJ, Aranda, D, Tihan, T, et al. Adjuvant Radiation Therapy and Chondroid Chordoma Subtype are Associated With A Lower Tumor Recurrence Rate of Cranial Chordoma. J Neuro-Oncol (2010) 98(1):101–8. doi: 10.1007/s11060-009-0068-1

10. DeLaney, TF, Park, L, Goldberg, SI, Hug, EB, Liebsch, NJ, Munzenrider, JE, et al. Radiotherapy for Local Control of Osteosarcoma. Int J Radiat Oncol Biol Phys (2005) 61(2):492–8. doi: 10.1016/j.ijrobp.2004.05.051

11. Wilson, RR. Radiological Use of Fast Protons. Radiology (1946) 47(5):487–91. doi: 10.1148/47.5.487

12. Cotter, SE, Herrup, DA, Friedmann, A, Macdonald, SM, Pieretti, RV, Robinson, G, et al. Proton Radiotherapy for Pediatric Bladder/Prostate Rhabdomyosarcoma: Clinical Outcomes and Dosimetry Compared to Intensity-Modulated Radiation Therapy. Int J Radiat Oncol Biol Phys (2011) 81(5):1367–73. doi: 10.1016/j.ijrobp.2010.07.1989

13. Weber, DC, Rutz, HP, Pedroni, ES, Bolsi, A, Timmermann, B, Verwey, J, et al. Results of Spot-Scanning Proton Radiation Therapy for Chordoma and Chondrosarcoma of the Skull Base: The Paul Scherrer Institut Experience. Int J Radiat Oncol Biol Phys (2005) 63(2):401–9. doi: 10.1016/j.ijrobp.2005.02.023

14. Dawson, LA, Anzai, Y, Marsh, L, Martel, MK, Paulino, A, Ship, JA, et al. Patterns of Local-Regional Recurrence Following Parotid-Sparing Conformal and Segmental Intensity-Modulated Radiotherapy for Head and Neck Cancer. Int J Radiat Oncol Biol Phys (2000) 46(5):1117–26. doi: 10.1016/s0360-3016(99)00550-7

15. Bosma, SE, Ayu, O, Fiocco, M, Gelderblom, H, and Dijkstra, PDS. Prognostic Factors for Survival in Ewing Sarcoma: A Systematic Review. Surg Oncol (2018) 27(4):603–10. doi: 10.1016/j.suronc.2018.07.016

16. Cotterill, SJ, Ahrens, S, Paulussen, M, Jürgens, HF, Voûte, PA, Gadner, H, et al. Prognostic Factors in Ewing’s Tumor of Bone: Analysis of 975 Patients From the European Intergroup Cooperative Ewing’s Sarcoma Study Group. J Clin Oncol (2000) 18(17):3108–14. doi: 10.1200/jco.2000.18.17.3108

17. Donaldson, SS, Torrey, M, Link, MP, Glicksman, A, Gilula, L, Laurie, F, et al. A Multidisciplinary Study Investigating Radiotherapy in Ewing’s Sarcoma: End Results of POG 8346. Pediatric Oncology Group. Int J Radiat Oncol Biol Phys (1998) 42(1):125–35. doi: 10.1016/s0360-3016(98)00191-6

18. Bielack, SS, Kempf-Bielack, B, Delling, G, Exner, GU, Flege, S, Helmke, K, et al. Prognostic Factors in High-Grade Osteosarcoma of the Extremities or Trunk: An Analysis of 1,702 Patients Treated on Neoadjuvant Cooperative Osteosarcoma Study Group Protocols. J Clin Oncol (2002) 20(3):776–90. doi: 10.1200/jco.2002.20.3.776

19. Wilson, RJ, Freeman, TH Jr., Halpern, JL, Schwartz, HS, and Holt, GE. Surgical Outcomes After Limb-Sparing Resection and Reconstruction for Pelvic Sarcoma: A Systematic Review. JBJS Rev (2018) 6(4):e10. doi: 10.2106/jbjs.Rvw.17.00072

20. Sciubba, DM, de la Garza Ramos, R, Goodwin, CR, Xu, R, Bydon, A, Witham, TF, et al. Total En Bloc Spondylectomy for Locally Aggressive and Primary Malignant Tumors of the Lumbar Spine. Eur Spine J (2016) 25(12):4080–7. doi: 10.1007/s00586-016-4641-y

21. Yock, TI, Krailo, M, Fryer, CJ, Donaldson, SS, Miser, JS, Chen, Z, et al. Local Control in Pelvic Ewing Sarcoma: Analysis From INT-0091–A Report From the Children’s Oncology Group. J Clin Oncol (2006) 24(24):3838–43. doi: 10.1200/jco.2006.05.9188

