
ORIGINAL ARTICLE

Clinical implications of variable relative biological effectiveness in proton
therapy for prostate cancer

A. Bertolet and A. Carabe-Fernandez

Department of Radiation Oncology, Hospital of the University of Pennsylvania, Philadelphia, PA, USA

ABSTRACT
Purpose: To study the potential consequences of differences in the evaluation of variable versus uni-
form relative biological effectiveness calculations in proton radiotherapy for prostate cancer.
Methods and material: Experimental data with proton beams suggest that relative biological effect-
iveness increases with linear energy transfer. This relation also depends on the a=b ratio, characteristic
of a tissue and a considered endpoint. Three phenomenological models (Carabe et al., Wedenberg
et al. and McNamara et al.) are compared to a mechanistic model based on microdosimetry (microdo-
simetric kinetic model) and to the current assumption of uniform relative biological effectiveness equal
to 1.1 in a prostate case.
Results and conclusions: Phenomenological models clearly predict higher relative biological effective-
ness values compared to microdosimetric kinetic model, that seems to approach to the constant value
of 1.1 adopted in the clinics, at least for low linear energy transfer values achieved in typical prostate
proton plans. All models predict a higher increase of the relative biological effectiveness-weighted
dose for the prostate tumor than for the rest of structures involved due to its lower a=b ratio, even
when linear energy transfer is, in general, lower in the tumor than on the surroundings tissues.
Prostate cancer is, therefore, a good candidate to take advantage of variable relative biological effect-
iveness, especially if linear energy transfer is enhanced within the tumor. However, the discrepancies
among models hinder the clinical implementation of variable relative biological effectiveness.
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Introduction

Prostate cancer is currently the second most frequent cancer
disease, with more than 1,200,000 cases estimated and more
than 350,000 deaths around the world only in 2018 [1].
Among other treatments such as surgery, radiation therapy
is considered as one of the most effective, especially for
high-graded cancers [2]. The most used and conventional
modality is external radiotherapy with photon. Other options
are also employed, such as protons or carbon ions [3] in
external radiotherapy or brachytherapy. In all modalities of
radiation therapy, the main predictor of the subsequent
effect is the amount of dose imparted to the prostate. Thus,
the general objective consists of delivering enough dose to
control the tumor while sparing the surrounding tissue. To
achieve this goal, a number of features can be used in exter-
nal radiation therapy, namely: (i) conformation of the deliv-
ered dose to the tumor by advanced techniques [4]; (ii)
increase of the precision of the delivery by image-guided
radiotherapy [5]; or (iii) different fractionation schemes of the
dose by taking advantage of the variable radiobiological
response of tumors and healthy tissue.

The biological response of live matter to a certain radi-
ation dose D is generally assumed to follow a Linear-
Quadratic (LQ) relation as expð�aD� bD2Þ: The linear

parameter, a, is related to the direct damage produced by
individual components of radiation beams, while b takes into
account cumulative effects from interaction of the damage
induced by independent radiation tracks [6]. Parameters a
and b, or more interestingly, the ratio a=b are dependent on
the tissue or cells [7], the endpoint considered and the
modality of radiation employed [8], although the response is
also affected by other environmental factors such as the
level of oxygenation [9] or immunologic mechanisms [10]. In
general, a high value of a=b indicates dominance of the
track-direct action, which generally means a diminished
impact of the repair processes and the cellular microenviron-
ment. It is said then that high-a=b-tissues are insensitive to
dose fractionation. In contrast, responses characterized by
low a=b values markedly depend on how the dose is
split. Particularly, prostate cancers seem to have low a=b val-
ues with respect to their adjacent normal tissue [11,12],
which makes them an ideal candidate to increase doses per
fraction [13].

