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Abstract

Objective. Boron neutron capture therapy (BNCT) and carbon ion radiotherapy (CIRT) are emerging
treatment modalities for glioblastoma. In this study, we investigated the methodology and feasibility
to combine BNCT and CIRT treatments. The combined treatment plan illustrated how the synergistic
utilization of BNCT’s biological targeting and CIRT’s intensity modulation capabilities could lead to
optimized treatment outcomes. Approach. The Monte Carlo toolkit, TOPAS, was employed to
calculate the dose distribution for BNCT, while matRad was utilized for the optimization of CIRT.
The biological effect-based approach, instead of the dose-based approach, was adopted to develop the
combined BNCT-CIRT treatment plans for six patients diagnosed with glioblastoma, considering the
different radiosensitivity and fraction. Five optional combined treatment plans with specific BNCT
effect proportions for each patient were evaluated to identify the optimal treatment that minimizes
damage on normal tissue. Main results. Individual BNCT exhibits a significant effect gradient along
with the beam direction in the large tumor, while combined BNCT-CIRT treatments can achieve
uniform effect delivery within the clinical target volume (CTV) through the effect filling with reversed
gradient by the CIRT part. In addition, the increasing BNCT effect proportion in combined treatments
can reduce damage in the normal brain tissue near the CTV. Besides, the combined treatments
effectively minimize damage to the skin compared to individual BNCT treatments. Significance. The
initial endeavor to combine BNCT and CIRT treatment plans is achieved by the effect-based
optimization. The observed advantages of the combined treatment suggest its potential applicability
for tumors characterized by pleomorphic, infiltrative, radioresistant and voluminous features.

1. Introduction

Boron neutron capture therapy (BNCT) is a cancer-selective radiotherapy modality commonly employed in the
treatment of glioblastoma, melanoma, and head and neck cancer (Dymova et al 2020). The therapeutic dose of
BNCT is mainly attributed to the nuclear reaction between externally irradiated neutrons and tumor-enriched
'%B drugs, producing alpha and lithium particles with a short range that selectively damage tumor cells while
sparing surrounding normal cells (Barth et al 2018). In addition, BNCT has a high relative biological
effectiveness (RBE) and is often applied in cases of recurrence following conventional radiotherapy. However,
the issue of non-uniform dose distribution within tumors has consistently posed a challenge in the context of
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BNCT (Yuetal 2017). Multi-field neutron beams have the potential to enhance the dose distribution to large
tumors (Fujimoto et al 2015, Lee et al 2017), which is similar to the principle of three-dimensional conformal
radiotherapy (3D CRT). However, neutron beams are difficult to achieve intensity modulation within a single
field considering its forward angle and field size. Clinical investigations into BNCT employing multiple fields
have also been undertaken at institutions such as Harvard-MIT (Palmer et al 2002, Busse et al 2003).
Nonetheless, the limited penetration capacity of neutron has made it challenging to formulate BNCT treatment
plans that incorporate multiple fields covering a full range of angles.

Carbon ion radiotherapy (CIRT) is a therapeutic modality that relies on the Bragg peak of carbon ions to
achieve a precise and conformal dose deposition in tumors (Durante and Paganetti 2016). Furthermore, CIRT
has high RBE values, comparable to that of BNCT, enabling the efficient destruction of radiation-resistant
tumors (Karger and Peschke 2017). Nevertheless, due to the steep dose gradient at the tumor periphery, accurate
tumor identification and contouring, precise positioning, and meticulous beam control are crucial
(Paganetti 2012, Han et al 2019, Geng et al 2020).

In recent years, the simultaneous implementation of different treatment modalities in radiotherapy has
gained increasing attention to improving treatment efficacy, although such approaches have yet to be widely
adopted in clinical practice. Several combined regimens have been proposed, including electron—photon
(Renaud et al 2019), proton—photon (Unkelbach et al 2018, Gao 2019, Fabiano et al 2020, Marc et al 2021, Li et al
2023), carbon-photon (Bennan et al 2021), and BNCT-photon/proton modality (Takada et al 2020). In this
study, we aimed to evaluate the feasibility and potential benefits of combining BNCT and CIRT. We hypothesize
that the combined BNCT-CIRT modality has the potential to provide a more homogeneous dose distribution to
the tumor and reduce the normal tissue toxicity by combining the BNCT’s biological targeting and CIRT’s
intensity modulation capabilities. To explore this hypothesis, we conducted the initial endeavor of the combined
BNCT-CIRT treatment planning using the effect-based optimization for patients diagnosed with glioblastoma.

