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Introduction

In current proton beam therapy, clinical dose is conventionally prescribed by 
scaling the physical proton dose using a proton relative biological effectiveness (RBE) 
relative to photons of 1.1. However, the RBE of protons depends on the linear energy 
transfer (LET), the dose per fraction, and the tissue type [1]. Since the RBE varies, the 
assumption that the RBE is a constant value of 1.1—that is, a ϐixed RBE (FRBE)—may 
limit the potential of proton beam therapy. Wedenberg et al., evaluated the impact of 

Abstract

Purpose: The purpose of this study was to evaluate biological dose in single-fi eld optimization 
(SFO) and multi-fi eld optimization (MFO) intensity-modulated proton therapy (IMPT) plans for brain 
tumor patients that used a fi xed relative biological effectiveness (FRBE) and those that used a variable 
RBE (VRBE).

Materials and methods: SFO and MFO IMPT plans were planned by the Varian Eclipse treatment 
planning system for three brain tumor patients. Dose and linear energy transfer (LET) distributions 
for each plan were recomputed using an in-house fast Monte Carlo dose calculator system, and then 
biological dose distributions were calculated with a FRBE of 1.1 or with a previously published VRBE 
model. We then compared biological dose distributions obtained by the VRBE with those obtained by 
the FRBE.

Results: Doses obtained by the VRBE for the gross tumor volume and clinical target volume in all 
plans were 1%-2% larger than those obtained by the FRBE. The minimum dose obtained by the VRBE for 
the brainstem in the SFO IMPT of one patient was 140% larger than that obtained by the FRBE, but the 
difference was only 5.3 cGy (RBE). The difference in maximum dose for the optic chiasm in the MFO 
IMPT of another patient was less than 3.2%, but the dose difference was 149.2 cGy (RBE). We also 
found that no major differences were seen between the biological dose differences in the SFO IMPT 
plans and those in the MFO IMPT plans.

Conclusion: We could observe biological dose differences between the FRBE and the VRBE in the 
SFO and the MFO IMPT plans for brain tumor patients.
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disregarding variations in RBE in the comparison of proton and photon treatment 
plans [2], and Paganetti and Chen et al., discussed the potential clinical impact of a 
variable RBE (VRBE) [3,4].

The latest proton beam scanning technique [5-7], can deliver dose more conformally 
than passive scattering proton beam therapy and can meet the clinical constraints of 
using state-of-the-art intensity-modulated proton therapy (IMPT) [8]. Clinical impact 
of a VRBE calculation for the IMPT has been evaluated by Frese et al. [9]. Currently, 
Kohno et al., reported biological dose comparisons between a RBE and a VRBE in SFO 
and MFO IMPT for a brain tumor [10]. For the clinical target volume, biological doses 
obtained by the VRBE were 1%-2% larger than those obtained by the FRBE. On the 
other hand, for organs at risk (OARs) located in the end of the beam, biological dose 
with the conventional FRBE had any dose errors in IMPT plans. 

Here, since they evaluated only in one case, it is not sufϐicient to support their 
conclusion. Therefore, in this paper, we investigated biological dose comparison 
between the FRBE and the VRBE obtained in the SFO and MFO IMPT plans for three 
brain tumor patients with various tumor volume and tumor’s location.

Materials and Methods
We selected three brain tumor patients, who were treated with proton therapy 

at the University of Texas MD Anderson Cancer Center. Figure 1 shows the target 
volumes, target locations and organs at risk in the brain tumor treatment plans on a 
computed tomography slice. The tumors are surrounded in a complicated manner by 
nerve, brain, brainstem, bone, and sinus cavity. The gross tumor volume (GTV) and the 
clinical target volume (CTV) for each case are 6.3 cc and 111.8 cc for case (A), 37.4 cc 
and 70.4 cc for case (B), and 27.1 cc and 84.4 cc for case (C).

