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Abstract

Purpose: Currently, the relative biological effectiveness (RBE) is assumed to be constant with a 

value of 1.1 in proton therapy. Although trends of RBE variations are well known, absolute values 

in patients are associated with considerable uncertainties. This study aims to evaluate the impact of 

a variable proton RBE in proton therapy liver trials using different fractionation schemes.

Methods: Sixteen liver cancer cases were evaluated assuming two clinical schedules of 40 Gy/5 

fractions and 58.05 Gy/15 fractions. The linear energy transfer (LET) and physical dose 

distribution in patients were simulated using Monte Carlo. The variable RBE distribution was 

calculated using a phenomenological model, considering the influence of the LET, fraction size 

and α/β value. Further, models to predict normal tissue complication probability (NTCP) and 

tumor control probability (TCP) were used to investigate potential RBE effects on outcome 

predictions.

Results: Applying the variable RBE model to the 5 and 15 fractions schedules results in an 

increase in mean fraction-size equivalent dose (FED) to the normal liver of 5.0% and 9.6% 

respectively. For patients with a mean FED to the normal liver larger than 29.8 Gy, this results in a 

non-negligible increase in the predicted NTCP of the normal liver averaging 11.6%, ranging from 

2.7 to 25.6%. On the other hand, decrease in TCP was less than 5% for both fractionation 

regimens for all patients when assuming a variable RBE instead of constant. Consequently, the 

difference in TCP between the two fractionation schedules did not change significantly assuming a 

variable RBE while the impact on the NTCP difference was highly case specific. In addition, both 

the NTCP and TCP decrease with increasing α/β value for both fractionation schemes, with the 

decreases being more pronounced when using a variable RBE compared to using RBE=1.1.

Conclusions: Assuming a constant RBE of 1.1 most likely overestimates the therapeutic ratio in 

proton therapy for liver cancer, predominantly due to underestimation of the RBE-weighted dose 

to the normal liver. The impact of applying a variable RBE (as compared to RBE=1.1) on the 

NTCP difference of the two fractionation regimens is case dependent. A variable RBE results in a 

slight increase in TCP difference. Variations in patient radiosensitivity increase when using a 

variable RBE.
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1. Introduction

Owing to the advantageous dose distribution compared to photon therapy, proton therapy has 

been widely applied in cancer treatments. Because the energy deposition characteristics of 

proton beams are different from those of photon beams, the same physical dose deposition 

may lead to different degrees of radiobiological effect. The relative biological effectiveness 

(RBE) of proton beams has been studied for decades (Raju 1995, Skarsgard 1998, Gerweck 

and Kozin 1999, Paganetti et al 2002, Paganetti 2014). Currently, the proton RBE is fixed 

with a value of 1.1 in the clinic (ICRU 2007), assuming protons are 10% more effective than 

photons. However, a wealth of experimental data demonstrates that the RBE depends on 

many factors, such as dose, linear energy transfer (LET), cell or tissue specific parameters 

such as α/β (Paganetti et al 2002, Paganetti 2014, Underwood and Paganetti 2016, 

Grassberger and Paganetti 2017). The actual RBE distribution in the patient may be 

heterogeneous, which might have an impact on the normal tissue complication probability 

(NTCP) and tumor control probability (TCP) in proton therapy. Studies on the influence of a 

variable RBE for prostate, brain and hypopharynx cancer cases have been published (Tilly et 
al 2005, Wedenberg and Tomadasu 2014, Ödén et al 2017).

Liver cancer is the second leading cause of the cancer death, with more than 700,000 death 

cases each year (Keane et al 2016). Radiotherapy is an important treatment option for many 

liver cancer patients that are not candidates for surgical resection. However, liver tumors are 

typically surrounded by normal liver tissue and the treatment field may cover large parts of 

the normal liver. Consequently, the dose delivered to the target is limited by the low dose 

tolerance of the normal liver, specifically to avoid radiation induced liver disease (RILD) 

which is the most common liver toxicity after the radiotherapy (Toramatsu et al 2013). In 

theory, the more conformal dose distribution in proton therapy should allow to spare most of 

the normal liver from high dose irradiation, which should reduce liver toxicity (Igaki et al 
2018), and it is currently investigated in a randomized clinical trial (Hong et al 2016, 

ClinicalTrials.gov Identifier: NCT03186898).

Considering a variable RBE may lead to a different photon-equivalent dose distribution from 

that using RBE=1.1, and finally change the NTCP of the normal liver and TCP of the liver 

tumor. This study aims to understand the implications of variable RBE values based on data 

from an ongoing liver trial using different fractionation regimens at the Massachusetts 

General Hospital (MGH, ClinicalTrials.gov Identifier: NCT03186898). The focus of the 

study was not only on the impact of the variable RBE on the absolute NTCP and TCP 

values, but also on the relative effect of the variable RBE on the NTCP and TCP differences 

between two clinical fractionation schemes. The influence of the α/β uncertainty among the 

patient population was also evaluated.
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2. Methods and material

