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Objective

This study aims to investigate the influence of intrafraction DNA damage repair on biologically effective dose (BED) in Ir-192 high-dose-rate (HDR) brachytherapy (BT) for cervical cancer. Specifically, we examine BED variations resulting from source decay at various treatment time points across different tumor cell lines and normal tissues.





Methods

Instead of the simplified BED formula, which does not account for intrafraction and interfraction repair or tumor repopulation, we applied the generalized BED (BEDg) formula. BED values for various subtypes of cervical cancer tissues and Organs at Risk (OARs) were calculated using both BED formulas across a full source exchange cycle.





Results

The results demonstrate that BEDg values are significantly lower and decrease more markedly and extended treatment time compared to BED values. For tumors with α/β = 10, the maximum BED deviation (ΔBED = BED − BEDg) reached 3.05% ± 0.47% at D90% of the High-Risk Clinical Tumor Volume (HRCTV) in BT. For specific cervical cancer subtypes, the three largest ΔBED (%) values at D90% of HRCTV were 14.06 ± 1.67 (stages I–II, α/β = 10), 9.92 ± 1.19 (HX156c, α/β = 16.46), and 7.57 ± 1.05 (HX155c, α/β = 11.40). Similar trends were observed in OARs. As the source decays, the maximum ΔBED (%) at D0.1cc was 13.37 ± 2.27 (bladder), 11.92 ± 2.10 (rectum), 12.45 ± 2.27 (sigmoid), and 11.91 ± 2.62 (small intestine), assuming α/β = 3.





Conclusions

These findings confirm that source decay significantly impacts BED in cervical cancer treatment, affecting both tumor tissues with varying radiosensitivities and normal tissues. The simplified BED formula tends to overestimate the actual dose, especially at a source activity of 2 Ci, highlighting the necessity of using the full BEDg model for accurate dosimetric evaluation in HDR brachytherapy.
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1 Introduction

Cervical cancer is a highly prevalent form of malignancy among women worldwide, particularly in developing countries (1, 2). Brachytherapy (BT) is an indispensable component of the treatment paradigm for cervical cancer because it enables comprehensive tumor coverage while concurrently minimizing radiation exposure to adjacent healthy tissues (3). When integrated with external beam radiation therapy (EBRT) and platinum-based chemotherapy, brachytherapy serves as the cornerstone of treatment for locally advanced cervical cancer and significantly augments the overall survival rates of affected patients (4–6). Currently, high-dose rate (HDR) brachytherapy has gained widespread adoption in numerous hospitals. It employs a single approximate point source to mimic a line source for targeted volume irradiation, a technique tailored to optimize tumor-specific radiation delivery. In cervical cancer BT, dosage delivery schemes are meticulously designed based on their association with radiotoxicity to critical organs such as the vaginal surface, bladder, small intestine, and rectum (7). Typically, in an HDR BT treatment plan, a prescription dose of 5.5 Gy–7 Gy is administered twice a week to the high-risk clinical tumor volume (HRCTV), ensuring that 90% of the volume (D90%) of the HRCTV receives the prescribed dose accurately. A total of three to five fractions are delivered either in conjunction with or without concurrent chemotherapy (8, 9).

Dimopoulos et al. (10) conducted an in-depth analysis of the correlation between the dose-volume histogram (DVH) and local tumor control. Their findings revealed that a D90% > 85 Gy for HRCTV was associated with remarkable local control in the absence of chemotherapy. The dose accumulation of BT and EBRT was converted into the equivalent dose in 2 Gy (EQD2) using the linear-quadratic (LQ) model with an α/β value that is uniquely determined by the tumor type, as illustrated by Madan et al. (11). The radioactive isotope Ir-192 is commonly used as a radiation source in brachytherapy (12, 13). The radiation dose for HDR BT is typically computed using the formalism detailed in the updated American Association of Physicists in Medicine (AAPM) Task Group No. 43 report, which provides the essential parameters for accurate dose distribution calculation (14). Given the inherent variations in source activity during a source-exchange cycle, the decay of the source must be meticulously considered when accounting for differences in treatment time. In a three-dimensional (3D) BT treatment planning system (TPS), this difference can be automatically calculated because of the exponential decay of source strength over time (13, 15). Otani et al. (13) and Demanes and Ghilezan (16) revealed that treatment times vary substantially depending on the source activity during the source-exchange cycle, with delivery times often exceeding 30 min for single-fraction regimens. When DNA damage repair mechanisms are factored into, these protracted dose-delivery times have a profound impact on the biologically effective dose (BED), which is calculated using the LQ model, as corroborated by multiple studies (17, 18). For instance, in prostate cancer, when the extended time exceeds the half-life for DNA damage repair in prostate cancer cells, the biological effectiveness of the delivered dose can be significantly attenuated (19). In fact, the current equivalence metrics used in clinical practice to compare different dose-delivery schemes for cervical cancer were analyzed and developed based on a simplified BED equation that failed to incorporate the effects of intrafraction DNA damage repair and cell repopulation (16).

It is well established that cells exhibit diverse DNA damage-repair times. Investigating the biological effects of various tumor cell subtypes at the clinical level is of utmost importance in cervical cancer radiotherapy (20, 21). In recent years, researchers have focused on the radiobiological effects of various cervical cancer cell lines. The BED characteristics of numerous cell lines were determined by in vitro studies of the irradiated isolated cells. These studies revealed that different cell lines display varying sensitivities to radiation, leading to distinct α/β values. For instance, Chow et al. (20) discovered that in cervical cancer cell lines such as CaSki, C33A, SiHa, and SW756, the measured α/β ratios were consistently lower (5.2 Gy, 5.6 Gy, 6.3 Gy, and 5.3 Gy, respectively) than the conventionally accepted values in clinical practice (α/β = 10 Gy,  ), while the   values were higher (3.3 h, 2.7 h, 2.8 h, and 4.8 h). However, in routine clinical practice, the implications of different BEDs resulting from the variable radiation sensitivities of cell lines have not been adequately considered.

Consequently, the objective of this study was to utilize the full-form of BED, which incorporates DNA damage repair and cell repopulation factors, to comprehensively evaluate the extent of BED variation caused by source decay in cervical cancer patients with diverse cell lines. Additionally, we aimed to establish the clinical significance of this effect in the context of cervical cancer treatment using BT.




2 Materials and methods



2.1 Case selection

A retrospective analysis was performed on patients with cervical carcinoma (FIGO stages III–IV) who were treated at Shenzhen Cancer Hospital between January 2019 and February 2020 and had not undergone prior surgery. A total of 24 patients received EBRT with 45 Gy in 25 fractions, encompassing the entire primary tumor and associated lymphatic drainage area. For these patients, brachytherapy (BT) with a classical dosimetric model was selected as the treatment approach. The treatment regimen involved administration of 5 Gy–9 Gy per fraction twice a week for 2 weeks. The initiation of BT was determined based on the clinical response evaluated by the radiation oncologist, either starting in the third week of EBRT or after the completion of EBRT, as suggested by Gill et al. (22) and Weitmann et al. (23). Chemotherapy was not administered on the same day as BT to avoid potential toxicity concerns, as advised by Gill et al. (22).