2. Methods and materials

2.1. Software

The BNCT dose calculation was accomplished using the Monte Carlo simulation software TOPAS 3.7, known
for its high accuracy and reliability (Perl et al 2012, Faddegon et al 2020). The modular physics list included
‘gdem-standard_opt4’, ‘thermalphp_physics’, ‘g4decay’, ‘gdion-binarycascade’, ‘gdh-elastic_HP’, ‘g4stopping’,
and ‘gdem-extra’ (Zhang et al 2019). Additionally, the CIRT optimization was performed using matRad v2.10.1,
an open-source radiation treatment planning system (Wieser et al 2017).

2.2.Sources

In this study, the ‘Neuboron source’, an accelerate-based neutron beam constructed by Neuboron Medtech.
Ltd., was utilized. This neutron beam was generated through the reaction between 2.5 MeV protonsand a
lithium target with 93.1 mm thickness (Lee et al 2014). The carbon ion beam employed in this study was
provided by the ‘Generic’ beam model included in matRad.

2.3. Patients

In this investigation, the efficacies of the BNCT, CIRT, and combined BNCT-CIRT treatment strategy were
assessed for six patients diagnosed with glioblastoma. All cases were obtained from the database of Jiangsu
Cancer Hospital, with patients’ consent to use their data anonymously for research purposes. Experienced
radiation oncologists performed the delineation of the clinical target volume (CTV). The brain and skin were
identified as organs at risk. Conversion of CT-HU values to corresponding materials was conducted using the
method proposed by Schneider et al for Monte Carlo simulation (Schneider et al 2000). The dose calculation
matrix in TOPAS and matRad preserved the original CT resolution.

2.4. Effect-based optimization

Considering the nonlinear effects stemming from fractionation and the variable RBE values of CIRT and BNCT,
this study utilized the biological effect &, which represents the negative logarithm of the surviving fraction S, for
the joint optimization of combined BNCT-CIRT treatment plans (Wilkens and Oelfke 2004, Wilkens and
Qelfke 2006):

e = —log(S) = ad + Bd>. (1)

The application of the biological effect € in the optimization process is rooted in the Linear-Quadratic (LQ)
model, which is a widely accepted framework for guiding fractionation decisions in radiobiology. The
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Table 1. Parameter values in different volumes for biological weighted dose and effect calculation in BNCT.

i Qi (ppm) Vvihomn mfn mtn Wi'y (X?’ (Gy—l) 6:, (Gy—z)
i€ CTV —_ 60 3.5 3.2 3.2 1 0.5 0.05
i¢ CTV i € Skin 25 2.5 3.2 3.2 1 0.1 0.05
i ¢ Skin 18 1.4 3.2 3.2 1 0.1 0.05

parameters o and B are used to characterize the radiation sensitivity. This effect-based optimization approach
has been successfully implemented in the planning of CIRT and IMRT-CIRT treatments (Bennan et al 2021).

In the case of the combined BNCT-CIRT treatment, where the number of fractions for CIRT (#“™RT)is
predetermined and BNCT is administered in a single fraction (i.e. #¥N¢T = 1) in this study, the optimization
problem can be expressed as follows:

min Y wy, f,, (e7%) @)

€iTotal — pCIRT E,CIRT + yBNCT 8:.SNCT Vi (3)
in which f,, (7% and w;, are the objective functions and associated penalties for different structures (m),
evaluated for the cumulative biological effect €/°® of BNCT and CIRT fractions combined in voxel , x; is the
intensity of carbon ion pencil beam k. The biological effect of a single CIRT fraction (¢{"%") is represented as
follows:

2
£CIRT Z QCRTpCIRT 4 (Z [ CIRT ) CIRT Xk) Vi (4)
: - : :
in which DG*T denotes its absorbed dose contribution to voxel i for unit beam intensity, a{\* and B are
calculated based on the local effect model IV (LEM IV) (Griin et al 2012). The biological effect of BNCT (e,BCNT)
is calculated by equation (5):

BNCT aquNCT + 57(dBNCT)2 Vi (5)

in which ] and 37 are the LQ model parameters of photon, d.*N“T is the biological weighted dose of BNCT (i.e.
photon equivalent dose). This differs from the CIRT approach in equation (4), as radiosensitivity is not modeled
through BNCT-specific « and [ parameters. Instead, according to different relative biological effectiveness (W)

and absorbed dose per ppm of boron (D) of each dose component, the biological weighted dose of BNCT can be
described by equation (6):

dBNCT Q WboronDboron + Vvianifn + WimDim + Wi'yDi'y Vi (6)

in which Q is the boron concentration, D with superscripts boron, fn, tn, and -y represent boron dose, fast
neutron dose, thermal neutron dose, and gamma dose, respectively. All the fixed parameters required for the
calculation of the biological weighted dose and effect in BNCT (Yu et al 2017, Bennan et al 2021) were presented
intable 1.