2.1 Patient cases and fractionation schemes

Sixteen liver cancer cases treated with proton therapy were selected from the MGH patient 

database. Most of these cases (case 1~12 in table 1) were treated with 40 Gy in 5 fractions 

(Keane et al 2015, Hammad et al 2016), or 58.05 Gy in 15 fractions (Hong et al 2014, Hong 

et al 2016). The other four cases (case 13~16 in table 1) were treated with 50 Gy/5 fractions 

or 67.5 Gy/15 fractions. For the purpose of our analysis, each patient’s schedule was 

converted to 40 Gy in 5 fractions and 58.05 Gy in 15 fractions for comparison. For the 

conversion, the whole dose distribution was scaled., All patients considered had primary 

liver cancer treated with passively scattered proton therapy. The volumes of gross tumor and 

whole liver, and the number of fields are summarized in table 1.

2.2 RBE model

In the linear-quadratic (LQ) model (Chadwick and Leenhouts 1973), the cell survival 

fraction, S, for the reference X-ray and the proton radiation can be described as:

−lnSX = αX ⋅ DX + βX ⋅ DX
2 (1)

−lnSp = αp ⋅ Dp + βp ⋅ Dp
2 (2)

where αX, βX, αp and βp are tissue specific parameters for X-ray and proton radiation, 

respectively. Since the RBE is defined as the ratio of the photon and proton physical dose for 

the same radiobiological endpoint (Paganetti 2014), the variable proton RBE can be derived 

for Sx=Sp as shown in equation 3.

RBE = 1
2Dp

αX
βX

2
+ 4Dp

αX
βX

αp
αX

+ 4Dp
2 βp

βX
−

αX
βX

(3)

In this study, a LQ model based RBE model was used in which the αp/αX and (βp/βX)1/2 

were assumed to have a linear relationship with dose averaged LET (LETd) and depend on 

αX/βX (McNamara et al 2015).

αp
αX

= p0 +
p1

( βX

αX )
LETd (4)
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βp
βX

= p2 + p3 + ( βX

αX )LETd (5)

Based on a collection of more than 70 reports of in vitro experiments (Paganetti 2014), the 

values of p0~3 in this model were fitted (McNamara et al 2015) to establish the RBE as a 

function of physical dose Dp, LETd and αX/βX for photons (referred to α/β from here).

RBE = 1
2Dp

αX
βX

2
+ 4Dp

αX
βX

0.99064 + 0.35605
( βX

αX )
LETd + 4Dp

2 1.1012 − 0.0038703 ( βX

αX )LETd

2

−
αX
βX

(6)

In this study, the variable RBE was calculated using equation 6 where Dp represented the 

proton physical dose administered in a single-fraction resulting in an RBE weighted dose 

(‘photon equivalent dose’) for a single-fraction, dRBE. For each fractionated scheme, dRBE is 

applied in the same way as the physical dose per fraction in photon therapy.

2.3 Dose and LET calculations

The TOPAS Monte Carlo system (Perl et al 2012), which is a framework based on the 

Geant4 Monte Carlo codes (Agostinelli et al 2003), was used to calculate the three-

dimensional dose and LETd distributions in this study. It has been used for dose and LET 

simulations in proton therapy patients previously (Grassberger et al 2011, Giantsoudi et al 
2013, Sethi et al 2014). Furthermore, the treatment head in use at MGH has also been 

implemented in TOPAS (Paganetti et al 2004, Testa et al 2013, Polster et al 2015). An in-

house code, MCAUTO (Verburg et al 2016), automatically generates the input file for 

patient simulations by linking the treatment planning system to TOPAS as described 

elsewhere (Paganetti et al 2008, Schuemann et al 2012, Schuemann et al 2014, McNamara et 
al 2015, Schuemann et al 2015). All simulations were performed on a high-performance 
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research cluster with 30 parallel simulations for each patient field, each with 250000 protons 

starting at the entrance of the treatment head. A variance reduction method was employed in 

the simulations, in which particles were split when reaching two planes in the treatment head 

model, reducing the statistical uncertainty by a factor of 64 (Ramos-Mendez et al 2013). The 

output results of dose and LET distributions were processed to generate RBE and RBE 

weighted dose distributions utilizing CERR (Computational Environment for Radiological 

Research, a software platform for analyzing research results using radiation therapy 

treatment planning and imaging information (Deasy et al 2003)).

2.4 NTCP calculation

The NTCP of the normal liver was estimated with the Lyman–Kutcher–Burman (LKB) 

model (Lyman 1985, Kutcher and Burman 1989, Kutcher et al 1991), which predicts the 

dose-response of the normal tissue as a sigmoid relationship:

NTCP = 1
2π∫−∞

t
e 2dx

−x2

(7)

where

t =
D − TD50(v)
m ⋅ TD50(v) (8)

m is a dimensionless parameter representing the slope of the dose-response curve. TD50(v) 

represents the value of the dose D corresponding to the 50% probability of a complication 

with the fraction volume v of the tissue uniformly irradiated. It is related to the whole tissue 

(v=1) tolerance, which is represented by TD50(1), through a power law relationship with a 

parameter n representing the volume effectiveness:

TD50(v) = TD50(1)v−n (9)

For inhomogeneous irradiation, the v in equation 9 is replaced by Veff, as

v = Ve f f = ∑ ivi D

Di n
1

(10)

where vi is the fraction volume of the sub-volume of the tissue irradiated with the dose Di. 