During BT, a set of applicators (Varian, Manchester System) was carefully placed in the patients’ bodies under anesthesia. After treatment, the applicators were removed. Intracavitary HDR Iridium-192 BT was carried out using oval-shaped and tandem applicators in conjunction with the BT dose-delivery device. Radiation oncologists utilized computed tomography (CT) images to verify the accurate positioning of the applicators and delineate the high-risk clinical tumor volume (HRCTV) and organs at risk (OARs). Magnetic resonance imaging (MRI) was also employed to precisely determine the boundaries of the HRCTV.




2.2 Planning design and optimization

Applicator reconstruction and treatment planning design were conducted on the CT images using the Eclipse™ Brachytherapy Planning System (Varian Medical Systems, Palo Alto, CA, USA, version 13.6). Standard treatment plans were formulated based on reference Point A defined according to the anatomical structures in CT images, as described by Rivard et al. (14, 24), along with standard source-loading patterns, dwell positions, and weights. The HRCTV and OARs, including the rectum, bladder, sigmoid, and small intestine, were contoured and incorporated into the optimization process. The optimization process entailed meticulously adjusting the source positions and dwell times manually, as well as manipulating isodose lines, to ensure that the dose-volume histograms (DVHs) of both the HRCTV and OARs met the prescription constraints. In addition, meticulous attention was paid to dose distribution to prevent the introduction of excessive heterogeneity. During routine clinical treatment, dose calculations and reports were based on the total biologically equivalent dose in 2 Gy/fraction (EQD2), encompassing both EBRT and BT. The LQ model for radiation damage repair was utilized with α/β ratios of 10 Gy for tumors and 3 Gy for OARs (25). The goal of combining EBRT and BT is to deliver a minimum total dose of 84 Gy to at least 90% of the HRCTV volume. A dose constraint of 90 Gy (D2cc) was applied to the bladder, whereas constraints of 75 Gy (D2cc) were imposed on the rectum, sigmoid colon, and small intestine. The clinical prescription dose was 7 Gy–8 Gy × 4 fractions for D90% of the HRCTV, and the dose limits are presented in Table 1.


Table 1 | Total dose limits of BT and EBRT in terms of EQD2.






2.3 The linear quadratic model

In the conventional calculation of the biologically effective dose (BED, in Gy) for brachytherapy, when ignoring DNA damage repair and cellular repopulation, the simplified BED model for a total dose D (in Gy) delivered in n fractions with a dose per fraction d (in Gy) is given by Rivard et al. (14) and Weitmann et al. (23):

 

To investigate the influence of intrafraction DNA damage repair and cellular repopulation on HDR brachytherapy regimens, a full linear-quadratic (LQ) cell survival model or the derived concept of full-form BED (BEDg) was employed in this study. BEDg (in Gy) was provided by Curtis (26) and Fowler et al. (18):

 

where parameters D, d, α, and β are the same as those in Equation 1. Parameter g is the time-protraction factor that accounts for the effect of DNA damage repair during the delivery of a single fraction (in the simple BED, g = 1). Td is the effective tumor doubling time, which represents cellular repopulation (in the simple BED, Td = ∞). T is the total elapsed time of the treatment course, and Tk is the onset or lag time of the cell repopulation. If T <Tk, then the second term in Equation 2 is equal to 0.

The dose protraction factor g in Equation 2 was used to describe the effect of intrafraction on DNA damage repair. Given the 73.81 day half-life of Ir-192, the dose rate during delivery of one treatment fraction smaller than 1 h, can be considered nearly constant. Under this condition and assuming mono-exponential repair kinetics, the dose-protraction factor g is given by Curtis (26) and Fowler et al. (18):

 

where t denotes the duration of dose delivery for a given dose fraction, the DNA repair rate  , and   is the DNA damage repair halftime. Overall, the magnitude of g depends on the repair rate and the duration of dose delivery. The value of g ranges from a minimum of 0 (instant repair, i.e.,  ) to a maximum of 1 (no repair, i.e.,  ).

The cellular repopulation process is particularly crucial during extended treatment courses, such as those lasting one or two months. This can lead to a reduction in the effective dose delivered to the tumor, as captured by the second term in Equation 2. Four key factors have a positive impact on cellular repopulation during radiotherapy: an extended overall treatment course T, faster onset of proliferation (smaller Tk), reduced radiosensitivity (smaller α), and faster tumor cell proliferation (shorter Td). The treatment course for BT in this study consisted of twice-weekly sessions with a total of 4 fractions, resulting in a treatment duration of approximately 14 days. Usually, Tk = 17–31 is applied, according to the literature (27, 28). Consequently, the second term in Equation 2 equals to 0 in this study.

The treatment times of the first fraction (t0) for each case in the were obtained from the treatment planning system (TPS). This time represents the nominal time, assuming a source activity of A0 = 10 Ci. The treatment time t for different activity A can be calculated according to the equation At = A0t0 (as shown in Figure 1). In this study, we assumed a time interval between fractions of 3.5 days. For the treatment times of the remaining three fractions, we first calculated the decay activity at the corresponding time of each fraction according to the decay function of Ir-192 and then determined the treatment time using the equation At = A0t0.




Figure 1 | The duration of BT treatment for the four fractions as functions of the source activity at the 1st fraction for 24 cervical patients.






2.4 Radiobiological parameters chosen

In accordance with the AAPM and ICRU report, α/β = 3 Gy and T1/2 = 0.5 were recommended for OARs, while α/β = 10 Gy and   h were recommended for tumors (14, 29); ICR (30). Additionally, based on clinical trials for stage I and II cervix carcinoma, parameters with α/β = 52.63 Gy and 10 Gy, with   and 0.25 h were reported, respectively (31). Regarding cervical cancer cell lines, Kelland and Steel (21) and Chow et al. (20) discovered that the nine cell lines they studied had unique α/β and   values. The parameters are listed in Table 2.


Table 2 | Model parameters of OARs and different cell lines of cervical cancer taken from literature.



In this study, we utilized the full-form BED formula to calculate BEDg values under different fractionation schemes, considering the physical doses at various source activities. This involved considering the transition from a new source of 10 Ci to an old source of 2 Ci during a source exchange cycle. The BED values of the HRCTV and OARs were calculated for each patient using both simplified and full-form BED formulas. In addition, based on the corresponding α/β values for different cell lines, we calculated the BEDg values of the HRCTV for each case in all cell lines. These values were recorded and subjected to statistical analysis. Additionally, the potential clinical implications of these findings are discussed.




2.5 Statistical analysis

Statistical analyses were conducted, and figures were created using SPSS25.0 software (IBM), Origin software (NY, USA), and Microsoft Office 2022. The χ2 test and Student’s t-test were used to assess the compositional ratio differences between the two groups. Statistical significance was set at p <0.05.





