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Purpose: To develop a novel IMRT optimization method based on the principle of photon energy synthesis that simultaneously optimizes fluence map and beamlet energy. The method was validated on pancreatic cancers to demonstrate the benefits of the additional degree of freedom of photon energy in IMRT.
Methods: Previous work has demonstrated that the effect of a photon beam of known energy can be achieved by the combination of two existing energy photons in the proper ratio. It further implied that any energy photon can be synthesized. Based on this, we propose the concept of continuous beamlet energy modulation in IMRT, or IMRT-BEM. The IMRT-BEM was modeled as the simultaneous optimization of two fluence maps, one for the low energy beam and one for the high energy beam, and it was implemented in an in-house inverse planning system. The IMRT-BEM was applied on 10 pancreatic cancer cases, where the IMRT-BEM plan was compared with single-energy IMRT plans of 6 MV (IMRT-6MV) and 15 MV photons (IMRT-15MV).
Results: The IMRT-BEM plan provides a noticeable reduction to the volume irradiated at the high dose level (PTV105%) for PTV, at least 24.7% (6.4 ± 6.8 vs. 31.1 ± 18.7 (p = 0.005) and 43.8 ± 19.8 (p = 0.005) for IMRT-BEM, IMRT-6MV, and IMRT-15MV respectively). For target dose coverage, there were statistically significant improvements between the IMRT-BEM plans and the other two plans in terms of CI and HI. Compared to the IMRT-6MV plan, there were significant reductions in the Dmean of the spinal cord, liver, bowel, duodenum, and stomach. The irradiation volumes of the medium dose (V20Gy, and V40Gy) for the duodenum and bowel were reduced significantly. There were no significant differences between the IMRT-BEM and IMRT-15MV plans except for the Dmean of the spinal cord and the duodenum, the V20Gy, and V40Gy for the duodenum, and the V20Gy of the stomach.
Conclusion: IMRT-BEM has certain dosimetric advantages for PTV and improves OAR sparing in pancreatic cancer, and can be effectively used in radiation treatment planning, providing another degree of freedom for planners to improve treatment plan quality.
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1 INTRODUCTION
Intensity-modulated radiation therapy (IMRT) was introduced about four decades ago [1] and has proven to produce superior dose distributions to 3D conformal techniques for almost all anatomic sites, particularly those with concave targets [2]. IMRT can deliver tightly conformal dose distributions and have better sparing to organs at risk (OAR) through the generation and realization of non-uniform fluence maps across multiple radiation beams. There is a wide range of literature on IMRT optimization [3–7]. The process of IMRT optimization, as a multi-criteria problem, needs to define an objective function to quantitatively evaluate the deviation between the planned dose and the target dose, including the dose constraints for both target and OARs [8]. To solve the problem, the IMRT optimization process is traditionally classified into two categories: 1) “two-step method”: optimizing the photon fluence map in each field (fluence map optimization, FMO) and then generating sub-field leaf sequences sequentially [9, 10]; 2) direct aperture optimization (DAO): directly optimizing leaf sequences to obtain desired dose distribution [11, 12].
A modern Linac is often equipped with multiple photon energies (usually two photon energies) [13]. The clinically relevant energy range for photons was 6–18 MV. It was known that the physical deposition capability in the medium is energy dependent. Generally, lower energy photon beams (≤6 MV) have limited penetration and are often used to treat superficial or shallow tumors. Due to the benefit of narrow penumbra, the IMRT plan using lower energy photon generated a tighter dose distribution around the target and better preserves the critical structures adjacent to the target volume. However, it results in a higher entrance dose [14]. On the other hand, higher energy photon beams (≥10 MV) are often used to treat deep-seated tumors, such as prostate or gynecological tumors et al, for their higher penetration and better skin-sparing ability. However, the resulting neutron contamination and higher exit dose should be of concern in clinical practice [14].