The veff can be calculated based on the dose-volume histogram (DVH), with D often set as 

the maximum dose in the DVH to ensure the Veff<1 (Luxton et al 2007).

The value of the parameter m, n and TD50(1) have been fitted by Dawson et al (2002) 

(n=0.97, m=0.12 and TD50(1)=39.8 Gy) for the normal liver, with the complication defined 
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as the Radiation Therapy Oncology Group Grade 3 or higher RILD. This set of parameters 

has also been used by others when estimating the NTCP for normal liver (Dawson et al 
2006, Toramatsu et al 2013, Woods et al 2016).

The parameter values are defined for a fractionation size of 1.5 Gy/fraction, taking the 

radiobiological effect of the dose per fraction into consideration. Thus, for the NTCP 

calculation, the actual RBE weighted dose in this study was normalized to the fraction-size 

equivalent dose (FED) of 1.5 Gy/fraction based on the LQ model (Dawson et al 2002, Kim 

and Tomé 2010), to correct for the difference in fractionation schemes between this work 

and the Dawson’s study:

FED = nd

1 + d

β
α

1 + f s

β
α

(11)

where fS represents the reference fraction size, n and d represent the fraction number and 

RBE weighted dose per fraction. The normal liver is defined as the entire liver volume 

minus the gross tumor volume (GTV) as in Dawson et al (2002, 2005).

2.5 TCP calculation

A logistic model (Schultheiss et al 1983, Goitein et al 1985) was used to predict the TCP of 

the liver tumor irradiated with a dose D:

TCP = 1

1 +
TCD50

D

k (12)

where TCD50 denotes the dose needed to result in a TCP of 50% and the coefficient k 
controls the coefficient k controls the slope of the sigmoid curve. In Lausch et al (2013), the 

value of TCD50 and k were fitted as 53 Gy and 4.8 for primary liver tumors for 6 months of 

local control, where a uniform dose distribution in the planning target volume (PTV) was 

assumed and the tumor dose D was converted to 2 Gy/fraction schedules with α/β=10 Gy. In 

the following TCP calculations, the TCP model was used together with Lausch’s fitted 

parameter values, and D represented the mean RBE weighted dose in the target region which 

was defined as PTV. The dose D was also converted to 2 Gy/fraction with equation 11 prior 

to the TCP calculation.

2.6 The impact of uncertainties in α/β value

As described above, not only the variable proton RBE depends on the α/β value, but also the 

predicted NTCP and TCP vary with α/β, since the RBE weighted dose needs to be converted 

to the FED with the α/β value as shown in equation 11. Tissue specific α/β values most 

likely vary among the patient population, and the published α/β values for the same tissue 
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are often different (Paganetti 2017). Therefore, the impact of the α/β value uncertainty on 

the RBE, NTCP and TCP in liver proton therapy was further evaluated in this work.

As for the normal liver, estimated α/β values range between 2 and 3 Gy (Tai et al 2009, 

Dreher et al 2016, Ulrich et al 2017, Ohri et al 2018). For the liver tumor, an α/β of 10 Gy is 

typically suggested (Boda-Heggemann et al 2016, Fukugawa et al 2017, Unkelbach et al 
2017, Su et al 2018), though some studies also report values ranging from 13 to 17 Gy (Tai 

et al 2008, Carabe et al 2011). In this study, an α/β of 2.5 Gy for the normal liver, and 10 Gy 

for the target region were used as reference in the RBE, NTCP and TCP calculation.

For NTCP considerations, α/β values of 2, 2.5 and 3 Gy were used. Though the set of 

parameter values of the NTCP model was fitted with α/β=2 Gy, it has also been used for α/
β=2.5 Gy in some publications (Dawson et al 2006, Toramatsu et al 2013, Woods et al 
2016). Accordingly, the parameter values of the LKB model were fixed when using different 

α/β values of the normal liver to estimate the impact of the α/β variation on the RBE and 

NTCP.

For the liver tumor, the uncertainty of α/β has been studied with α/β values of 7.2, 10 and 

15 Gy, and the corresponding parameter values of the TCP model have also been fitted 

respectively by Lausch et al (2013). These α/β values were used in this work with the 

corresponding parameter values to study the impact of the α/β value uncertainty in TCP 

calculations.

3. Results

3.1 Impact of potentially variable RBE on the NTCP

The mean RBE weighted dose, mean FED normalized to 1.5 Gy/fraction, and NTCP of the 

normal liver for the sixteen patient cases with RBE=1.1 and variable RBE are shown in table 

2. Due to the patient-specific anatomy and variation in radiation fields, the mean RBE 

weighted doses and mean FEDs in these patients are widely different leading to considerable 

differences in NTCP for both scenarios of RBE and both fractionation regimens. For 

example, in case 7 with 15 fractions, the mean RBE weighted dose in the normal liver using 

RBE=1.1 is ~24 Gy, which leads to a NTCP of more than 17%, while for case 11 it is only 

~15 Gy with the NTCP approaching 0.