2.5. Treatment planning study
The Flow chart of combined treatment planning optimization is depicted in figure 1. The combined treatment
plan can be split into two parts: the BNCT part and the CIRT part. In the BNCT part, a ‘Neuboron source’ with a
radius of 10 cm was employed, and irradiation was administered from the top of the patient’s head. In the CIRT
part, two coplanar carbon beams were utilized, and the number of fractions was set to 30 (i.e. n®%T = 30). The
number of treatment fractions was fixed to minimize variation in this study, but it can be optimized in actual
treatment. A Monte Carlo simulation was performed to obtain the effect distribution matrix of BNCT. To assess
the impact of the BNCT effect proportion and determine an optimal ratio of BNCT and CIRT in the combined
treatment modality, we adjusted the effect matrix of the BNCT part to attain a desired value of 2}\g5,, in the
CTV. In this study, we set e )\gs0, to 1.8, 3.6, 5.4, 7.2, and 9, corresponding to 5%, 10%, 15%, 20%, and 25% of
the prescription effect limit. The relative combined treatments are labeled as Hybrid_1, Hybrid_2, Hybrid_3,
Hybrid_4, and Hybrid_5, respectively. Then, the effect matrix of the BNCT part was used as a fixed base matrix
for CIRT optimization. To aid comparability, we scaled all combined plans to the same target coverage (i.e. 95%
of the biological effect reaching the CTV).

The accumulated treatment quality metric is expressed in the form of 2 Gy equivalent dose (EQD2), a more
common parameter in clinical plan analysis. The relationship between EQD2; and ! °®! is shown in
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Combined BNCT-CIRT treatment planning optimization
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Figure 1. The flow chart of combined BNCT-CIRT treatment planning optimization.

equation (7).
E;Fotal / a;y

EQD2 = 57

Vi (7)
In this study, we adopted a reference treatment standard for glioblastoma with photon radiotherapy delivered at
adose of 2 Gy/30 fractions, and the maximum dose limit for normal brain tissue was set to 60 Gy (Emami 2013,
Gzell etal 2017). According to equation (7), the prescription effect limit in the CTV was 36 (o7 /37 = 0.5/

0.05 Gy), while the maximum allowable effect limit in normal brain tissue was determined to be 12

(a?/B7 =0.1/0.05 Gy). Specifically, we used the optimization function ‘Squared Deviation’ within matRad,
setting € in the CTV to 36 with a penalty value of 50, and the ‘Squared Overdosing’ function for normal brain
tissue with an € of 12 and a penalty value of 500. The detailed explanation of these optimization parameters and
the exact definition of the function in matRad can be found in the published paper (Wieser et al 2017) or in the
open-source code repository (http://github.com/e0404 /matRad/tree/v2.10.1).

3. Results

Figure 2 displays the cumulative effect distributions in the treatment plans for patient 1 as an example when
using individual BNCT or CIRT. The figure comprises three slices (i.e. sagittal, coronal, and axial) for each
treatment approach. Upon analyzing figures 2(a)—(b), a noticeable effect gradient in the CTV along the beam
direction is observed when utilizing BNCT alone (i.e. the cumulative effect is higher when the voxel is close to the
top of the head and lower at depth). This outcome arises due to the decreased beam flux during neutron
transport into the patient. To ensure that 95% of the CTV attains the prescribed effect limit (i.e. e£Yaso, = 36),
the maximum effect in the CTV reaches 250. Figure 1(c) presents the effect distribution in the vertical plane of
the beam, which facilitates the characteristic of BNCT to spare the normal brain tissue depending on its
biological targeting property. Conversely, figures 2(d)—(f) demonstrate that CIRT can achieve a uniform
distribution of the cumulative effect in the CTV through intensity modulation, but normal brain tissue near
CTV would have a higher cumulative effect considering the gradient of the spread-out Bragg peak.