One challenge in IMRT is the selection of beam energy in traditional treatment planning, which requires the consideration of the overall characteristics of the clinical case. The energy of photon is closely related to the depth of the tumor or the size of the patient. For deep tumor and large size patient, the high energy photon has advantages over the low-energy photon [15]. However, the involvement of many OARs nearby with different dose tolerances and the use of multiple cross-firing beams often makes the selection of optimal energy not obvious. The optimal energy is usually decided on a trial-and-error basis [16], based on the tumor location and clinical experience. Previous papers have shown some energy dependence for different treatment modalities and tumor sites [17–19]. There was a dose increment in regions distant from the target volume when 6 MV photon was used instead of 10 or 18 MV photons in an IMRT plan with less than nine fields [15]. When a sufficient number of fields were used, such dose increment becomes less and the plan quality is no longer sensitive to beam energy, even for exceptionally large patients [15]. However, these observations are only applicable to plans with a single energy.
Recently, some studies have shown the potential dosimetric gains of mixed energy photons (one low-energy and one high-energy photon) [20–23]. In these works, the beam energy is generally assigned based on the one-dimensional effective path length (EPL) of tumor depth. The general findings are that the mixed-energy photon plan has advantages in terms of increasing dose coverage and conformity to PTV, or sparing relevant OARs, but the advantages are not significant. However, these studies simply used two energies available from a Linac and did not fully demonstrate the dose deposition characteristics of different energies. Some works incorporate photon energy as a parameter in the plan optimization. St-Hilaire et al introduced an energy angle concept as an additional, independent degree of freedom for multiple-energy optimization (MEO) using DAO [24]. McGeachy et al provided the algorithm for simultaneously optimizing both beamlet energy and fluence in IMRT and found potential dosimetric benefits in OARs sparing [25]. All these attempts proved that the extra degree of freedom of photon energy can bring some dosimetric gains, and improve the overall plan quality. However, the optimization is more demanding in terms of computation and memory, due to the significantly increased number of variables [24]. Currently, all these studies only selected two energy photons for optimization. If more levels of energy are introduced to the IMRT optimization, the computational complexity and time requirements would increase significantly, which makes the IMRT optimization impracticable [24].
In our previous works [26, 27], it was shown that any intermediate energy photon can be effectively synthesized from a combination of two different energy photons. This technique also enables continuous energy modulation in IMRT, providing another degree of freedom to improve treatment plan quality. Therefore, the purpose of this study was to develop and validate a novel IMRT method that can simultaneously optimize fluence map and beamlet energy, referred to as IMRT with beamlet energy modulated (IMRT-BEM). Based on the energy synthesis principle, the IMRT-BEM was modeled as the optimization of two fluence maps for one low energy and one high energy photon beams, and it was implemented in an in-house inverse planning system. Since the principle showed that any energy photon can be synthesized using two energy photons, it implies that no more than two energy photons are necessary from the same gantry angle. This is fundamentally different from previous studies of trial-and-error that are based on the belief of “more is better”. The IMRT-BEM was analyzed and demonstrated on ten pancreatic cancer cases. To investigate the impact of incorporating an additional degree of freedom in beamlet energy, the dose distributions resulting from IMRT-BEM plans were compared to conventional single energy IMRT plans utilizing either 6 MV beams (IMRT-6MV) or 15 MV beams (IMRT-15MV). To the best of our knowledge, there are no previous works on multi-energy IMRT optimization that validated the method in a large number of clinical cases.
2 MATERIALS AND METHODS
2.1 Continuous energy synthesis strategy
Previous research has demonstrated that a photon beam of known energy can be synthesized by combining two existing energy photons from a medical linear accelerator even under the most stringent criteria [27]. This technology also implies that, according to the formulation 1), the beam characteristics of any continuously adjustable synthetic photon energy ([image: image]) can be synthesized with variable weighting coefficients (α, β) for one low energy ([image: image]) and one high energy ([image: image]) photons.
[image: image]
where [image: image] is the percent depth dose (PDD), and [image: image] is the off-center ratio (OCR). The subscript indicates the corresponding energy.
Thus, a linear accelerator equipped with 6 MV and 15 MV photon energies could be operated according to this method to yield any energy in-between, e.g., 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 MV photons, and even a non-integer energy photon. In other words, we can synthesize photons with any continuous energy between 6 and 15 MV. Generally, the larger the β value, the larger the proportion of the high-energy part and the synthesized energy [image: image] are higher. It should be noted that the object of this study is photon beam, not electron beam, and the unit of beam energy mentioned here is MV (not MeV).