Table 2 also shows that the mean RBE weighted dose using a variable RBE is higher than 

that for RBE=1.1 in the normal liver for both fractionations and all cases. Thus the NTCP 

assuming a variable RBE is larger than that applying RBE=1.1, as shown in figure 1. The 

difference in NTCP between using a variable RBE and RBE=1.1 depends on the mean FED 

in the normal liver for all scenarios. Especially, when the mean FED using RBE=1.1 is 

higher than 29.8 Gy, corresponding to considerable NTCP, the difference in NTCP between 

RBE=1.1 and variable RBE is visible (figure 2). On the other hand, for cases with NTCP 

approaching 0, the impact of the variable RBE on the change of the NTCP value is 

negligible. For instance, for case 7 treated in 15 fractions, the NTCP with RBE=1.1 is 17.1% 

and considering a variable RBE increases it by 16.6%, while both the NTCPs with RBE=1.1 

and variable RBE are close to 0 for case 9. Also, in case 2 with 5 fractions, the mean RBE 
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weighted dose with variable RBE is 4.4% higher than that with RBE=1.1, and the mean 

FED is 5.6% higher when normalized to 1.5 Gy/fraction. Due to the large volume effect of 

the normal liver with the n value of the LKB model close to 1, the mean FEDs with 

RBE=1.1 and variable RBE are both near the TD50 of 39.8 Gy, corresponding to the steep 

region of the NTCP curve where only a small change of the mean FED may lead to a large 

difference in NTCP. And then the difference of NTCPs using RBE=1.1 and the variable 

RBE is 18.0%. In general, using RBE=1.1 underestimates the NTCP in the normal liver, 

especially when the NTCP is in the steep portion of the NTCP curve.

The percentage volume of the normal liver receiving >30 Gy RBE weighted dose (V30) with 

RBE =1.1 and variable RBE is presented in figure 3. This metric is often used to study RILD 

(McIntosh et al 2009, Pan et al 2010). The results show that the V30 using variable RBE is 

larger than that using RBE=1.1 for both fractionations and all cases, with the difference 

ranging from 0.1% to 4.4%.

The results for both fractionation schemes are presented in table 2. The relative difference of 

the mean RBE weighted dose using RBE=1.1 and variable RBE decreases with the fraction 

size in all cases, as the variable RBE is predicted to decrease with dose (McNamara et al 
2015, Ödén et al 2017). Furthermore, when the RBE weighted dose distributions of the two 

schedules were normalized to 1.5 Gy/fraction to correct for fraction size, the mean FED for 

5 fractions is larger than that for 15 fractions for RBE= 1.1, which is due to inequality of the 

biological effective dose (BED) in the normal liver between the two schedules. As for the 

variable RBE, though the mean FED also increases with fraction size, the RBE value 

decreases with fraction size, and finally the difference of the mean FED between two 

schedules is smaller than that for RBE=1.1 in all cases (see table 3). However, table 3 also 

shows that the impact of the variable RBE on the difference of the NTCP values between the 

two fractionation schemes varies with the case. As an example, when assuming a variable 

RBE, the NTCP difference between the two schedules decreases from 23.2% to 19.1% for 

case 1, while it increases from 10.4% to 13.3% for case 12.

3.2 Impact of potentially variable RBE on the TCP

The mean RBE weighted dose, mean FED normalized to 2 Gy/fraction, and TCP for all 

patient cases are shown in table 4. Since the RBE weighted dose with RBE=1.1 is designed 

to uniformly distribute dose in the target with prescribed doses of 40 Gy and 58.05 Gy for 

the two schedules, the mean RBE weighted dose, mean FED and TCP values are nearly 

constant among the cases. The mean RBE weighted dose using a variable RBE is ~2.5% less 

than that using RBE=1.1 for both fractionations and all cases, which results in a smaller TCP 

value as shown in figure 4. This is mainly due to the high α/β value and dose level in the 

liver tumor, as the variable proton RBE decreases with increasing α/β value and dose level 

(Paganetti 2014). The differences of TCP values using RBE=1.1 and the variable RBE are 

also similar for all cases, about 4% for 5 fractions and 3% for 15 fractions, as shown in 

figure 5. Thus applying RBE=1.1 might slightly underestimate the TCP for liver tumors.

As for the two fractionation schemes, the mean FED using RBE=1.1 in the 15 fractions 

scheme is larger than that in the 5 fractions scheme in all cases. This is because the BEDs in 

the target region for the two schedules, 40 Gy in 5 fractions and 58.05 Gy in 15 fractions, are 
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not exactly equivalent, i.e. 72 Gy for the 5 fractions scheme and 80.52 Gy for the 15 

fractions scheme, so that the corresponding mean FEDs are also different. As a result, the 

TCP using RBE =1.1 in 15 fractions is about 10% larger than that for 5 fractions. Since the 

α/β value is relatively high in the target, the influence of fraction size on the variable RBE is 

small as has been shown previously (McNamara et al 2015). Consequently, the relative 

difference between mean RBE weighted doses using RBE=1.1 and variable RBE is small for 

both treatment schedules (see table 4). Table 5 shows that the difference of the TCPs 

between the two fractionation schedules using variable RBE is only ~1% larger than that 

using RBE=1.1 for all cases.