22. Ahmed, SK, Robinson, SI, Arndt, CAS, Petersen, IA, Haddock, MG, Rose, PS, et al. Pelvis Ewing Sarcoma: Local Control and Survival in the Modern Era. Pediatr Blood Cancer (2017) 64(9). doi: 10.1002/pbc.26504

23. Chen, L, Long, C, Liu, J, Xing, F, and Duan, X. Characteristics and Prognosis of Pelvic Ewing Sarcoma: A SEER Population-Based Study. PeerJ (2019) 7:e7710. doi: 10.7717/peerj.7710

24. Uezono, H, Indelicato, DJ, Rotondo, RL, Mailhot Vega, RB, Bradfield, SM, Morris, CG, et al. Treatment Outcomes After Proton Therapy for Ewing Sarcoma of the Pelvis. Int J Radiat Oncol Biol Phys (2020) 107(5):974–81. doi: 10.1016/j.ijrobp.2020.04.043

25. Parry, MC, Laitinen, M, Albergo, J, Jeys, L, Carter, S, Gaston, CL, et al. Osteosarcoma of the Pelvis. Bone Joint J (2016) 98-b(4):555–63. doi: 10.1302/0301-620x.98b4.36583

26. Ciernik, IF, Niemierko, A, Harmon, DC, Kobayashi, W, Chen, YL, Yock, TI, et al. Proton-Based Radiotherapy for Unresectable or Incompletely Resected Osteosarcoma. Cancer (2011) 117(19):4522–30. doi: 10.1002/cncr.26037

27. Worch, J, Ranft, A, DuBois, SG, Paulussen, M, Juergens, H, and Dirksen, U. Age Dependency of Primary Tumor Sites and Metastases in Patients With Ewing Sarcoma. Pediatr Blood Cancer (2018) 65(9):e27251. doi: 10.1002/pbc.27251

28. Ferguson, JL, and Turner, SP. Bone Cancer: Diagnosis and Treatment Principles. Am Family Phys (2018) 98(4):205–13.

29. Strotman, PK, Reif, TJ, Kliethermes, SA, Sandhu, JK, and Nystrom, LM. Dedifferentiated Chondrosarcoma: A Survival Analysis of 159 Cases From the SEER Database (2001-2011). J Surg Oncol (2017) 116(2):252–7. doi: 10.1002/jso.24650

30. Sawamura, C, Springfield, DS, Marcus, KJ, Perez-Atayde, AR, and Gebhardt, MC. Factors Predicting Local Recurrence, Metastasis, and Survival in Pediatric Soft Tissue Sarcoma in Extremities. Clin Orthopaedics Related Res (2010) 468(11):3019–27. doi: 10.1007/s11999-010-1398-1

31. Shi, J, Yang, J, Ma, X, and Wang, X. Risk Factors for Metastasis and Poor Prognosis of Ewing Sarcoma: A Population Based Study. J Orthopaedic Surg Res (2020) 15(1):88. doi: 10.1186/s13018-020-01607-8

32. Laskar, S, Sinha, S, Chatterjee, A, Khanna, NR, Puri, A, Gulia, A, et al. Radiotherapy Dose Escalation in Unresectable Ewing’s Sarcoma/PNET: Final Results of a Phase III Randomized Controlled Trial. Int J Radiat Oncol Biol Phys (2019) 105(1, Supplement):S62. doi: 10.1016/j.ijrobp.2019.06.504




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


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

Copyright © 2022 Worawongsakul, Steinmeier, Lin, Bauer, Hardes, Hecker-Nolting, Dirksen and Timmermann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-805051-g003.jpg
Overall Survival

Local Control

0.6

0.2+

Histology
Ewing's
Sarcoma/PNET
hordoma
2 ".Chondrosarcoma
~10steosarcoma
2 10steoblastoma

T T T
3 4

Time (years)

~

Histology

Ewing's
 Sarcoma/PNET
ordoma
*Chondrosarcoma
|~10steosarcoma
|+ 'Osteoblastoma

T T
3 4

Time (years)

o

<

Event-Free Survival

Histology

Ewing's
Sarcoma/PNET
Chordoma

2 “.Chondrosarcoma
|r10steosarcoma
|- 10steoblastoma

Time (years)

o





OEBPS/Images/fonc.2022.805051_cover.jpg
’ frontiers
in Oncology

Proton Therapy for Primary Bone
Malignancy of the Pelvic and Lumbar
Region — Data From the Prospective

Registries ProReg and KiProReg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Proton Therapy for Primary Bone Malignancy of the Pelvic and Lumbar Region – Data From the Prospective Registries ProReg and KiProReg

      

        		

          Purpose/Objective(s)

        



        		

          Methods and Materials

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patient Selection

          



          		

            General Treatment Approach

          



          		

            Radiotherapy Concept

          



          		

            Staging and Follow-up

          



          		

            Pattern of Failure Evaluation

          



          		