2.2 Single-energy optimization algorithm
The relationship between dose and fluence in FMO was formulated by the following Eq. 2
[image: image]
where d is a [image: image] voxel dose vector, x is the [image: image] beamlet fluence vector, and A is the precalculated dose deposition matrix with a dimension of [image: image]. For IMRT, the number of voxels generally is about 105, and the number of beamlets is about 104 [28].
Generally, in IMRT treatment planning, a certain number of beams with different gantry angles are initially selected according to the positions of the tumor and the OARs. Then only a single suitable energy is usually selected for all beams. Afterward, optimization objectives are set to construct a mathematical optimization problem and the plan parameters are obtained by solving this problem. Commonly, a weighted sum of objectives is optimized to obtain the solution x which also must satisfy certain constraints, i.e., the resulting plan must be clinically acceptable. The optimization objective [image: image] is based on a function of dose, dose volume, or equivalent uniform dose (EUD). Therefore, the inverse optimization problem has the following form of objective function:
[image: image]
where D is the dose distribution of the target and OARs, considered as a function of x. [image: image] is the penalty factor, selected according to the clinical importance of the target and OARs.
2.3 IMRT with beamlet energy modulated
To model the IMRT-BEM, the relationship of dose and fluence was reformatted to the following Eq. 4:
[image: image]
where j indexes the jth-beamlet; [image: image] is the dose deposition vector for the jth-beamlet; [image: image] is the jth-beamlet fluence. Based on the expression 1), we constructed the jth-beamlet energy deposition vector [image: image] as follows:
[image: image]
where [image: image] and [image: image] are the dose deposition vector for the jth-beamlet with [image: image] and [image: image]; [image: image] and [image: image]. Are the energy synthesis weighting coefficients.
Then Eq. 4 can be replaced by Eq. 6 with additional variables of the weighting coefficients matrices ([image: image]).
[image: image]
By defining [image: image] and [image: image], we get the following formula from Eq. 6:
[image: image]
Based on the relationship provided in Eqs 6, 7, we can achieve the simultaneous optimization of the fluence intensity and the beamlet energy by only optimizing high-energy and low-energy fluence maps ([image: image] and [image: image]) for each beam. The ratio of [image: image] and [image: image] determines the optimal photon energy for the jth-beamlet. The resulting dose in each voxel is a linear combination of the dose contributions from photons with energies [image: image] and [image: image]. Therefore, this strategy offers the opportunity to use continuous beamlet energy modulation in IMRT. The number of beamlets is merely doubled, and compared with other energy optimization methods, this approach does not introduce much complexity to IMRT optimization.
After fluence optimization, the optimized fluence distribution for each energy was converted into a sequence of MLC shapes with corresponding weights (MUs). Finally, the IMRT-BEM plan can be delivered with two single-energy photon plans at [image: image] and [image: image], respectively.
2.4 Patient data and plan optimization
Pancreatic cancer cells are relatively resistant to radiation, so higher radiation doses are often required for the target volume. However, the dose-limiting OARs such as the stomach, bowel, and duodenum close to the pancreas are inevitably irradiated, resulting in complications such as nausea, vomiting, gastrointestinal bleeding, and irreversible hepatic or renal impairment [29]. It is particularly important to protect the OARs to the greatest extent while ensuring high-dose irradiation in the target volume. Among these organs at risk, there are both serial and parallel organs, each with different volumes and distances to the target. Therefore, these OAR dose constraints may affect dose coverage and homogeneity of the target in IMRT optimization. We know that different energy photon beams have different penetration capabilities and other dosimetric properties, so IMRT-BEM may have some dosimetric advantages in IMRT optimization for pancreatic cancer.
Ten patients with pancreatic cancer were included. The planning CT was acquired with a slice thickness of 3 mm. Target volumes including GTV, CTV, and PTV were delineated by a radiation oncologist. The OARs including the liver, bowel, spinal cord, kidneys, duodenum, and stomach were contoured [30]. The normal tissue was defined as the tissues inside of the body contour excluding PTV [31].