3 Results



3.1 Statistics of physical metrics

The physical metrics of 24 cervical cancer patients were comprehensively analyzed. Specifically, the volumes of HRCTV, treatment times, and physical dose of HRCTV and Organs at Risk (OARs) in the first fraction were accurately recorded, as displayed in Figure 2). The volume of HRCTV, as depicted in Figure 2a ranged from 9.5 cc to 58 cc, with a median value of 21.8 cc. The average treatment time was 5.5, spanning from 3.5 min to 7.3 min. Figures 2c–g display the dosimetric parameters for the target volume, bladder, rectum, sigmoid, and intestine. Dosimetric metrics, including D90% and D100% HRCTV, as well as D0.1cc, D2cc, and D5cc for OARs, were precisely obtained. Notably, all of these physical indicators met the strict dose limits listed in Table 1, indicating the feasibility and reliability of the treatment plans in this study. This set of data not only provides a baseline for understanding the physical characteristics of the patients in this study but also serves as a crucial reference for subsequent analysis of the impact of source decay on the biologically effective dose.




Figure 2 | Statistics of physical metrics of the 1st fraction of 24 cervical cancer patients. (a) Target volume and (b) treatment duration. (c–g) Dosimetric parameters for the target volume, bladder, rectum, sigmoid, and intestine.






3.2 Influence of intrafraction DNA damage repair

The influence of intrafraction DNA damage repair is a key aspect explored in this study, and it is closely related to the repair halftime and dose delivery time (as described by Equation 3). The treatment time increased in accordance with an inverse proportional function as the radioactivity of the source decreased (as shown in Figure 1). Correspondingly, the dose protraction factor g continuously decreases.

Typically, when the radioactivity of the radiation source is less than 2 Ci, it is replaced by a new one. This implies that, when delivering the same physical dose, the treatment time at the end of the source’s lifespan is five times longer than that at the beginning of a new source. In extreme cases, compared with a new 10-Ci source, the dose protraction factor g for single doses was reduced to 0.818 (α/β = 3 Gy) and 0.933 (α/β = 10 Gy). Considering all cell lines, the value of g ranged from 0.923 to 0.693 (α/β = 16.46 Gy,  ) within the source-exchange cycle, as presented in Table 3. These results are of great significance, as they quantitatively illustrate the impact of source decay on the intrafraction DNA damage repair process, which has important implications for accurately calculating the biologically effective dose in cervical cancer radiotherapy.


Table 3 | The average g factors of the 1st fraction for OARs and tumors with different source activity.






3.3 The dependence of BED and BEDg on different fraction dose and source activity

Figures 3, 4 show novel and important findings regarding the changes in BED and BEDg in relation to the physical dose under different source activities. In the conventional recommendation, with α/β = 10 Gy and   h for the tumor and α/β = 3 Gy and   h for normal tissues (Figure 3), a significant trend was observed: the ΔBED values increased as the single physical dose increased. When the source activity decayed from 10 Ci to 2 Ci, the ΔBED reached approximately 1.9% and 7.4% for α/β = 10 Gy and α/β = 3 Gy, respectively, when the single physical dose reached 7 Gy–8 Gy. This finding highlights the importance of considering the source decay and fraction dose simultaneously in radiotherapy planning.




Figure 3 | The potential impact of intrafraction repair and variation of source strength is demonstrated by performing full-form BED formula calculations (colored lines) and comparing them with simplified BED formula calculations (dash-dotted lines). This was carried out for a one-fraction scheme, with the fraction dose d ranging from 2 Gy to 12 Gy. (a, b) are BED calculated using the conventional recommendation parameters for the tumor and OARs, respectively. (c, d) are the differences between the BEDs calculated using the full-form and simplified BED formulas for tumors and OARs, respectively.






Figure 4 | The BED and BEDg of the tumor calculated based on the model parameters listed in Table 2, as functions of the fraction dose. This was carried out for 1 fraction schemes, with fraction dose d ranging from 2 Gy to 12 Gy. (a) Displayed BED calculated using the simplified BED formula. (b, c) are the BED calculated using the full-form BED formula with source activities of 10 Gy and 2 Gy, respectively. (d, e) are the differences between the BEDs calculated with the full-form and simplified BED formulas with source activities of 10 Gy and 2 Gy, respectively.



Considering the assumed model parameter values in Figure 4, which include two clinical categories (31) and nine cell lines (Table 2) of cervical cancer types studied in this research. Similar results were obtained; compared to BED, BEDg decreased significantly according to the fraction doses at 10 Ci and 2 Ci, respectively. The ΔBED values from a maximum of approximately −0.1% (carcinoma:α/β = 52.63 Gy,  ) to a minimum of almost −18% (carcinoma:α/β = 10.00 Gy,  ).These results not only confirm the significant impact of source decay on BED, but also reveal the differences in radiosensitivity among different cell subtypes, which enriches the understanding of the radiobiological mechanisms in cervical cancer radiotherapy and provides a basis for personalized treatment.




3.4 BED and BEDg of HRCTV dependence on assumed model parameter values

As clearly presented in Table 4 and Figure 4, in the clinical categories (named cervix carcinoma) with source decay (from 10 Ci to 2 Ci), BEDg (Gy) values in D90% and D100% of HRCTV showed distinct changes. For α/β = 52.63, BEDg values ranged from 32.14 ± 0.34 to 32.02 ± 0.34 and 21.39 ± 2.56 to 21.33 ± 2.55 in D90% and D100% of HRCTV, respectively. For α/β = 10, the BEDg values ranged from 46.64 ± 0.69 to 41.59 ± 1.02 and 28.38 ± 4.08 to 25.96 ± 3.65 in D90% and D100% of HRCTV, respectively. These results demonstrate the significant influence of source decay on BEDg values under different α/β ratios, which is a new discovery in the study of cervical cancer radiotherapy dosimetry.


Table 4 | The BED and BEDg of tumor calculated based on the model parameters listed in Table 2 under the conditions of different source activity.



When α/β = 16.46, compared with the BEDg, BED values were almost overestimated by 4.02 Gy in D90% and 1.92 Gy in D100% at the source activity of 2 Ci, respectively. This overestimation phenomenon further emphasizes the importance of using a more comprehensive BEDg formula for an accurate radiotherapy dose calculation.

In the nine cervix tumor cell lines, the percent values of ΔBED (%) were 9.92 ± 1.19 and 7.51 ± 1.01; 7.57 ± 1.05 and 5.90 ± 0.87; 2.46 ± 0.39 and 2.00 ± 0.32; 2.35 ± 0.37 and 1.95 ± 0.31; 2.25 ± 0.35 and 1.75 ± 0.28; 1.75 ± 0.28 and 1.76 ± 0.28; 1.99 ± 0.32 and 1.67 ± 0.27; 1.37 ± 0.22 and 1.14 ± 0.18 as well as 1.10 ± 0.17 and 0.90 ± 0.15 in D90% and D90% of HRCTV for HX156c, HX155c, HX171c, C33A, HX151c, SiHa, CaSki, SW756, and HX160c, respectively. Paired sample t- tests on the BEDg and BED values of dosimetric indicators corresponding to different Organs at Risk (OARs) and tumor cells under different radiation source activities showed statistical significance (P = 0.000). This is because BEDg is a monotonically decreasing function of treatment time, and the treatment time is inversely proportional to the radiation source activity. Therefore, BEDg is a monotonically decreasing function of radiation source activity. This is shown in Table 5 and Figure 3.