            Toxicity Evaluation

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Survival

          



          		

            Pattern of Failure

          



          		

            Toxicity

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-805051-g002.jpg
5
2
2 0.6
3
§
8 o+
0.24
p=004
00 T T - - 5 "
0 1 2 3 4 5 7
Time (years)
No.at Risk
M- 66 54 40 2 15 9 0
M+ 5 14 8 3 3 0 0

M stage

s
2
2 0.6
3
3
8 %4
0.2+
L S S A
o 3 4
Time (years)
No.at Risk
0-20 2 33 23 14 1
>20 3 3 23 1 6

p=0.10

6 1
3 2

—r0-20
>20






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Factors Local control EFS os
HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

Age 8.77 (1.99-38.66) <0.01 4.37 (1.95-9.8) <0.01 4.8 (1.31-17.6) 0.02
<20 vs >20

Performance status 2.16 (0.7-6.72) 0.18 2.38 (1.06-5.34) 0.04 2.26 (0.68-7.55) 0.19
0-1vs2-4

Tumor size 1.18 (0.37-3.78) 0.78 1.54 (0.67-3.53) 0.31 1.91 (0.565-6.59) 0.31
<10vs >10 cm

M staging 0.35 (0.04-2.93) 0.33 1.4 (0.53-3.69) 0.5 3.72 (1.21-11.44) 0.02
MO vs M1

Surgery 0.82(0.28-2.4) 071 0.65 (0.31-1.37) 0.25 0.88 (0.28-2.8) 0.83

No resection vs any resection
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System N (%) Grading of toxicity (N)

Grade Grade Grade Grade Grade

0 1 2 3 4
General 65 (80.2) 31 16 16 2. 0
Skin 64 (79) 26 25 13 0 0
Gl 65 (80.2) 50 9 4 2 0
GU 62 (76.5) 45 10 6 1 0
Musculoskeletal 66 (81.5) 44 10 9 3 0
Psychology 47 (58) 38 5 4 0 0
Neuro 48 (69.3) M 5 2 1 0
Hematology 0 0 0 0 0 0
Overall 67 (82.7) 12 19 29 7 0

Gl, gastro-intestinal;
GU, Genito-urinary.
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System N Grading of toxicity (N)

Grade 0 Grade1 Grade2 Grade3 Grade4

General 81 15 40 24 2 0
Skin 81 2 22 50 7 0
Gl 81 41 23 12 4 1
GU 79 52 14 " 2 0
Musculoskeletal 81 60 17 2 2 0
Psychology 31 27 4 0 0 0
Neuro 31 18 10 3 0 0
Hematology 72 14 1 13 18 16
Overall 81 0 8 32 24 17

Gl, gastro-intestinal: GU, Genito-urinary.
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Mean age at diagnosis (years)
Median age at diagnosis (years)
(range)
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Female
Male
ECOG performance status
0-1
2
3
4
Unknown
Location of tumor
Pelvis and sacrum
Lumbar
Histology
Ewing’s sarcoma
Chordoma
Chondrosarcoma
Osteosarcoma
Osteoblastoma
Tumor size (median in cm)
(range)
N staging
NO
N+
M staging
MO
M+, Lung only
M+, Non-Lung
Combined
Surgery
Biopsy only
RO resection
R1 Resection
R2 Resection
Rx resection
Chemotherapy
No
Any chemotherapy
Any concurrent
Any before PT
Any after PT
PT Timing
First RT course
Re-irradiation
Location of PT
Primary tumor
Recurrence tumor
Primary and metastatic sites
Indication of PT
Definite
Adjuvant
Pre-operative
Median radiation dose
(range)
Definite
Adjuvant
Pre-operative
Technique of PT
Sequential
SIB
Median interval (range):
From surgery to PT
From PT to Surgery

81 (100)
305
19.7

(1.3-85.8)

42 (51.9)

39 (48.1)

29 (35.8)
52 (64.2)

58 (71.6)
9(11.1)

11 (13.6)
1(12)

2(2.5)

68 (84)
13 (16)

47 (58)
20 (24.7)
6(7.4)
6(7.4)
2(25)
8.00
(1.4-20)

79 (97.5)
2(2.5)

66 (81.5)
7(86)
2(2.5)
6(7.4)

41 (50.6)
12 (14.8)
3(3.7)
19 (23.5)
6(7.4)

25 (30.9)
56 (69.1)
43 (53.1)
55 (67.9)
45 (55.6)

79 (97.5)
2(25)

70 (86.4)
7(86)
4(5)

57 (70.4)
18 (22.2)
6(7.4)
59.4
(45-74)
59.4 (50.4-74)
565 (45-74)
50.4 (45-54)

66 (81.5)
15 (18.5)

147.5 (34-519)
69.5 (20-153)

PT, Proton therapy; SIB, Simultaneous integrated boost.