3.3 Impact of the α/β uncertainty

One of the cases (case 2, figure 6) was selected to analyze the impact of the α/β value 

uncertainty in the normal liver and liver tumor. The mean RBE weighted dose, NTCP of the 

normal liver, and TCP of the liver tumor with different α/β values are shown in tables 6 and 

7.

The mean RBE weighted dose in the normal liver decreases with the α/β value increasing 

for both schedules, which is in agreement with previous findings (McNamara et al 2015, 

Grassberger and Paganetti 2017). The DVHs of the normal liver with RBE=1.1 and variable 

RBE using different α/β values are shown in figure 7. The NTCP using RBE=1.1 and a 

variable RBE also decrease with α/β value. Since the variable RBE decreases with the α/β 
increasing, the decrease of the NTCP with variable RBE is larger than that with RBE=1.1, 

for both 5 and 15 fractions. As the variable RBE in the normal liver is higher than 1.1 and 

thus the NTCP is also higher, the difference between the NTCP values using RBE=1.1 and 

the variable RBE decreases with the α/β value increasing.

As for the target, the mean RBE weighted dose using a variable RBE decreases with the α/β 
value increasing for both fractionation regimens. The doses based on a variable RBE are 

smaller than those using RBE=1.1 as shown in figure 7. The TCP with RBE=1.1 and 

variable RBE also decrease with the α/β value increasing, a similar trend as for the NTCP. 

Since the variable RBE in the target region decreases with the α/β value, the decrease of the 

TCP using a variable RBE is larger than that using RBE=1.1, for both fractionation schemes. 

The difference between the TCP values using RBE=1.1 and the variable RBE increases with 

the α/β value increasing.

4. Discussion

Liver tumors are often surrounded by normal liver, and the part of the normal liver just 

outside the tumor border is inevitable irradiated to a high dose level and potentially high 

LET values (as shown in figure 6 for one of the cases). Therefore, it is important for liver 

treatments to evaluate the impact of a potentially variable proton RBE on the NTCP and 

TCP. As our results show, for different fractionations, disregarding the variable RBE may 

lead to an underestimation of the RBE weighted dose, V30 and NTCP for the normal liver in 

some cases as well as a slight overestimation of the RBE weighted dose and TCP for the 

tumor. However, only for patients with high mean liver dose, for which the NTCP is already 

higher than 0, the impact of a variable RBE on the NTCP is significant.
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Though the difference of the mean FED between the two fractionation schedules is smaller 

when using a variable RBE, the NTCP value with the variable RBE is higher than that with 

RBE=1.1 for both schedules in all cases. The difference in NTCP not only depends on the 

difference in mean FED, but also on the corresponding slope of the NTCP curve. Therefore, 

as a combination of the two effects, the impact of the variable RBE on the NTCP difference 

between two fractionation schemes varies from patient to patient.

The TCP difference between the two schedules also depends on the difference of the mean 

FED in the target and the corresponding slope of the sigmoid TCP curve. Since the variable 

RBE is nearly constant with fraction size for the doses considered in this study, the 

difference of mean FEDs between the two schedules for the variable RBE is similar to that 

for RBE=1.1 in all cases. In addition, the TCP value with the variable RBE is less than that 

with RBE=1.1, and thus more sensitive to the change of the mean FED. Therefore, the TCP 

difference between the two schedules for the variable RBE is slightly larger than that for 

RBE=1.1 in all cases.

As shown in equations 6 and 11, not only the variable proton RBE, but also the NTCP and 

TCP models depend on the α/β value, which varies among the patient population. In this 

study, the result shows that a patient with a higher α/β value in the normal liver or liver 

tumor would be predicted to have a lower NTCP or TCP value. When the variable RBE is 

taken into account, which also decreases with the α/β value increasing, the decrease of the 

NTCP or TCP value with the α/β value is more pronounced for different fractionations. 

Therefore, the impact of the α/β uncertainty on the NTCP and TCP might be more 

significant in proton therapy than in photon therapy.

Paganetti (2017) has analyzed impact of the α/β uncertainty on the NTCP and TCP before, 

using a prostate and a pediatric ependymoma treatment as examples. In that study the NTCP 

as well as TCP decreased with decreasing α/β. The reason for this discrepancy compared to 

the study presented here is due to the different methods of adjusting the absolute values of α 
and β. While in the previous study the β value was kept constant when changing α/β, our 

study modified both α and β. According to equation 11, an increase in α/β results in a 

simultaneously increase of α and decrease of β. This resulting trend of NTCP varying with 

α/β has also been shown in another study (Marzi el al 2009). The actual variations of the 

absolute α and β values in a patient population is unclear and is beyond the scope of this 

research.