Table 5 | The BED and BEDg of OARs calculated with α/β = 3.0 and T1/2 under the conditions of different source activity.







4 Discussion

In this study, we utilized a comprehensive and innovative approach by incorporating intrafraction DNA damage repair and cellular repopulation into our model to assess the impact of source decay on the biologically effective dose (BED) during the source-exchange cycle in cervical cancer radiotherapy. Our results unequivocally demonstrate that source decay has a profound effect on intrafraction DNA damage repair, which in turn substantially influences BED. This novel finding has great significance in the field of radiotherapy. This challenges the conventional understanding of radiation dose delivery and highlights the necessity of accounting for source decay in treatment planning. Recognizing this relationship, we can potentially enhance the accuracy of radiation therapy, leading to improved treatment outcomes in patients with cervical cancer.

Notably, we observed a positive correlation between the duration of each treatment fraction and the extent of the source decay. The effect of source decay on the Biological Effective Dose (BED) across various cervical tumor cell lines is more substantial than previously recognized. When the Ir-192 source activity decreased from 10 Ci to 2 Ci, the percentage change in BED (ΔBED) ranges from 0.90% ± 0.15% (for HX160c cells, α/β = 6.01,  ) to 14.06% ± 1.67% (for stage I and II cervical carcinoma, α/β = 52.63,  ). This previously underexplored relationship provides valuable insights into the practical aspects of radiotherapy. Longer treatment times owing to source decay can have far-reaching consequences for the biological effectiveness of the radiation dose. Our study is among the first to comprehensively document this relationship, which is crucial for optimizing treatment schedules and ensuring the delivery of a biologically effective dose to the tumor, while minimizing damage to normal tissues.

When comparing the BED calculated using the simplified formula with that obtained from the full-form BED formula, we found that the ΔBED increased as the source decayed. This discovery has challenged the widespread use of simplified BED formulas in clinical practice. Overestimation of BED by the simplified formula, particularly at lower source activities, can lead to inaccurate treatment planning and suboptimal patient care. Our study’s focus on this issue offers a more accurate assessment of the biological dose delivered during radiotherapy. By highlighting the limitations of the simplified formula, we contribute to the growing body of evidence supporting the adoption of more comprehensive BED calculations in cervical cancer radiotherapy, which is essential for improving the treatment efficacy and reducing the risk of treatment-related complications.

During our investigation of various cell lines, we noted that the impact of source decay on tumor proliferation was more intricate and diverse than previously thought. The α/β ratios for the numerous cell lines were distinct and smaller than the typical value of 10. This finding emphasizes the importance of considering the unique radiobiological characteristics of different tumor cell lines during radiotherapy. Tailoring radiation dosages based on these characteristics can potentially enhance the therapeutic ratio and maximize tumor control, while minimizing damage to normal tissues. Our study is one of the first to comprehensively analyze the impact of source decay on different cervical cancer cell lines, thus providing a foundation for personalized radiotherapy strategies. This personalized approach has the potential to revolutionize the treatment of cervical cancer, leading to better outcomes in patients with diverse tumor subtypes.

The conventional radiobiological parameters of TG 137 and ICRU (32), which are derived from population-averaged patient outcome studies, have limitations. Individual patients could not be accurately represented by these population-averaged values. This limitation has long been recognized; however, our study further emphasizes the need for more personalized radiobiological models. By demonstrating the significant differences in BED values among different cell lines and the impact of source decay on these values, we contribute to the growing movement towards individualized radiotherapy. Our findings suggest that personalized approaches are essential for optimizing treatment outcomes and reducing variability in patient responses to radiotherapy. Despite these imperfections, the LQ model remains a widely used tool in radiobiology (33, 34). Similar to other radiobiological modeling studies, our model’s predictions and observations were constrained by the inherent assumptions of the LQ model and DNA damage repair kinetics. Some researchers have criticized the LQ model at high-dose fractions (greater than 8 Gy–10 Gy) due to secondary biological responses, such as rapid vascular endothelial cellular apoptosis (35). However, Brenner (36) argued that the LQ model is appropriate for single fractions of up to 20 Gy. Furthermore, Shuryak et al. demonstrated that it provides similar results up to 25 Gy per fraction compared with other models (14, 37, 38).

It is important to note that our study, which calculated the BED at the prescription dose level, did not fully account for the impact of dose heterogeneity. This is a recognized limitation of the present study. While our approach was useful for identifying potential issues related to prolonged dose delivery and source decay, tumor subvolumes receiving higher doses than the prescription level may have different BED values. The reduction in BED due to prolonged dose delivery time can vary depending on the dose received by these subvolumes (39). To better understand the impact of dose heterogeneity on treatment outcomes, future studies could utilize biophysical metrics, such as effective tumor control probability, equivalent uniform dose, or equivalent uniform BED, which account for the complete dose distribution in HDR implants. Our study serves as a starting point for such investigations, highlighting the need for more comprehensive research in this area to improve the accuracy of treatment planning and patient outcomes of cervical cancer radiotherapy. In addition, HDR is typically delivered in a stepping pattern, and the rapid decay of Ir-192 indicates that most of the significant dose is accumulated over a relatively short period, despite an overall treatment time of 15 min–30 min. This delivery pattern may reduce the potential for intrafraction repairs.

In this study, we discuss the influence of different formulations on the biological dose under source attenuation conditions. The results show that the effect of source activity attenuation on the biological dose is very large when using the full BED formula. However, no clinical effects were observed. The clinical importance of ΔBEDg was validated by radiobiological modeling, which demonstrated its correlation with both tumor control and normal tissue toxicity. Leborgne et al. (40) found using the LQ model, cervical cancer patients with BEDg >120 Gy (α/β = 3 Gy) had a higher Grade 2 + 3 rectal complications comparing with the BEDg range from 100 Gy to 210 Gy, the risk roughly increasing 61%. When comparing the BEDg (α/β = 3Gy,  ) values of 78 Gy and 124 Gy, the central recurrence rates were 10.5% and 3.3%, respectively (decreasing by almost 67%). Further studies have confirmed that BEDg from 90 Gy to 95 Gy may have the best local tumor control probability (TCP), aligning with prior dose–response evidence (33). These findings demonstrate that ΔBEDg correlates with both tumor control and toxicity, validating its clinical utility as a personalized dose metric. Sharma et al. (41) conducted a retrospective study and found that the disease-free survival time was related to the source activity. This correlated with A reduction in the bioequivalent dose received at site A. In our study, the dynamic α/β ratio and BEDg equation incorporating intrafraction repair reduced the BED by 21% in squamous carcinoma at 2 Ci source activity. Differential impact analysis revealed distinct responses across tumor subtypes and OARs, with squamous carcinoma demonstrating the largest BED reduction. These advancements have enabled precise dose adjustment thresholds and linked dosimetric parameters to clinical outcomes.