Figure 3 depicts the cumulative effect distributions in the treatment plans for patient 1 when the combined
BNCT-CIRT modality (i.e. a single fraction of BNCT and thirty fractions of CIRT) is utilized. The figure displays
asingle slice direction to visualize the effect change tendency along the neutron beam. The results for five
different combined treatments (Hybrid_1~Hybrid_5) are shown in separated columns. The BNCT part, CIRT
part, and BNCT+CIRT effect distributions of the combined treatments are presented in different rows.

Figures 3(a)—(e) reveals a gradient of effect distribution along the beam direction in the BNCT part, while
figures 3(f)—(j) show how CIRT compensates for this gradient to achieve a uniform effect distribution in the CTV
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Figure 2. The cumulative effect distributions in the treatment plans for patient 1 when using individual BNCT (a)—(c) or CIRT (d)-(f).
Three slices are presented for each treatment approach, i.e. sagittal: (a) and (d), coronal: (b) and (e), axial: (c) and (f). Organ contours
are delineated using lines of different colors: CTV (red), brain (pink), and skin (green).

for each combined treatment, as shown in figures 3(k)—(0). Specifically, the CIRT beam fluences are optimized
to give an inverse gradient of effect distribution within the CTV.

Figure 4 presents the effect volume histograms (EVHs) of combined treatment plans for patient 1 when the
combined BNCT-CIRT modality (i.e. a single fraction of BNCT and thirty fractions of CIRT) is utilized. Distinct
color schemes are employed to represent the combined treatment plans, each corresponding to specific effect
proportions attributed to BNCT. In figure 4(c), the combined treatment, Hybrid_5, exhibits a trailing high-
effect area due to excessive BNCT effect in the voxels near the top of the head. Apart from this, the homogeneity
of effect in the CTV has little variation among different combined treatments. Figure 4(f) illustrates that as the
proportion of BNCT effect increases (i.e. from Hybrid_1 to Hybrid_5), less normal brain tissue is exposed to
high effects. Furthermore, by analyzing the figure 4(i), we found no significant pattern in skin exposure for
different combined treatments. Supplementary A presents the effect volume histograms of combined
treatments for patient 2 to patient 6.

Figure 5 displays the EVHs of individual BNCT, CIRT, and the artificially selected (optimized) combined
treatments from Hybrid_1 to Hybrid_5 for six patients. Table 2 lists the relevant EQD2-based quality indicator
values of BNCT, CIRT, and the selected combined treatment for each patient. For patients 1-4, the combined
treatments exhibit advantages when the same prescribed dose/effect is reached within the CTV. Specifically, the
combined treatment presents superior dose/effect delivery in the CTV and skin in comparison to BNCT, while
it gives improved dose/effect delivery in the normal brain tissue compared to CIRT. Nevertheless, the combined
BNCT-CIRT treatment also has some limitations for the other two cases. For patient 5, all three treatment
approaches (i.e. BNCT, CIRT, and Hybrid_5) can achieve satisfactory results because of the small volume and
superficial location of the tumor, for which the combined treatment has no significant advantages. For patient 6,
although the combined treatment (i.e. Hybrid_1) shows some improvement, it still poses a high risk of side
effects in the normal tissue because of the deep tumor location. Supplementary B gives the complete EQD2-
based quality indicator values including other combined treatments for each patient.
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Hybrid_1 Hybrid_ 2 Hybrid_3 Hybrid_ 4 Hybrid_5

BNCT PART

CIRT PART
Effect

BNCT+CIRT

Figure 3. The cumulative effect distributions in the treatment plans for patient 1 when using the combined BNCT-CIRT modality (i.e.
asingle fraction of BNCT and thirty fractions of CIRT). The results for five different combined treatments (Hybrid_1~Hybrid_5) are
shown in separated columns. The BNCT part (a)—(e), CIRT part (f)—(j), and BNCT+CIRT (k)—(o) effect distributions of the combined
treatments are presented in different rows.