This study has limitations. The parameter values of the NTCP model were fitted based on 

patients treated with conventional photon therapy. Since the dose distribution using proton 

therapy in the normal liver is different from using photons, the proton specific parameter 

values may also be different from those for photons. Furthermore, the applied RBE model 

was derived from a collection of in vitro experiment results. It is unclear if such models have 

predictive power for tumor cells or normal tissue damage in vivo. The radiosensitivity in the 

normal liver and the liver tumor were assumed to be uniform with the same α/β although 

these would most likely be heterogeneous in patients.
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5 Conclusions

The impact of a potentially variable proton RBE for liver trials was investigated. We 

analyzed the effects of the fraction size and α/β uncertainty based on sixteen liver cases 

treated with proton therapy at MGH. Disregarding a variable proton RBE may result in a 

significant underestimation in NTCP and a slight overestimation in TCP. Thus, the 

therapeutic ratio for proton therapy might be less than the expected value from assuming 

RBE=1.1. Furthermore, a variable RBE slightly increases the difference in TCP between 

fractionation schemes, while the impact on the difference in NTCP is very patient specific. 

Overall, interpatient variability in radiosensitivity is higher when using a variable RBE, both 

in the normal liver and liver tumor.

This study demonstrates the uncertainties when analyzing clinical trials that compare proton 

and photon therapy, but as well different fractionation regimens. In addition, it shows the 

potential limitations of model-based clinical trials (Langendijk et al 2018) as RBE values in 

proton therapy have considerable uncertainties.
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Figure 1. 
NTCP for the sixteen cases as a function of mean FED (normalized to 1.5 Gy/fraction) using 

RBE=1.1 and variable RBE for the two fractionation schemes.
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Figure 2. 
NTCP difference between using RBE=1.1 and variable RBE for the sixteen cases for the two 

fractionation schemes.
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Figure 3. 
Normal liver V30 for RBE=1.1 and variable RBE for the two fractionation schemes.
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Figure 4. 
TCP for the sixteen cases as a function of mean FED (normalized to 2 Gy/fraction) using 

RBE=1.1 and variable RBE for the two fractionation schemes.
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Figure 5. 
TCP difference between using RBE=1.1 and variable RBE for the sixteen cases for the two 

fractionation schemes.
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Figure 6. 
Distributions of the RBE weighted dose with RBE=1.1 (a) and dose-averaged LET (only the 

volumes receiving more than 5% of the prescribed dose were considered) (b) in case 2. The 

inner contour indicates the GTV and outer contour indicates the whole liver.
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Figure 7. 
DVHs of the RBE weighted doses in the normal liver (blue lines) and target region (red 

lines) with RBE=1.1 and variable RBE using different α/β values: (a) 5 fractions schedule; 

(b) 15 fractions schedule.
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Table 1.

Tumor, whole liver, and treatment characteristics for all cases.

Case Gross
tumor
volume
(mL)

Whole
liver

volume
(mL)

Number
of fields

Case Gross
tumor
volume
(mL)

Whole
liver

volume
(mL)

Number
of fields

Case 1 86.44 1676.78 2 Case 9 89.7 1687.61 2

Case 2 150.97 1932.99 4 Case 10 227.9 1797.15 2

Case 3 382.61 1496.59 2 Case 11 16.45 2062.57 2

Case 4 91.94 1522.65 4 Case 12 452.36 2433.37 2

Case 5 149.99 2429.46 2 Case 13 44.34 2515.75 2

Case 6 94.87 1205.96 2 Case 14 23.1 1401.36 2

Case 7 496.65 3274.57 2 Case 15 28.55 1271.33 3

Case 8 36.83 1021.76 2 Case 16 9.21 1770.70 2
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Table 3.

Differences of the mean FEDs and NTCPs for the normal liver between the two treatment schedules for RBE 

=1.1 and variable RBE.

Case
Difference in mean FED (Gy)

a
Difference in NTCP

a

RBE=1.1 Variable RBE RBE=1.1 Variable RBE

Case 1 3.86 2.48 23.2% 19.1%

Case 2 3.58 2.00 23.4% 15.8%

Case 3 3.57 2.16 7.2% 8.9%

Case 4 3.71 2.57 0.8% 1.6%

Case 5 2.79 1.85 3.8% 4.5%

Case 6 3.61 2.21 5.0% 6.9%

Case 7 4.66 3.51 32.7% 27.7%

Case 8 3.60 2.32 28.1% 17.7%

Case 9 2.71 1.84 0.5% 0.7%

Case 10 4.00 2.80 14.1% 15.4%

Case 11 1.34 0.59 0.0% 0.0%

Case 12 4.20 2.66 10.4% 13.3%

Case 13 0.74 0.38 0.0% 0.0%

Case 14 1.00 0.54 0.0% 0.0%

Case 15 1.81 1.01 0.0% 0.0%

Case 16 0.73 0.45 0.0% 0.0%

Mean 2.87 1.84 9.3% 8.2%

a
Value for 5 fractions – Value for 15 fractions.

Phys Med Biol. Author manuscript; available in PMC 2019 September 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 26

Ta
b

le
 4

.