Our study has the following limitations: 1. This was a retrospective study with a sample size. 2. No further clinical analysis was performed. Our future research will focus on the following two aspects: (1) Retrospective analysis and comparison of tumor changes and patient prognosis with different tumor lines and different radioactive source activities after brachytherapy. (2) A prospective study design that incorporates both radiobiological modeling and clinical outcome analysis would be valuable for further validating the impact of source decay on treatment efficacy. Such studies should aim to collect detailed clinical outcome data, including local control rates and toxicity profiles, across different source decay stages, to provide a more comprehensive understanding of this phenomenon.




5 Conclusion

Overall, this study offers novel insights into cervical cancer radiotherapy. Source decay significantly affected DNA damage repair and BED values in Ir-192 HDR BT for cervical cancer. This finding is crucial, as it emphasizes the need to consider source decay in treatment planning, which can enhance treatment precision and patient outcomes. By employing the full-form BED formula (BEDg), which accounts for intrafraction repair and source activity variations, we demonstrate that the simplified BED equation significantly overestimates the BED, compared to those derived from the simplified BED formula. Our findings reveal substantial BED variations across different cervical cancer cell lines and normal tissues, with maximum ΔBED values reaching up to 14.06% ± 1.67% for tumor HRCTV (α/β = 10, stages I and II) and 13.37% ± 2.27% for organs at risk (e.g., bladder, α/β = 3) as source activity decays to 2 Ci. Source attenuation affects different cervix tumor cell lines differently, with BED percentage values ranging from 0.90 ± 0.15 to 14.06 ± 1.67 when the source decays from 10 Ci to 2 Ci. This shows the importance of personalized radiotherapy based on cell line characteristics, which is a significant innovation in the field. When the source activity is low, we recommend using more comprehensive models such as the full-form BED equation. This can improve the dose evaluation and treatment planning accuracy, guiding future research and clinical decisions in cervical cancer radiotherapy.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by institutional review board of National Cancer Center/National264 Clinical Research Center for Cancer/Cancer Hospital and Shenzhen Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

SB: Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. JZ: Data curation, Writing – review & editing. MX: Data curation, Writing – review & editing. ZD: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was sponsored by the Social Development Science and Technology Program of Meizhou City, Guangdong Province (Grant No. 2023B23), Shenzhen Postdoctoral Research Funds (25005), Hospital Research Project (E010221008, E010521007), Sanming Project of Medicine in Shenzhen (SZSM201612063), and Shenzhen Key Medical Discipline Construction Fund (SZXK013).





Conflict of interest

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





References

1. Takamizawa, S, Yazaki, S, Kojima, Y, Yoshida, H, Kitadai, R, Nishikawa, T, et al. High mesothelin expression is correlated with non-squamous cell histology and poor survival in cervical cancer: a retrospective study. BMC Cancer. (2022) 22:1215. doi: 10.1186/s12885-022-10277-0

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: A Cancer J Clinic. (2021) 71:209–49. doi: 10.3322/caac.21660

3. Kamrava, M, and Banerjee, R. Brachytherapy in the treatment of cervical cancer: a review. Int J Women’s Health. (2014) 6:555. doi: 10.2147/ijwh.s46247

4. Marnitz, S, Wlodarczyk, W, Neumann, O, Koehler, C, Weihrauch, M, Budach, V, et al. Which technique for radiation is most beneficial for patients with locally advanced cervical cancer? intensity modulated proton therapy versus intensity modulated photon treatment, helical tomotherapy and volumetric arc therapy for primary radiation – an intraindividual comparison. Radiat Oncol. (2015) 10:91. doi: 10.1186/s13014-015-0402-z

5. Fumagalli, I, Haie-Méder, C, and Chargari, C. 3d brachytherapy for cervical cancer: New optimization ways. Cancer/Radiotherapie´. (2018) 22:345–51. doi: 10.1016/j.canrad.2017.11.010

6. Walter, F, Maihöfer, C, Schüttrumpf, L, Well, J, Burges, A, Ertl-Wagner, B, et al. Combined intracavitary and interstitial brachytherapy of cervical cancer using the novel hybrid applicator venezia: Clinical feasibility and initial results. Brachytherapy. (2018) 17:775–81. doi: 10.1016/j.brachy.2018.05.009

7. Viswanathan, AN, Dimopoulos, J, Kirisits, C, Berger, D, and Pötter, R. Computed tomography versus magnetic resonance imaging-based contouring in cervical cancer brachytherapy: Results of a prospective trial and preliminary guidelines for standardized contours. Int J Radiat OncologyBiologyPhys. (2007) 68:491–8. doi: 10.1016/j.ijrobp.2006.12.021

8. Hsieh, K, Bloom, JR, Dickstein, DR, Hsieh, C, Marshall, D, Ghiassi-Nejad, Z, et al. Dose and fractionation regimen for brachytherapy boost in cervical cancer in the us. Gynecol Oncol. (2024) 180:55–62. doi: 10.1016/j.ygyno.2023.11.014

9. Murakami, N, Kasamatsu, T, Wakita, A, Nakamura, S, Okamoto, H, Inaba, K, et al. Ct based three dimensional dose-volume evaluations for high-dose rate intracavitary brachytherapy for cervical cancer. BMC Cancer. (2014) 14:447. doi: 10.1186/1471-2407-14-447

10. Dimopoulos, JC, Lang, S, Kirisits, C, Fidarova, EF, Berger, D, Georg, P, et al. Dose–volume histogram parameters and local tumor control in magnetic resonance image–guided cervical cancer brachytherapy. Int J Radiat OncologyBiologyPhys. (2009) 75:56–63. doi: 10.1016/j.ijrobp.2008.10.033

11. Madan, R, Pathy, S, Subramani, V, Sharma, S, Mohanti, BK, Chander, S, et al. Comparative evaluation of two-dimensional radiography and three dimensional computed tomography based dosevolume parameters for high-dose-rate intracavitary brachytherapy of cervical cancer: A prospective study. Asian Pacific J Cancer Prev. (2014) 15:4717–21. doi: 10.7314/apjcp.2014.15.11.4717

12. Dempsey, C. Methodology for commissioning a brachytherapy treatment planning system in the era of 3d planning. Australas Phys Eng Sci Med. (2010) 33:341–9. doi: 10.1007/s13246-010-0036-2

13. Otani, Y, Shimamoto, S, Sumida, I, Takahashi, Y, Tani, S, Oshima, T, et al. Impact of different ir-192 source models on dose calculations in high-dose-rate brachytherapy. Phys Imaging Radiat Oncol. (2018) 7:23–6. doi: 10.1016/j.phro.2018.08.004