SFO and MFO IMPT plans were designed by the Eclipse treatment planning 
system (version 13.5; Varian Medical Systems, Inc., Palo Alto, CA). We used the same 
three coplanar beams in both IMPT plans for each patient. The prescribed proton 
radiotherapy doses were 5700 and 5000 cGy (RBE) to the GTV and CTV, respectively, 
in 30 fractions. Using a minimum dose and a maximum dose objective function with 
the same optimization conditions for both IMPT plans, all plans were designed to cover 
100% of the GTV and the CTV and to minimize the maximum dose for the brainstem, 
the optic chiasma, both optic nerves, which the maximum dose constraint is 5400 cGy 
(RBE). 
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Figure 1: Contours of the GTV, CTV and OARs drawn on the computed tomography image for three brain cancer patients.
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Physical dose and LET distributions for each plan were recomputed using an in-
house “fast dose calculator” (FDC) [11,12]. The FDC is a fast Monte Carlo method, and 
can calculate dose distributions in less than 5 minutes per patient and is suitable for 
routine clinical work. The FDC has been validated by Geant4 for IMPT plans [13] and 
compared with Eclipse treatment planning system [14].

Biological dose distributions were calculated using the FDC with an FRBE of 1.1 
and using the VRBE model published by Wilkens et al. [15]. Using a reference radiation 
with parameters ax  a nd βx based on the linear-quadratic (LQ) model, t h e RBE at proton 
dose Dp on the dose averaged LET LETd is given by
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where a0 and λ are the linear and the initial parameter, respectively, in terms of 
biologic response, a, to protons. We can describe the RBE as simply a function of the 
dose, the LET, and tissue-speciϐic parameters. Biological parameters given by Frese et 
al. [9], were used in this study. To compare the FRBE and VRBE models, we performed 
a comparative analysis of dose distributions for each plan in each region of interest. 
The comparative analysis used the dosimetric parameters of minimum, maximum, and 
mean dose.

Results and Discussion

Figure 2 exempliϐies iso-dose distributions of the FRBE(a) and the VRBE(b) in the 
SFO IMPT plan, and the FRBE(c) and the VRBE(d) in the MFO IMPT plan for a patient 
in ϐigure 1(A). We could not observe visually differences among them. Figure 3 and 4 
show dose volume histograms (DVH) of the target volumes such as the GTV and the 
CTV, and the organs at risk (OAR) such as the brainstem, the optic chiasma, the left 
optic nerve and the right optic nerve in the SFO IMPT plans for each patient. DVHs in 
the MFO IMPT plans are shown in ϐigures 5 and 6. Then, Figures 7 and 8 show dose 
averaged LET LETd volume histograms in the SFO and MFO IMPT for each patient.
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Figure 2: Iso-dose distributions of FRBE( a) and VRBE (b) for SFO IMPT plan, and FRBE (c) and VRBE (d) for MFO 
IMPT plan for patient of Figure 1(A).
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Figure 3: DVHs of GTV and CTV for FRBE and VRBE in SFO IMPT plans for each patient.
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Figure 4: DVHs of brainstem, optic chiasma and both optic nerves for FRBE and VRBE in SFO IMPT plans for each 
patient.
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Figure 5: DVHs of GTV and CTV for FRBE and VRBE in MFO IMPT plans for each patient.
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Figure 6: DVHs of brainstem, optic chiasma and both optic nerves for FRBE and VRBE in MFO IMPT plans for each 
patient.
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Figure 7: LETd volume histograms of GTV, CTV, brainstem, optic chiasma and both optic nerves for FRBE and VRBE 
in SFO IMPT plans for each patient.
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For the GTV, the SFO IMPT plans for three patients obtained by the FRBE and by the 
VRBE models differed by a mean (± standard deviation) of 1.7±0.4% in minimum dose, 
1.5±0.4% in maximum dose and 1.4±0.2% in mean dose. Those differences for the MFO 
IMPT plans were 2.6±0.9%, 1.7±0.2% and 1.5±0.2%. For the CTV, the SFO IMPT plans 
differed by 2.7±1.8% in minimum dose, 1.5±0.4% in maximum dose and 1.4±0.1% in 
mean dose. Those differences for the MFO IMPT plans were 2.7±1.8%, 1.8±0.3% and 
1.4±0.1%. Overall, doses obtained by the VRBE for the target volumes were about 2% 
larger than those obtained by the FRBE as well as the results in the previous study [10].