For all ten cases, three plans of IMRT-6MV, IMRT-15MV, and IMRT-BEM were generated and compared to evaluate the effect of energy modulation in the IMRT optimization. Each plan used the same 5 non-equidistance co-planar fields with gantry angles of 0°, 60°, 150°, 210°, and 300°, respectively. The plan was optimized using a quadratic objective in an in-house IMRT treatment planning system (TPS), and the dose was calculated using the collapsed cone algorithm. The TPS used the beam data of the Varian TrueBeam unit with two photon energies of 6 MV and 15 MV.
The prescription dose was 54 Gy to the PTV in 27 fractions. The goals for PTV were a minimum dose of at least 95% and a maximum dose of 105% of the prescription dose for PTV. According to our institutional protocol based on relevant literature [32], OARs dose constraints included the following: V30Gy < 30% and Dmean < 20 Gy for the liver; Dmax < 52 Gy and V45Gy < 15% for the bowel, the duodenum, and the stomach; Dmax < 45 Gy for the spinal cord; V18Gy < 30% for the kidneys. The constraint template for the dose volume of the PTV, OARs, and ring structures in IMRT optimization is provided in Table 1. It should be noted that the dose constraints and optimization weights will be appropriately adjusted to achieve individual optimization. But for each patient, the dose constraints and optimization weights were kept the same for all plans. Therefore, the results of plan quality mainly reflected the physical beam characteristics of different energy.
TABLE 1 | Template of dose-volume constraints and weighting factors in IMRT optimization for the pancreatic cancer cases.
[image: Table 1]2.5 Plan evaluation
All plans were normalized that 100% of the prescription dose isodose line covered 95% of the PTV volume. Quantitative analysis was performed to compare the relevant dosimetric indices of the IMRT-BEM plans with the other two solutions. The ICRU 83 report was used as the protocol for plan evaluation in this study [33]. For target evaluation, the mean dose (Dmean), the minimum doses delivered to 2%, 98%, and 50% of PTV (D2%, D50%, and D98%), and the volumes of PTV covered by the 95% and 105% of the prescription dose (PTV95% and PTV105%) were compared. The homogeneity index (HI) (HI = 0, for a perfectly homogenous dose distribution) and conformity index (CI) (CI = 1, for a perfect coverage dose distribution) were used for the PTV dose distribution evaluation [33].
Some selected DVH dosimetric indices of OARs were analyzed, including the mean doses (Dmean), V15Gy, and V30Gy of the kidneys and the liver, Dmax, Dmean, V20Gy, and V40Gy of the stomach, bowel, and duodenum. Additionally, a comparison was made for Dmax and Dmean of the spinal cord. For normal tissue, the integral dose was compared, which was defined as the volume of structure multiplied by the mean dose to the normal tissue [31].
Plans were also evaluated by comparing the objective function values, the number of monitor units (MUs), the dose-volume histograms (DVHs), and the isodose distributions for each plan. The fluence map distributions of each beam at energies [image: image] and [image: image] were also analyzed.
To investigate the effect of the number of fields on the energy dependence of the plan [15], additional plans were generated with a range of number of beams (3–11), and the objective function values were compared.
Statistical analysis was performed via the Wilcoxon rank-sum test in SPSS 24.0 software (SPSSInc., Chicago, Ill., United States) to analyze the differences in planned dose distribution between IMRT-BEM and the other two solutions. A p-value less than 0.05 was considered statistically significant.
3 RESULTS
3.1 DVHs and isodose distributions
Benefiting from the distinct penetration capabilities and other dosimetric properties of different energy photons, IMRT-BEM plans could produce a more homogenous dose to the target volume, a tighter dose distribution around the target, and spare more of the adjacent critical structures. As an illustrative example, Figure 1 displays the 56.7, 54.0, 50.0, 40.0, 30.0, 20.0, and 10.0 Gy isodose lines for the optimized plans in axial, coronal, and sagittal planes. IMRT-BEM plan is more conformal in comparison to IMRT-6MV and IMRT-15MV plans in the axial plane (indicated by the red arrow). In addition, the 30 and 40 Gy isodose lines (indicated by the yellow arrow) covered less volume in IMRT-BEM. The high-dose irradiation volume (PTV105%, indicated by the purple arrow) in the PTV of IMRT-BEM was smaller than other plans in the coronal and sagittal planes. Figure 2 shows the DVH lines of the IMRT-BEM and other plans for the same patient. The PTV line of IMRT-BEM was steeper than other plans. Some OARs such as duodenum and liver, were slightly superior in sparing to other plans (IMRT-6MV or IMRT-15MV).