14. Rivard, MJ, Coursey, BM, DeWerd, LA, Hanson, WF, Saiful Huq, M, Ibbott, GS, et al. Update of aapm task group no. 43 report: A revised aapm protocol for brachytherapy dose calculations. Med Phys. (2004) 31:633–74. doi: 10.1118/1.1646040

15. Granero, D, Vijande, J, Ballester, F, and Rivard, MJ. Dosimetry revisited for the hdr brachytherapy source model mhdr-v2. Med Phys. (2010) 38:487–94. doi: 10.1118/1.3531973

16. Demanes, DJ, and Ghilezan, MI. High-dose-rate brachytherapy as monotherapy for prostate cancer. Brachytherapy. (2014) 13:529–41. doi: 10.1016/j.brachy.2014.03.002

17. Wang, JZ, Li, X, D’Souza, WD, and Stewart, RD. Impact of prolonged fraction delivery times on tumor control: A note of caution for intensity-modulated radiation therapy (imrt). Int J Radiat OncologyBiologyPhys. (2003) 57:543–52. doi: 10.1016/s0360-3016(03)00499-1

18. Fowler, JF, Welsh, JS, and Howard, SP. Loss of biological effect in prolonged fraction delivery. Int J Radiat OncologyBiologyPhys. (2004) 59:242–9. doi: 10.1016/j.ijrobp.2004.01.004

19. Barkati, M, Williams, SG, Foroudi, F, Tai, KH, Chander, S, van Dyk, S, et al. High-dose-rate brachytherapy as a monotherapy for favorable-risk prostate cancer: A phase ii trial. Int J Radiat OncologyBiologyPhys. (2012) 82:1889–96. doi: 10.1016/j.ijrobp.2010.09.006

20. Chow, B, Warkentin, B, Nanda, K, Ghosh, S, Huang, F, Gamper, AM, et al. Bairda: a novel in vitro setup to quantify radiobiological parameters for cervical cancer brachytherapy dose estimations. Phys Med Biol. (2022) 67:045012. doi: 10.1088/1361-6560/ac4fa3

21. Kelland, LR, and Steel, G. Differences in radiation response among human cervix carcinoma cell lines. Radiother Oncol. (1988) 13:225–32. doi: 10.1016/0167-8140(88)90059-x

22. Gill, BS, Kim, H, Houser, CJ, Kelley, JL, Sukumvanich, P, Edwards, RP, et al. Mriguided high–dose-rate intracavitary brachytherapy for treatment of cervical cancer: The university of pittsburgh experience. Int J Radiat OncologyBiologyPhys. (2015) 91:540–7. doi: 10.1016/j.ijrobp.2014.10.053

23. Weitmann, HD, Pötter, R, Waldhäusl, C, Nechvile, E, Kirisits, C, and Knocke, TH. Pilot study in the treatment of endometrial carcinoma with 3d image–based high-dose-rate brachytherapy using modified heyman packing: Clinical experience and dose–volume histogram analysis. Int J Radiat OncologyBiologyPhys. (2005) 62:468–78. doi: 10.1016/j.ijrobp.2004.10.013

24. Rivard, MJ, Chiu-Tsao, S, Finger, PT, Meigooni, AS, Melhus, CS, Mourtada, F, et al. Comparison of dose calculation methods for brachytherapy of intraocular tumors. Med Phys. (2010) 38:306–16. doi: 10.1118/1.3523614

25. Mazeron, R, Fokdal, LU, Kirchheiner, K, Georg, P, Jastaniyah, N, Šegedin, B, et al. Dose–volume effect relationships for late rectal morbidity in patients treated with chemoradiation and mri-guided adaptive brachytherapy for locally advanced cervical cancer: Results from the prospective multicenter embrace study. Radiother Oncol. (2016) 120:412–9. doi: 10.1016/j.radonc.2016.06.006

26. Curtis, SB. Lethal and potentially lethal lesions induced by radiation — a unified repair model. Radiat Res. (1986) 106:252. doi: 10.2307/3576798

27. Withers, HR, Taylor, JMG, and Maciejewski, B. The hazard of accelerated tumor clonogen repopulation during radiotherapy. Acta Oncol. (1988) 27:131–46. doi: 10.3109/02841868809090333

28. Roberts, S, and Hendry, J. The delay before onset of accelerated tumour cell repopulation during radiotherapy: a direct maximum-likelihood analysis of a collection of worldwide tumour-control data. Radiother Oncol. (1993) 29:69–74. doi: 10.1016/0167-8140(93)90175-8

29. Nath, R, Bice, WS, Butler, WM, Chen, Z, Meigooni, AS, Narayana, V, et al. Aapm recommendations on dose prescription and reporting methods for permanent interstitial brachytherapy for prostate cancer: Report of task group 137. Med Phys. (2009) 36:5310–22. doi: 10.1118/1.3246613

30. Mourya, A, Sunil Choudhary, S, Shahi, UP, Sharma, N, Gautam, H, Patel, G, et al. A comparison between revised Manchester Point A and ICRU-89-recommended Point A definition absorbed-dose reporting using CT images in intracavitary brachytherapy for patients with cervical carcinoma. Brachytherapy. (2021) 20(1):118–27. doi: 10.1016/j.brachy.2020.07.009

31. Roberts, SA, Hendry, JH, Swindell, R, Wilkinson, JM, and Hunter, RD. Compensation for changes in dose-rate in radical low-dose-rate brachytherapy: a radiobiological analysis of a randomised clinical trial. Radiother Oncol. (2004) 70:63–74. doi: 10.1016/j.radonc.2003.11.010

32. Thomadsen, B. Comprehensive brachytherapy: Physical and clinical aspects. Med Phys. (2013) 40(11):117302. doi: 10.1118/1.4826194

33. Fowler, JF. The linear-quadratic formula and progress in fractionated radiotherapy. Br J Radiol. (1989) 62:679–94. doi: 10.1259/0007-1285-62-740-679

34. Chow, B, Warkentin, B, and Menon, G. Radiobiological dose calculation parameters for cervix cancer brachytherapy: A systematic review. Brachytherapy. (2019) 18:546–58. doi: 10.1016/j.brachy.2019.02.007

35. Garcia-Barros, M, Paris, F, Cordon-Cardo, C, Lyden, D, Rafii, S, Haimovitz-Friedman, A, et al. Tumor response to radiotherapy regulated by endothelial cell apoptosis. Science. (2003) 300:1155–9. doi: 10.1126/science.1082504

36. Brenner, DJ. The linear-quadratic model is an appropriate methodology for determining isoeffective doses at large doses per fraction. Semin Radiat Oncol. (2008) 18:234–9. doi: 10.1016/j.semradonc.2008.04.004

37. Shuryak, I, Carlson, DJ, Brown, JM, and Brenner, DJ. High-dose and fractionation effects in stereotactic radiation therapy: Analysis of tumor control data from 2965 patients. Radiother Oncol. (2015) 115:327–34. doi: 10.1016/j.radonc.2015.05.013