For each OAR, the differences in minimum dose were considerably larger than 
those in maximum and mean dose. For the brainstem in the SFO IMPT of the patient 
(C), the minimum dose obtained by the VRBE was 139.5% larger than that obtained by 
the FRBE, and this was the largest difference due to the maximum LETd of 12.6 keV/
μm. However, the dose difference was only 5.3 cGy (RBE). Additionally, the differences 
in maximum and mean dose were 2.0% but 103.4 cGy (RBE), and 6.9% but 79.7 cGy 
(RBE). In the SFO IMPT of the patient (A) with a target on the right side, the differences 
in minimum dose between the VRBE and the FRBE for the left optic nerve were 54.9% 
but only 2.8 cGy (RBE). The differences in maximum and mean dose were 9.9% but 
66.7 cGy (RBE), and 41.3% but 23.8 cGy (RBE). In the SFO IMPT of patient (B) with 
a target on the left side, the differences in minimum dose between the VRBE and the 
FRBE for the right optic nerve was 73.9% but only 1.7 cGy (RBE). The differences in 
maximum dose and mean dose were 12.7% but 78.4 cGy (RBE), and 31.2% but 18.6 
cGy (RBE).

The maximum dose to these critical organs is the most important clinical parameter. 
For the optic chiasm in the MFO IMPT of patient (A), the maximum dose obtained by 
the FRBE was 4641.4 cGy(RBE), and one obtained by VRBE was 4790.6 cGy(RBE). 
Namely, the difference in maximum dose in the optic chiasm was less than 3.2% but 
constituted the maximum dose difference of 149.2 cGy (RBE). This maximum dose was 
much less than the maximum dose constraint of 5400 cGy (RBE).

Thus, we observed that doses obtained by the VRBE for OARs were larger than those 
obtained by the conventional FRBE, and these dose differences depended on location 
of OARs. Incidentally, we also conϐirmed that a one-to-one correlation coefϐicient R2 for 
each dose difference between the SFO plans and the MFO IMPT plans was 0.9883, and 
there were no differences between both plans. We also found that no major differences 
for LETd volume histograms were seen between the SFO IMPT plans and the MFO IMPT 
plans for each patient. Namely, we did not observe any inϐluence of the irradiation 
method.

It was obvious that biological dose calculation with the VRBE gave any dose 
differences in clinical case. These differences may be able to explain more precisely 
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Figure 8: LETd volume histograms of GTV, CTV, brainstem, optic chiasma and both optic nerves for FRBE and VRBE 
in MFO IMPT plans for each patient.
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clinical effects. Naturally, biological dose distributions depend on the RBE calculation 
model. Although the phenomenologic RBE model proposed by Wilkens et al. [15], was 
used in this study, various RBE models have already been developed [16-19]. However, 
Patel et al., reported their RBE models show increasing discrepancy for higher LET

d 
values [20]. Since these cellular responses to proton beam irradiation have not been 
yet clearly modeled, it is necessary to improve the accuracy of existing RBE models or 
develop new models.

Conclusion
We evaluated biological dose differences between the conventional FRBE and 

the VRBE in the SFO and the MFO IMPT plans for three brain tumor patients. Doses 
obtained by the VRBE model for GTV and CTV were about 2% larger than those 
obtained by the FRBE model. On the other hand, doses obtained by the VRBE for OARs 
were somewhat larger than those obtained by the FRBE, and their dose differences 
depended on location of OARs. We also found that the differences in minimum dose for 
each OAR were larger than the differences in maximum and mean dose.
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