[image: Figure 1]FIGURE 1 | Comparison of isodose distributions of IMRT plans for one case (The thick red solid lines represent PTV). The red arrows indicate a tighter dose distribution with better avoidance of OARs in IMRT-BEM plans. The yellow arrows indicate the 30 and 40 Gy isodose lines covered less volume in IMRT-BEM. The purple arrows indicate high-dose irradiation volume (PTV105%) in the PTV of IMRT-BEM was less than other plans in the coronal and sagittal planes.
[image: Figure 2]FIGURE 2 | Dose-volume histograms of IMRT plans for one case. (Square solid line: IMRT-15MV; triangle solid line: IMRT-6MV; dot solid line: IMRT-BEM).
3.2 Objective function value and MU evaluation
The objective function values and the MUs for the final plans are presented in Figures 3, 4.
[image: Figure 3]FIGURE 3 | Comparison of values of the objective function of IMRT-6MV, IMRT-15MV, and IMRT-BEM plans for the 10 cases.
[image: Figure 4]FIGURE 4 | Comparison of the MUs of IMRT-6MV, IMRT-15MV, and IMRT-BEM plans for the 10 cases.
Figure 3 shows that, for each case, the IMRT-BEM plans achieved the lowest objective function values (p = 0.005, and 0.005 for IMRT-6MV, and IMRT-15MV, respectively). There was no obvious difference in objective function values between IMRT-6MV and IMRT-15MV plans (p = 0.139).
Figure 4 compared the MUs of IMRT-6MV, IMRT-15MV, and IMRT-BEM plans after converting the fluence map into dynamic MLC leaf sequences. The labels “IMRT-BEM:6 MV” and “IMRT-BEM:15 MV” indicate the respective contributions of 6 MV and 15 MV photons to the total MUs of the IMRT-BEM plan. For each case, the total MU for the IMRT-15MV plan was the lowest, and the IMRT-BEM plan was the highest. The IMRT-BEM plan provided an average MUs increase of 27% (than IMRT-6MV plan), and 36% (than IMRT-15MV plan). The ratio of 6 MV MUs contributions to the total number of MUs varied little in IMRT-BEM plans, ranging from 0.49 to 0.54.
3.3 Dosimetric results of PTV
The volumes of PTV range from 49 cm3 to 143 cm3. Overall, all plans achieved that 98% of PTV was covered by 95% of the prescription dose. Additional PTV dosimetric results for each patient are presented in the Supplementary Material.
Table 2 summarized the dosimetric comparison of PTV for all patients. It can be seen that the dosimetric parameters of the PTV of IMRT-BEM plans were significantly superior to the other two solutions. The IMRT-BEM plans provided a noticeable reduction to the volume irradiated at the high dose level (PTV105%) for PTV, at least 24.7% (6.4 ± 6.8 vs. 31.1 ± 18.7, and 43.8 ± 19.8, for IMRT-BEM, IMRT-6MV, and IMRT-15MV, respectively. p = 0.005, and 0.005). The D2%, D98%, D50%, and Dmean of the PTV were significantly reduced compared with the other two solutions. For target dose coverage, there were statistical improvements in terms of CI and HI.
TABLE 2 | Comparison of PTV dosimetric indices between IMRT-BEM and single-energy IMRT for the 10 cases.
[image: Table 2]3.4 Dosimetric results of OARs and normal tissue
The essential dosimetric results of OARs are shown in Table 3. Additional dosimetric results for OARs can also be found in the Supplementary Material. Comparing IMRT-BEM to the IMRT-6MV plans, there was a statistically significant reduction in the Dmean of the spinal cord, liver, bowel, duodenum, and stomach. The mean volumes of the medium dose for the duodenum (V20Gy and V40Gy) were reduced by 2.5% and 0.6%, respectively. The V20Gy and V40Gy of the bowel were reduced by 0.8% and 0.2%, respectively. The V20Gy of the stomach was reduced by 1.1%.
TABLE 3 | Comparison of OAR dosimetric indices between IMRT-BEM and single-energy IMRT for the 10 cases.