4. Discussion

This study employed an effect-based optimization approach to develop the combined BNCT-CIRT treatment
plan. The feasibility and advantages of the combined treatment modality were assessed by comparing the
cumulative effect distributions and EVHs of individual BNCT, CIRT, and the combined treatment. Specifically,
for BNCT, the significant effect gradient in large tumors always results in unacceptable damage to superficial
normal tissue (e.g. skin) when attempting to achieve the prescribed dose/ effect in the large CTV. In
conventional radiotherapy, this can be solved by multiple fields and varying fluences, but it is still a challenge in
BNCT, considering the limitation on neutron beam and boron drugs delivery (Yu et al 2017). Therefore,
combining BNCT with other intensity-modulated radiotherapies, which can achieve the effect filling with
reversed gradient, may have potential solve the problem. Moreover, the reason for selecting the combined
BNCT-CIRT modality is that both treatment modalities predominantly utilize heavy ions with high RBE values,
which maybe more in line with the clinical interest to treat cancers with high radioresistant (Reya et al 2001,
Tsujii e al 2004). Nevertheless, the effect-based optimization approach employed in this study is not exclusive to
the combination of BNCT with CIRT but can also be used in BNCT-photon, BNCT-proton, or other BNCT-ion
combinations, as it in general allows any combination of modalities that can formulate response in the LQ
framework. Furthermore, we found that the increasing effect proportion of BNCT in the combined treatments
can reduce damage to the normal brain tissue, particularly in close proximity to the CTV. This is attributed to
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Figure 4. The effect volume histograms of combined treatment plans for patient 1 when using the combined BNCT-CIRT modality
(i.e. asingle fraction of BNCT and thirty fractions of CIRT). Five different combined treatments are depicted in distinct colors:
Hybrid_1 (black), Hybrid_2 (red), Hybrid_3 (blue), Hybrid_4 (green), and Hybrid_5 (purple). Different rows corresponding to
results for three organ contours: CTV (a)—(c), Brain (d)—(f), Skin (g)—(i); separated columns represent the BNCT part (a), (d), (g),
CIRT part (b), (e), (h), and BNCT+CIRT (c), (f), (i) in the combined treatments. Subplots in figures (g)—(i) provide magnified EVHs
with auxiliary lines representing the 5% and 2% volumes.

the biological targeting property of BNCT. These findings highlight the potential of combined BNCT-CIRT
modality to achieve optimal tumor control while minimizing normal tissue toxicity.

Tumor volume and location appear to be a necessary consideration for combined BNCT-CIRT treatment.
For small superficial tumors (e.g. patient 5), individual BNCT and CIRT can achieve satisfactory results, and the
combined modality has few significant advantages. Besides, for tumors located deeply (e.g. patient 6), the
combined BNCT-CIRT treatment may not achieve acceptable results due to the high cost of delivering dose/
effect into the deep CTV using the BNCT approach. Multi-field CIRT may be a more suitable choice in such
cases (Lautenschlaeger et al 2022).

When considering the combination of BNCT and CIRT, both high RBE therapies, its applicability may
extend to scenarios involving recurrent tumors that have acquired radioresistant following the initial treatment.
To illustrate, patients diagnosed with recurrence glioblastoma may have undergone a course of treatment
consisting of 60 Gy of x-ray radiotherapy combined with temozolomide (Chamberlain et a2007). In such
instances, challenges persist to determine the prescribed dose and assess the toxicity on normal tissues.

Heterogeneity in macroscopic and microscopic boron distribution can affect the dose or effect calculation in
BNCT, and may also impact the efficacy of the combined BNCT-CIRT treatment. The inhomogeneous
macroscopic boron distribution in the same organ stems from differences in tissue environment (e.g.
microvessel density) (Aihara et al 2006). This macroscopic heterogeneity can lead to significant localized effect
gradients. Quantitative measurements of macroscopic boron distribution can be achieved by PET imaging or
prompt gamma imaging (Teng et al 2023, Wu et al 2023). However, the challenge is to recognize if CIRT could
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Figure 5. The effect volume histograms of individual BNCT (dash-dotted line), CIRT (dashed line), and the artificially selected
(optimized) combined treatment (solid line) from Hybrid_1 to Hybrid_5 for six patients. The relevant CT slice and cumulative effect
distribution of the selected combined treatment for each patient are shown in the corresponding plot.

Patient 2

Patient 4

Patient 6

Table 2. EQD2-based quality indicators of BNCT, CIRT and the selected combined treatments for six patients.