38. McMahon, SJ. The linear quadratic model: usage, interpretation and challenges. Phys Med Biol. (2018) 64:01TR01. doi: 10.1088/1361-6560/aaf26a

39. Tien, CJ, Carlson, DJ, Nath, R, and Chen, ZJ. High-dose-rate brachytherapy as monotherapy for prostate cancer: The impact of cellular repair and source decay. Brachytherapy. (2019) 18:701–10. doi: 10.1016/j.brachy.2019.04.005

40. Leborgne, F, Fowler, JF, Leborgne, J, Zubizarreta, E, and Chappell, R. Fractionation in medium dose rate brachytherapy of cancer of the cervix. Int J Radiat OncologyBiologyPhys. (1996) 35:907–14. doi: 10.1016/0360-3016(96)00184-8

41. Sharma, BA, Singh, TT, Singh, LJ, Singh, YI, and Devi, YS. Biological effective doses in the intracavitary high dose rate brachytherapy of cervical cancer. J Contemp Brachyther. (2011) 4:188–92. doi: 10.5114/jcb.2011.26469




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 © 2025 Bi, Zhou, Xu and Dai. 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.2025.1407606_cover.jpg
& frontiers | Frontiers in Oncology

Reevaluating BED in cervical cancer HDR
brachytherapy: source decay and tissue-
specific repair significantly impact
radiobiological dose





OEBPS/Images/im2.jpg





OEBPS/Images/M2.jpg
2 £a)- 2T~ @
smg:p(na_d) (=T





OEBPS/Images/im19.jpg
Iy =150 h





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Reevaluating BED in cervical cancer HDR brachytherapy: source decay and tissue-specific repair significantly impact radiobiological dose

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Case selection

          



          		

            2.2 Planning design and optimization

          



          		

            2.3 The linear quadratic model

          



          		

            2.4 Radiobiological parameters chosen

          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Statistics of physical metrics

          



          		

            3.2 Influence of intrafraction DNA damage repair

          



          		

            3.3 The dependence of BED and BEDg on different fraction dose and source activity

          



          		

            3.4 BED and BEDg of HRCTV dependence on assumed model parameter values

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/im14.jpg
12 =03





OEBPS/Images/fonc-15-1407606-g002.jpg





OEBPS/Images/im7.jpg
=10





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im10.jpg





OEBPS/Images/table4.jpg
Source Activity (Ci)

10

Dogyy 48.39 + 0.64 | 48.08 +£0.64 = 47.78 £ 0.65 4691 +0.68 = -0.64 £0.10 -1.27 £0.20 -3.05 + 0.47
Conventional 10.00 1.50

Dioos 29.22 £4.23 | 29.07 £ 420 | 28.93 £4.17 2851 +4.10  -0.50 £ 0.08 -1.00 £ 0.16 -2.41 + 0.38
Cervix Do 3214+ 034 | 3214 £034  32.08+034 | 3202+034 -0.18+003 | -0.36+0.06 -0.87+0.13
carcinoma 52.63 1.50

Dioow 2139 £2.56 | 2139 £256 | 21.36 £2.55 | 21.33+255 | -0.13 £0.02 | -0.26 £0.04 | -0.62 £ 0.11

Do 48.39 £ 0.64 | 46.64 £0.69 | 4511 +0.79 | 41.59 £ 1.02 -3.62 %055 | -6.77 £097 | -14.06 £ 1.67

10.00 0.25 i

Dioow 29.22 +4.23 | 2838 £4.08 | 27.65+395 2596 +3.65 | -2.85+ 045 -5.33 + 0.80 —11.08 + 1.43

Dogoy 45.83 £ 059 | 45.62 +0.59 = 45.41 £ 0.60 44.80 £ 0.61 = -0.47 £0.07 -0.93 £ 0.15 =225+ 0.35
HXI151c 11.46 1.90

Dioow 27.99+396 | 27.88 £3.95 27.78 £393 | 2749+3.88 | -036+006 | -0.72+0.12  -1.75+0.28

Dooss 4593 £ 059 | 4513 £0.59 = 44.39 £ 0.64 4245+ 076 | -1.73 £0.27 -3.35 £ 0.51 ~7.57 £ 1.05
HX155¢ 11.40 0.50

Dioos 28.03+£3.97 | 2803 +397 | 27.30+385 | 2637+368 -135+022 | -2.61+042 | -5.90+0.87

Do 40.51 £ 049 | 3948 £0.52 | 38.59 £0.56 | 3649 £0.68 -2.53+039 | -4.75%068 | -9.92% 119
HX156¢ 16.46 0.26

Dioon 2542+ 342 | 2493 £3.33 | 2542 +342 2350+ 3.08 | -192£031 -3.60 + 0.55 =7.51 + 1.01

Dogoy 61.73 +0.89 | 61.59 £ 0.89 61.46 +0.89 61.05+ 090 -0.22 +0.04 —0.44 £ 0.07 -1.10 £ 0.17
HX160c 6.01 5.70

Dioow 35.65+560 | 3559 £558 3552+557 | 3565+560 -0.18+003 | -0.36+0.06 -0.90+0.15

Do 56.92 +0.80 | 56.63 £ 0.80 | 56.35+ 0.81 5552+083  -051+008 -1.01 £0.16 = -2.46+0.39
HX171c 7.02 230

Dioosw 3333+£510 | 33.19£508 33.06£505 | 32.66+499 -041£007 | -0.82+£0.13 -2.00%0.32

Dogos. 66.91 £0.99 | 66.63 £0.99 6636099 | 6557+1.01 -041£007 | -0.81£0.13 -1.99+0.32
CaSki 5.20 330

Dioow 38.15+6.13 | 38.15+6.13  37.89 £6.08 3751+6.02  -0.34 +£0.06 —0.68 + 0.11 -1.67 + 0.27

Dagog 64.15+ 094 | 63.84+0.94 63.54 £0.94 62,65+ 097  -0.48 +0.08 -0.96 + 0.15 -2.35+0.37
C-33A 5.60 2.70

Dioos 36.82 £ 584 | 3667 £582  36.52+579 | 3610+572 -040+007 | -0.79£0.13 | -1.95%0.31

Doggs 60.17 £ 0.86 | 5991 £ 0.86 = 59.64 +0.87 | 58.88 +0.88 -044 £0.07 & -0.88£0.14 | -2.15+0.34
SiHa 6.30 2.80

Dioow 3490 £ 544 | 3477 £541 | 34.65+539 | 3428+533  -036+006 | -0.72+£0.12 -1.76+0.28

Doy 66.18 £0.97 | 6599 £0.97 6581 £098 | 6527098 -028£0.04 | -0.55£0.09 -1.37%0.22
SW756 5.30 4.80

Dioon 37.80+6.05 | 37.71 £ 6.04 = 37.62 £ 6.02 3736 +598  -0.23 £0.04 —0.46 + 0.08 -1.14 £ 0.18