[image: Table 3]There were no significant differences in most of the dosimetric parameters between the IMRT-BEM and IMRT-15MV plans, except for the Dmean of the spinal cord and duodenum, the V20Gy and V40Gy of the duodenum by about 2.6% and 0.4%, and V20Gy of the stomach by about 0.8%, respectively.
IMRT-BEM plan produced a lower non-target tissue integral dose compared to the IMRT-6MV plan (64.41 ± 17.6 vs. 61.6 ± 16.7, p = 0.008), but a slightly larger value than the IMRT-15MV plan with statistically significant (60.1 ± 16.3 vs. 61.6 ± 16.7, p = 0.007), as shown in Table 3.
3.5 The fluence map distribution
Each beam of the optimized IMRT-BEM plan was composed of beamlets with different photon energies. According to the theory of continuous photon energy synthesis described in Section 2.1, the composite fluence map of each beam was composed of the fluence maps of two energy ([image: image] and [image: image]) photons. Taking a case as an example, Figure 5 showed fluence map distributions of five fields for the IMRT-BEM plan in one case.
[image: Figure 5]FIGURE 5 | The fluence map distributions of the IMRT-BEM plan for one case (from top to down was field 1–5 at the angle of 210°, 300°, 0°, 60°, and 150°, respectively). The thick red outline in the figure is PTV.
As shown in Figure 5, each pixel value represents the fluence of a beamlet with the energy [image: image].While [image: image] is unknown, it falls in between [image: image] and [image: image]. The high energy (15 MV) fluence distributions were mainly in the central area of the beam field, and the low energy (6 MV) fluence distributions were mainly at the edge of the beam field or some areas overlapping with the projection of OARs. The fluence distribution was consistent with the intuition in selecting photon energy for a beam in treatment planning. A high energy photon with higher penetration is required for the interior of the tumor volume. While, in the periphery of the tumor, to obtain better conformity to the target, or to protect the OARs close to the target, a low energy photon with lower penetration should be considered as the initial option.
3.6 The effect of the number of fields
For the 10 cases, three different plans (IMRT-6MV, IMRT-15MV, and IMRT-BEM) were generated using 3, 5, 7, 9, and 11 equidistant coplanar beams, respectively. The values of the objective function were used to evaluate the plan quality, and the results are shown in Figure 6. The IMRT-BEM plans achieved the lowest objective function values when the number of beams is less than 9. When the number of beams increased, the energy dependence gradually decreases, and the objective function values of different plans are close to the same.
[image: Figure 6]FIGURE 6 | The effect of beam energy under different numbers of fields.
4 DISCUSSION
In this work, a new IMRT optimization algorithm for continuous photon beamlet energy modulation was developed and demonstrated in 10 pancreatic cancer cases, to show the effect of an additional degree of freedom of beamlet energy on plan quality. IMRT-BEM simultaneously optimizes the photon fluence and energy in each beamlet, which is theoretically different from the traditional single-energy IMRT optimization method. In contrast to the traditional IMRT optimization, where the photon energy was fixed at a pre-selected value, the photon energy of each beamlet in the IMRT-BEM plan could continuously vary within the range of min 6)—max (15) MV, and the photon energy of the beamlet is a free variable in optimization.
It is widely recognized that high-energy photon beams with energies of 10 MV or higher are commonly used in radiation therapy for deep-seated tumors. They offer excellent penetration power and protect the skin during treatment. However, it should be noted that these high-energy beams may lead to an increase in the range of secondary electrons, which can result in greater lateral scattering [34]. This can cause blurring of dose boundaries and potentially inadequate delivery of the required dose to the target area. Additionally, there is a concern regarding neutron contamination [35]. In light of these challenges, there has been a growing interest in exploring the potential dosimetric advantages of lower energy photons, such as, Cobalt-60 and low-energy X-rays (<6 MV). By utilizing lower energy photons, it may be possible to mitigate some of the issues associated with high-energy beams. Lower energy photons exhibit reduced secondary electron ranges, which can result in sharper dose boundaries and improved delivery of the desired dose to the target area. One notable advantage of low-energy photon beams is their ability to create a smaller penumbra, resulting in a more precise and tightly-focused dose distribution around the target volume [36]. Furthermore, the use of lower energy photons can potentially address concerns related to neutron contamination.