Patient 1 Patient 2 Patient 3
EQD2-based quali
o duatty CTV35.12 cm’ CTV 67.87 cm® CTV 137.97 cm’
indicators (Unit: Gy)
BNCT CIRT Hybrid_ 4 BNCT CIRT Hybrid_ 3 BNCT CIRT Hybrid_3
CTV Dyso5 60.00 60.00 60.00 60.00 59.98 60.00 60.00 60.02 60.00
Dinax 421.00 75.07 68.33 646.82 79.18 71.77 919.65 79.53 96.95
Diean 186.47 63.82 62.15 219.40 63.10 62.07 314.85 64.10 64.97
Brain Dso, 20.85 27.85 19.10 81.30 32.80 21.40 37.75 52.65 38.10
Dso, 33.40 57.65 35.50 122.75 63.45 43.75 68.70 80.80 59.55
Skin Dsy, 2.75 3.55 4.75 2.15 0.15 2.00 38.50 14.30 15.95
D;o, 69.00 11.70 11.55 22.45 14.30 15.00 304.95 24.05 35.85
Patient 4 Patient 5 Patient 6
EQD2-based quali
QD2-based quality CTV 127.88 cm® CTV 1.87 cm® CTV31.43 cm®
indicators (Unit: Gy) . . .
BNCT CIRT Hybrid_2 BNCT CIRT Hybrid_5 BNCT CIRT Hybrid_1
CTV Dysq, 60.00 60.03 60.02 60.00 59.97 60.02 60.00 59.98 59.98
Diax 2590.4 75.40 146.83 77.85 81.08 75.97 1238.4 81.38 76.53
Dipean 559.77 63.58 68.47 67.33 65.85 64.28 251.88 65.25 64.33
Brain Dsy, 101.95 46.85 34.80 5.85 0.50 2.20 929.20 46.10 41.85
Dy, 215.75 77.30 58.00 9.10 9.00 8.15 1377.2 87.10 77.15
Skin Dso 68.85 20.45 18.05 3.35 0.00 1.25 76.75 0.00 6.85
Dso, 383.05 27.00 29.45 26.20 0.00 6.10 2450.5 0.80 44.30
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effectively address the significant effect gradient through intensity modulation considering the limitation of
beam delivering, and whether the combined therapy could still demonstrate its advantages under more complex
conditions. In addition, the heterogeneous microscopic boron distribution due to distinct drug transport
mechanisms is a crucial factor which did not consider in the present study. Given the limited range of alpha and
lithium particles resulting from the boron neutron capture reaction, the microscopic distribution significantly
influences the W°" value in BNCT (Sato et al 2018, Han et al 2023). It is noteworthy that although this study
employed an effect-based approach, challenges persisted in obtaining BNCT-specific awand 3 data. Accordingly,
the effect calculation in this study amalgamated the RBE-weighted (e.g. W°™") dose with the o and (3 data of
photons. Nevertheless, the microscopic heterogeneity in boron distribution can also influence BNCT-specific
and 3 data. Considering the effect of heterogeneous microscopic boron distribution, the CIRT part in combined
treatment may still achieve reversed effect distribution through intensity modulation in theory because the effect
gradient in the BNCT part induced by the microscopic boron distribution is relatively small.

Furthermore, there are some limitations and prospects for the treatment planning process in this study.
Fractionation optimization merits consideration for certain patients, such as combining a single fraction of
BNCT with a single fraction of CIRT. Although the LQ model is extensively utilized in radiation therapy to assess
the impact of radiation on tumors and normal tissue, it possesses inherent limitations in comprehensively
capturing the intricate biological response. The LQ model does not account for crucial factors, including the
dynamic immune system response, intercellular interactions, and anatomical structural changes, which have
substantial implications on treatment outcomes. (Sharma and Allison 2015, Brock et al 2017). Besides, the
accuracy of the biological effect calculation is highly dependent on the a and 3 values. The study conducted by
Fertil et al highlighted the heterogeneity of o and 3 values across different normal and tumor tissue (Fertil and
Malaise 1985). These values, which reflect the intrinsic radiosensitivity and repair capacity, were acknowledged
in this study but simplified for practical considerations. Future investigations that incorporate these variations
are necessary to optimize treatment strategies.

5. Conclusions

This study presented the initial endeavor to combine BNCT and CIRT treatment using the effect-based
optimization approach, aiming to assess its potential advantages by comparing the outcomes with those of
individual BNCT and CIRT treatments. The findings from the analysis of six patients diagnosed with
glioblastoma highlight the benefits of the combined treatment strategy, including the achievement of a more
homogeneous effect distribution within the CTV and the reduction of dose/effect delivery to the skin and
normal brain tissue, though this modality is not suitable for deeply located tumors. The observed advantages of
the combined BNCT-CIRT treatment suggest its potential applicability for tumors characterized by
pleomorphic, infiltrative, radioresistant, and voluminous features.
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