M
ea

n 
R

B
E

 w
ei

gh
te

d 
do

se
, m

ea
n 

FE
D

 a
nd

 T
C

P 
of

 th
e 

liv
er

 tu
m

or
 (
α/

β=
10

 G
y)

.

C
as

e
F

ra
ct

io
n

P
re

sc
ri

be
d

do
se

 (
G

y)

M
ea

n 
R

B
E

 w
ei

gh
te

d 
do

se
M

ea
n 

F
E

D
 (

2 
G

y/
fr

ac
ti

on
)

T
C

P

R
B

E
=1

.1
(G

y)
V

ar
ia

bl
e

R
B

E
 (

G
y)

R
el

at
iv

e

D
if

fe
re

nc
ea

R
B

E
=1

.1
(G

y)
V

ar
ia

bl
e

R
B

E
 (

G
y)

R
el

at
iv

e

D
if

fe
re

nc
ea

R
B

E
=1

.1
V

ar
ia

bl
e

R
B

E
D

if
fe

re
nc

eb

C
as

e 
1

5
40

39
.9

2
38

.9
1

−
2.

5%
59

.8
3

57
.6

6
−

3.
6%

64
.1

%
60

.0
%

−
4.

2%

15
58

.0
5

57
.9

6
56

.4
5

−
2.

6%
66

.9
6

64
.7

5
−

3.
3%

75
.4

%
72

.3
%

−
3.

1%

C
as

e 
2

5
40

40
.1

4
39

.1
6

−
2.

4%
60

.3
0

58
.1

9
−

3.
5%

65
.0

%
61

.0
%

−
4.

0%

15
58

.0
5

58
.3

3
56

.9
1

−
2.

4%
67

.5
1

65
.4

2
−

3.
1%

76
.2

%
73

.3
%

−
2.

9%

C
as

e 
3

5
40

40
.0

8
39

.0
6

−
2.

5%
60

.1
7

57
.9

8
−

3.
6%

64
.8

%
60

.6
%

−
4.

2%

15
58

.0
5

58
.1

7
56

.6
−

2.
7%

67
.2

7
64

.9
6

−
3.

4%
75

.9
%

72
.7

%
−

3.
2%

C
as

e 
4

5
40

40
.9

1
39

.9
3

−
2.

4%
61

.9
9

59
.8

5
−

3.
4%

68
.0

%
64

.2
%

−
3.

8%

15
58

.0
5

57
.7

7
56

.4
6

−
2.

3%
66

.6
8

64
.7

6
−

2.
9%

75
.1

%
72

.3
%

−
2.

7%

C
as

e 
5

5
40

40
.0

4
39

.0
2

−
2.

5%
60

.0
9

57
.8

9
−

3.
7%

64
.6

%
60

.4
%

−
4.

2%

15
58

.0
5

57
.7

3
56

.2
0

−
2.

7%
66

.6
2

64
.3

8
−

3.
4%

75
.0

%
71

.8
%

−
3.

2%

C
as

e 
6

5
40

40
.3

4
39

.3
4

−
2.

5%
60

.7
4

58
.5

8
−

3.
6%

65
.8

%
61

.8
%

−
4.

0%

15
58

.0
5

58
.4

0
56

.9
3

−
2.

5%
67

.6
1

65
.4

5
−

3.
2%

76
.3

%
73

.4
%

−
2.

9%

C
as

e 
7

5
40

40
.4

3
39

.3
6

−
2.

6%
60

.9
3

58
.6

2
−

3.
8%

66
.1

%
61

.9
%

−
4.

3%

15
58

.0
5

58
.3

9
56

.7
1

−
2.

9%
67

.6
0

65
.1

3
−

3.
7%

76
.3

%
72

.9
%

−
3.

4%

C
as

e 
8

5
40

39
.9

5
38

.9
5

−
2.

5%
59

.8
9

57
.7

4
−

3.
6%

64
.3

%
60

.1
%

−
4.

1%

15
58

.0
5

58
.3

1
56

.8
3

−
2.

5%
67

.4
8

65
.3

0
−

3.
2%

76
.1

%
73

.1
%

−
3.

0%

C
as

e 
9

5
40

40
.1

6
39

.1
8

−
2.

4%
60

.3
5

58
.2

3
−

3.
5%

65
.1

%
61

.1
%

−
4.

0%

15
58

.0
5

57
.7

7
56

.3
7

−
2.

4%
66

.6
8

64
.6

3
−

3.
1%

75
.1

%
72

.2
%

−
2.

9%

C
as

e 
10

5
40

40
.4

3
39

.3
9

−
2.

6%
60

.9
3

58
.6

8
−

3.
7%

66
.1

%
62

.0
%

−
4.

2%

15
58

.0
5

58
.3

8
56

.8
1

−
2.

7%
67

.5
8

65
.2

7
−

3.
4%

76
.3

%
73

.1
%

−
3.

2%

C
as

e 
11

5
40

39
.8

6
38

.9
2

−
2.

4%
59

.7
0

57
.6

8
−

3.
4%

63
.9

%
60

.0
%

−
3.