OEBPS/Images/table3.jpg
Source Activity (Ci)

Cell line
6 5

Conventional OAR 0.959 0.955 0.949 0.942 0.933 0.920 0.902 0.873 0.818
Conventional tumor 0986 0.984 0.983 0.980 0977 0972 0966 0955 0.933
Stage T and II cervix carcinoma 0.986 0.984 0.983 0.980 0.977 0.972 0.966 0.955 0.933

0920 0912 0.902 0.889 0873 0850 0818 0769 0.684
HX151c 0989 0.988 0.986 0984 0982 0978 0973 0964 0.947
HX155¢ 0.959 0.955 0.949 0.942 0.933 0.920 0.902 0.873 0.818
HX156¢ 0.923 0.915 0.906 0.893 0.877 0.855 0.824 0.777 0.693
HX160c 0.996 0.9%9 0.995 0.995 0.994 0.993 0.991 0.988 0.982
HX171c 0991 0.990 0.989 0987 0985 0982 0977 0970 0.956
Caki 0994 0.993 0992 0991 0989 0987 0984 0979 0.969
C-33A 0.992 0.991 0.990 0.989 0.987 0.984 0.981 0.974 0.962
SiHa 0.992 0.992 0.991 0.989 0.988 0.985 0.981 0.975 0.963

SW756 0.996 0.995 0.995 0.994 0.993 0.991 0.989 0.985 0.978





OEBPS/Images/im3.jpg
i





OEBPS/Images/im18.jpg





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





OEBPS/Images/fonc-15-1407606-g001.jpg
<)

S
on

g
—

10
5
0

e} S
(@) (@)l

40
3

(urur) i JuaweAI

Activity of F1 (Ci)





OEBPS/Images/M1.jpg
Bep=D(1+-7)





OEBPS/Images/im13.jpg
=10





OEBPS/Images/im8.jpg
=10





OEBPS/Images/fonc-15-1407606-g004.jpg
a/B=10, T,,=1.5
—— 0/B=52.63, T, =1.5
—— a/B=10, T,,=0.25
—— 0/B=11.46, T, ,=1.9
——— a/B=11.4,T,,=0.5
——— a/B=16.46, T,,=0.26
——— a/B=6.01, T, ,=5.7
——— a/B=7.02, T, ,=2.3

o/B=5.2, T, ,=3.3
—— /B=5.6, T, =27
—— a/B=6.3, T,,=2.8
—— /B=5.3, T, ,=4.8

4 6 8 10 12

2 4 6 8 10 12 2 4 6 8 10 12





OEBPS/Images/im9.jpg





OEBPS/Images/im17.jpg





OEBPS/Images/im4.jpg





OEBPS/Images/im5.jpg
Iyp—0





OEBPS/Images/table2.jpg
Cell lines Reference
Conventional recommendation (OAR) 3.00 0.50 ICRU Report 89ICR (30)
Conventional recommendation (tumor) 10.00 150 ICRU Report 89ICR (30)
Stage I and II cervix carcinoma ?zgz (l):(; Roberts et al. (31)
HXI151c 11.46 1.90
HX155¢ 11.40 0.50
HX156¢ 16.46 0.26

Kelland and Steel (21)
HX160c 6.01 5.70
HX171c 7.02 2.30
CaSki 520 3.30
C-33A 5.60 2.70
SiHa 6.30 2.80 Chow et al. (20)
SW756 5.30 4.80






OEBPS/Images/im12.jpg
I =026 h





OEBPS/Images/fonc-15-1407606-g003.jpg
7

f/—-— BED
—— BEDg(Ci=10)
——— BEDg(Ci=9)
——— BEDg(Ci=8)
— BEDg(Ci=7)
——— BEDg(Ci=6)
~ BEDg(Ci=5)
~ BEDg(Ci=4)
—— BEDg(Ci=3)
—— BEDg(Ci=2)

BED (Gy)

ABED (%)






OEBPS/Images/im16.jpg
I =025 h





OEBPS/Images/M3.jpg
L]
W(:"'ﬁu- n

©





OEBPS/Images/im1.jpg





OEBPS/Images/im15.jpg





OEBPS/Images/im20.jpg





OEBPS/Images/im6.jpg





OEBPS/Images/table1.jpg
HRCTV
Bladder
Rectum
Sigmoid

Intestine

Total EQD2 (Gy)

1st obj. 2nd obj.
>84 -

<90 80

<75 65

<75 65

<75 65

7.01
‘ 6.29

498

545

3.93

393

393





OEBPS/Images/im11.jpg





OEBPS/Images/table5.jpg
Source Activity (Ci)

5 3
BEDg (Gy) ABED (%)
DO.1cc 81.66 + 23.28 79.09 + 2241 76.70 + 21.60 70.44 + 19.52 -3.06 + 0.57 =591 + 1.07 -1337 £2.27
Bladder D2cc 52.63 + 13.39 51.10 + 12.87 49.68 + 12.38 4597 + 11.15 -2.80 + 0.56 -5.41 + 1.06 -1223 £2.26
D5cc 39.98 + 11.44 38.88 + 11.00 37.86 + 10.59 35.20 + 9.56 -2.61 +0.57 -5.05 + 1.09 -11.40 £ 2.33
DO.1cc 49.20 + 16.90 47.79 + 16.26 46.49 + 15.66 43.09 + 14.13 -2.73 £ 0.52 -5.27 £ 0.99 -1192 +2.10
Rectum D2cc 31.39 £ 10.89 30.59 + 10.51 29.85 + 10.16 2791 £ 925 -242 +0.51 -4.68 + 0.96 -10.57 + 2.06
D5cc 217+ 723 21.66 + 7.00 21.19 £ 6.78 19.96 + 6.22 -2.17 £ 048 -4.19 £ 0.90 -9.48 + 1.94
DO0.1cc 57.60 + 17.14 55.89 + 16.38 54.30 + 15.70 50.15 + 13.97 -2.85+0.57 -5.51 + 1.08 -1245 +£2.27
Sigmoid D2cc 36.23 £ 9.03 35.27 + 8.65 34.37 £ 8.30 32.04 £7.44 -2.55 £ 0.53 -4.93 + 1.00 -11.13 £ 2.12
D5cc 26.39 + 8,57 25.74 + 8.26 25.14 £ 7.98 23.58 +£7.27 -2.26 £ 0.62 -437 £ 1.18 -9.88 + 2.56
DO.1cc 58.46 + 28.61 56.76 + 27.73 55.18 + 26.90 51.05 + 24.73 -2.73 £ 0.64 =527 £ 1.21 -1191 £ 2.62
Intestine D2cc 33.44 £ 15.50 32.58 + 15.02 31.78 + 14.57 29.69 + 13.40 -2.39 £ 0.59 -4.61 + 1.11 -1041 + 2.42

D5cc 26.29 + 11.94 25.66 + 11.59 25.08 + 11.26 23.55 £ 10.41 -222 +0.55 -4.28 + 1.06 -9.68 +2.29