Exploring the benefits of lower energy photons opens up new possibilities in radiation therapy planning and treatment. However, it is important to thoroughly evaluate the specific requirements of individual cases and consider factors such as tumor depth, target volume, and surrounding critical structures when determining the optimal photon energy for treatment. Consequently, in future research, the IMRT-BEM algorithm can use energies lower than 6 MV, such as 2 MV, to continue exploring the advantages of low-energy photon beams in radiotherapy. However, it is important to acknowledge that there are also some drawbacks associated with low-energy beams. These include a lower output dose rate, limited maximum dose depth, and reduced penetration capabilities. Additionally, careful planning is required when using low-energy photons to avoid higher dose deposition in the tissue at the entrance of the beam.
In conventional practice, the optimal beam energy is often selected according to the effective path length at a given gantry angle through the body, assigning higher energy to beams with longer path lengths [21]. Although this processing method seems intuitive, it ignores the dose accumulation effect of multiple radiation beams and the complex three-dimensional dosimetric distribution [25]. It was proved that the mixed energy technique is a practical way to generate a homogenous dose distribution for the target or reduce the dose to the OARs while maintaining adequate target coverage. A hybrid photon energy technology is only a simple linear combination of two energy photon plans, which is commonly used for breast and prostate cancers [21, 37, 38]. Obviously, The results obtained by this method are not optimal, and the arbitrariness of the photon energy of a beam increases the possibility of optimization to obtain a suboptimal plan [39]. The optimal and possibly unintuitive plan can be found through energy modulation in inverse planning. However, limited by computing power and system memory, all these studies only selected two photon energies for IMRT optimization research and failed to explore the continuous modulation of photon energy as we did [24, 25]. Besides, their methods all were verified on a small number of clinical cases or ideal water phantom data with the conclusion lacking sufficient clinical statistical data support.
It is a new way to realize energy-modulated IMRT based on two levels of energy photon on a medical linear accelerator with conventional configuration. In theory, compared to conventional single-energy IMRT plans, a beam in IMRT-BEM plans is composed of multiple small sub-beams with different photon energies, allowing separate optimization of different beamlet energies for different parts of the target volume. This may lead to clinical dosimetric improvements in some complex cases with off-center targets or concave tumors adjacent to many OARs of serial or parallel tissue. In this work, we pioneered the application of the concept of continuous photon energy modulation in IMRT planning and showed some advantages of the proposed method. In the future, we will study other tumor sites to identify the scenarios where this method is more useful. The results of this study show that the IMRT-BEM could improve the CI and HI of the plan, and provided a significant reduction of high-dose irradiation volume of the PTV(PTV105%), at least 24.7%. Compared with the single-energy IMRT plan (IMRT-6MV or IMRT-15MV), the irradiation volumes of the medium dose (V20Gy and V40Gy) to the duodenum and V20Gy of the stomach were reduced significantly than the other solutions, which may decrease the late toxicity of the duodenum. Research has shown that radiation dose escalation for pancreatic cancer is limited by the proximity of the sensitive surrounding OARs, in particular, gastrointestinal organs which are directly adjacent to the pancreas [40]. Therefore, the reduction of the bowel and the duodenum dose may help to further escalate the dose of PTV in IMRT-BEM, which requires further research to verify.
Though the advantage of the IMRT-BEM plan over the 15 MV plan may not be as pronounced as that over the IMRT-6MV plan, it is important to note that even modest improvements resulting from energy modulation contribute to the development of a more favorable treatment plan. Besides, our study also indicates that, in comparison to the IMRT-15MV plan, the IMRT-BEM plan exhibits a significantly lower monitor unit (MU) value contributed by the 15 MV photon, which reduces the neutron generated.
The focus of this study is to evaluate the effect of beamlet energy modulation. To exclude the dosimetric effect of other factors, the same optimization objectives and constraints were used across all plans for each patient. However, in radiotherapy practice, the optimization goals and constraints can be appropriately adjusted during the optimization to meet the individual dose-volume constraints of different cases. Therefore, the plan quality of IMRT-BEM may be further improved.