9%

15
58

.0
5

58
.3

6
57

.0
4

−
2.

3%
67

.5
5

65
.6

1
−

2.
9%

76
.2

%
73

.6
%

−
2.

6%

C
as

e 
12

5
40

40
.3

3
39

.2
8

−
2.

6%
60

.7
2

58
.4

5
−

3.
7%

65
.8

%
61

.5
%

−
4.

2%

15
58

.0
5

58
.0

5
56

.4
3

−
2.

8%
67

.1
0

64
.7

2
−

3.
5%

75
.6

%
72

.3
%

−
3.

3%

C
as

e 
13

5
40

39
.9

4
38

.9
7

−
2.

4%
59

.8
7

57
.7

9
−

3.
5%

64
.2

%
60

.2
%

−
4.

0%

15
58

.0
5

57
.9

6
56

.5
9

−
2.

4%
66

.9
6

64
.9

5
−

3.
0%

75
.4

%
72

.6
%

−
2.

8%

C
as

e 
14

5
40

40
.1

3
39

.1
9

−
2.

3%
60

.2
8

58
.2

6
−

3.
4%

65
.0

%
61

.2
%

−
3.

8%

Phys Med Biol. Author manuscript; available in PMC 2019 September 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 27

C
as

e
F

ra
ct

io
n

P
re

sc
ri

be
d

do
se

 (
G

y)

M
ea

n 
R

B
E

 w
ei

gh
te

d 
do

se
M

ea
n 

F
E

D
 (

2 
G

y/
fr

ac
ti

on
)

T
C

P

R
B

E
=1

.1
(G

y)
V

ar
ia

bl
e

R
B

E
 (

G
y)

R
el

at
iv

e

D
if

fe
re

nc
ea

R
B

E
=1

.1
(G

y)
V

ar
ia

bl
e

R
B

E
 (

G
y)

R
el

at
iv

e

D
if

fe
re

nc
ea

R
B

E
=1

.1
V

ar
ia

bl
e

R
B

E
D

if
fe

re
nc

eb

15
58

.0
5

58
.2

4
56

.9
5

−
2.

2%
67

.3
8

65
.4

8
−

2.
8%

76
.0

%
73

.4
%

−
2.

6%

C
as

e 
15

5
40

40
.1

5
39

.1
6

−
2.

5%
60

.3
3

58
.1

9
−

3.
5%

65
.1

%
61

.0
%

−
4.

0%

15
58

.0
5

58
.2

6
56

.8
3

−
2.

5%
67

.4
1

65
.3

0
−

3.
1%

76
.0

%
73

.1
%

−
2.

9%

C
as

e 
16

5
40

40
.1

6
39

.2
1

−
2.

4%
60

.3
5

58
.3

0
−

3.
4%

65
.1

%
61

.2
%

−
3.

9%

15
58

.0
5

58
.2

9
56

.9
8

−
2.

2%
67

.4
5

65
.5

2
−

2.
9%

76
.1

%
73

.5
%

−
2.

6%

M
ea

n
5

40
−

2.
5%

−
3.

6%
−

4.
0%

15
58

.0
5

−
2.

5%
−

3.
2%

−
3.

0%

a (V
al

ue
 f

or
 v

ar
ia

bl
e 

R
B

E
 –

 V
al

ue
 f

or
 R

B
E

=
1.

1)
/V

al
ue

 f
or

 R
B

E
=

1.
1.

b T
C

P 
fo

r 
va

ri
ab

le
 R

B
E

 –
 T

C
P 

fo
r 

R
B

E
=

1.
1.

Phys Med Biol. Author manuscript; available in PMC 2019 September 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 28

Table 5.

Differences of the mean FEDs and TCPs for the liver tumor between the two treatment schedules for RBE 

=1.1 and variable RBE.

Case
Difference in mean FED (Gy)

a
Difference in TCP

a

RBE=1.1 Variable RBE RBE=1.1 Variable RBE

Case 1 −7.14 −7.09 −11.3% −12.4%

Case 2 −7.21 −7.23 −11.1% −12.3%

Case 3 −7.10 −6.99 −11.1% −12.0%

Case 4 −4.70 −4.91 −7.1% −8.2%

Case 5 −6.54 −6.49 −10.4% −11.3%

Case 6 −6.88 −6.87 −10.5% −11.6%

Case 7 −6.66 −6.50 −10.1% −11.0%

Case 8 −7.59 −7.56 −11.9% −13.0%

Case 9 −6.34 −6.39 −10.0% −11.0%

Case 10 −6.65 −6.59 −10.1% −11.1%

Case 11 −7.86 −7.93 −12.3% −13.6%

Case 12 −6.38 −6.27 −9.9% −10.8%

Case 13 −7.09 −7.16 −11.2% −12.4%

Case 14 −7.10 −7.22 −11.0% −12.2%

Case 15 −7.08 −7.11 −11.0% −12.1%

Case 16 −7.10 −7.22 −11.0% −12.2%

Mean −6.84 −6.85 −10.6% −11.7%

a
Value for 5 fractions − Value for 15 fractions.
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