In this study, five beams were used. One may ask whether the dosimetric advantages of the IMRT-BEM technique still be valid when the number of beams increases. Therefore, some additional explorations were done in this regard. We found that IMRT-BEM can obtain the lowest objective value when the number of beams is less than 9, as shown in Figure 6. When the number of beams increased, the objective function values of different plans are close to the same, consistent with previous research [15]. Therefore, for some complex cases, we can reduce the dependence of the plan on energy by increasing the number of beams. In radiotherapy practice, the number of beams is generally selected to be 5-7, and the IMRT-BEM technology could be used to deal with some complex cases.
The findings of this study illustrate the different contributions of photons with varying energies to the fluence intensity of the IMRT-BEM plan. Although the synthesized beams cannot perfectly replicate real beams with identical energy levels, they do exhibit dose equivalence in terms of measurable dose effects. Nevertheless, disparities exist in their energy spectral distributions. For instance, a real 10 MV photon beam possesses a maximum photon energy of 10 MeV, whereas a synthesized 10 MV beam has a maximum photon energy equivalent to the highest energy photon employed during synthesis, which could be 15 MeV or 18 MeV. However, when comparing two treatment plans utilizing photons with different energies within the clinically utilized energy range, the primary emphasis lies on their respective doses rather than disparities in beam spectra and energies. However, the differences in other beam modification devices were not taken into consideration in energy modulation, such as leaf transmission and dosimetric leaf gap, which are photon energy dependent. However, they are monotonically changing with energy, these negligible differences may not be observed in our plan comparisons due to the “interpolation” nature of the energy synthesis.
After the optimization of IMRT-BEM, the fluence map of continuous photon energy in each beam was converted into two separate fluence maps corresponding to the low and high photon energies. Then, using a subfield segmentation algorithm, the fluence of each energy was divided into multiple dynamic subfield sequences. Each beam defines two sets of MLC shapes and their respective weights (MUs) for high and low energy, respectively. Ultimately, the IMRT-BEM plan is transformed into two single-energy photon plans, one with energy [image: image] and the other with energy [image: image], for delivery. This approach, which utilizes a continuous photon energy modulation optimization strategy, effectively increases the total number of beamlets only by a factor of two in all beam directions, without significantly adding complexity to IMRT optimization and calculation processes. Thus, the algorithm can be efficiently implemented. As for MLC sequencing itself, the sequencing for 6 MV and 15 MV photon beams does not differ from that for single energy beams and can be performed using existing algorithms.
For the IMRT-BEM plan, each beam needs to be converted to two MLC sequences with 6 MV and 15 MV photon beams respectively with two possible delivery strategies. One strategy is to deliver all beams at one energy first and then the other energy. In this case, only one energy switch needs to be performed but the gantry rotation time (field switch time) is doubled. The other strategy is to deliver the beam angle by angle, which involves as much energy switch as the number of beams. The delivery strategy can be chosen by the characteristics of the linac. For Linac with the ability of quick energy switch, ex. less than 20 s on a Varian TrueBeam linac, the second delivery strategy would be preferred.
Certainly, there are shortcomings in this optimization method. One obvious limitation is the extended treatment time caused by the requirement for delivery at two photon energies and increased plan MUs compared with single energy plans (Figure 3). However, this may not be a serious issue because the delivery time is taking less portion of the time slot compared with other steps such as patient setup and image guidance, and the continued development in the linac delivery automation will improve the efficiency of IMRT-BEM. Another limitation is 15 MV photon was used in the IMRT-BEM and neutrons will be produced which may lead to an increased incidence of secondary cancers after photon radiotherapy [35]. However, recent studies have shown that the high-energy neutron component may have been overestimated in the past [41]. More studies are needed to evaluate the effect of using the 15 MV photon beam in radiotherapy.
5 CONCLUSION
We developed a novel optimization algorithm to include continuous photon beamlet energy modulation in IMRT through the use of photon energy synthesis and validated it in pancreatic cancers. The dosimetric properties of both PTV and some OARs are superior to single-energy IMRT plans. The integral dose of IMRT-BEM is lower than that of IMRT-6MV but slightly higher than IMRT-15MV. The preliminary results demonstrate that the IMRT-BEM algorithm can improve plan quality, especially for complex cases with off-center and concave tumors adjacent to many OARs of serial or parallel tissue.
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