Modalities such as proton or carbon ion radiotherapy pro-
duce a different radiobiological response than conventional
photon radiotherapy [14], due to their higher linear energy
transfer (LET). The way these particles deposit energy in mat-
ter is rather different from photons: they gradually lose
energy as they travel through matter up to a depth at which
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deposit the majority of their energy and stop, producing a
localized increase of dose, known as Bragg peak [15]. LET is a
quantity to characterize the local concentration of energy
imparted along the particle track, and therefore, the LET in a
particle beam increases as the particle stops. In proton therapy
is usual to use dose-averaged LET (LETd), i.e. the average of the
LET of each proton weighted by the dose imparted by each
one of them [16]. The increase of LETd at the distal side of the
beam translates into a larger proportion of induced DNA dou-
ble strand breaks which in turn translates into an increase of
biological effectiveness [17]. The ratio between the dose
needed with conventional radiation (i.e. photons) and with pro-
ton or carbon ion radiation to produce a given effect is called
relative biological effectiveness (RBE) [18].

Based on all of the above, RBE is also expected to
increase along the beam path. When multiple beams are
involved in a particle treatment plan, the RBE will therefore
vary across the patient anatomy [19,20]. However, due to the
difficulties to clinically characterize RBE, and the considerable
variability among in vitro and in vivo experiments, a constant
value of 1.1 has been adopted for clinical use of proton ther-
apy regardless the above mentioned increase toward the dis-
tal side of the Bragg peak [21]. In this work, we assess the
performance of phenomenological versus mechanistic mod-
els to predict RBE applied to the case of prostate cancer in
order to evaluate the current clinical adoption and the
potentiality of incorporating variable RBE to the clinics.

Methods and materials

RBE models: phenomenological versus mechanistic

Multiple predictive models for RBE have been published in
the literature [19,22–25]. Two main categories can be distin-
guished: (a) phenomenological models, in which analytical
expressions are obtained from fits to experimental data dis-
regarding any information relevant to particle track structure;
and (b) mechanistic models, based on the description of how
energy is deposited along the particle track. As the correl-
ation between RBE and LETd is mostly linear for the LETd
values observed in proton clinical plans [26], phenomeno-
logical models have been assumed to have sufficient power
to predict the RBE of proton beams. It has also been argued
that LETd is insufficient to describe the biological effective-
ness of heavier ions, and in this case a more detailed
description of the energy deposition map along the particle
track is required, denoting the need of a more mechanistic
approach. In general, models try to establish the correlation
between RBE and its dependent variables: dose (d), LETd of
the radiation and a, b or a=b corresponding to the tissue
and endpoint considered. It has been shown [27] that a gen-
eral expression for RBE is given by

RBE ¼ 1
2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where RBEmax corresponds to the limit in which d ! 0 and
RBEmin is the RBE corresponding to the limit in which d ! 1:

Usually, these values can be characterized, respectively, by
RBEmax ¼ aP=a0 and RBEmin ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

bP=b0
p

, where the subscripts P
and 0 indicate the parameters corresponding to protons and
conventional (photon) radiations, respectively.

In this work, we select three phenomenological models
well known and broadly used in the literature: the models
from Wedenberg et al. [22], McNamara et al. [23] and Carabe
et al. [19]. Also, a mechanistic model is considered: the
microdosimetric kinetic model [28–30], that makes use of a
microscopic description of the energy deposition and
employs the microdosimetric analog concept of lineal energy
(y) instead of LET [31].

Description of selected phenomenological models

Each one of the phenomenological models here considered
assumes different relations between the LET of the particle
and the parameters RBEmax and RBEmin (equivalently, aP=a0
and bP=b0). Carabe et al. [19] propose that both aP and bP
increase linearly with LETd of radiation with respect to a0
and b0, respectively, and depend inverse-linearly on the ratio
a0=b0 of a cell line or tissue. A fit of the proposed functions
to the experimental data of in vitro clonogenic survival yields
the values

RBEmin ¼ 0:843þ 0:154
2:686
a0=b0

LETD

RBEmax ¼ 1:09þ 0:006
2:686
a0=b0

LETD

(2)

The assumption of bP 6¼ b0 in this model is based on the
fact that dose fractionation effects are still present when
using particles with lower LETd (such as the case of protons)
[32]. Wedenberg et al. [22] propose the same dependencies
for aP=a0 but considers bP ¼ b0, i.e. the cumulative effect of
tracks does not depend on LETd. From the previous assump-
tion and a fit to experimental data and, they obtain, respect-
ively

RBEmin ¼ 1 RBEmax ¼ 1:0þ 0:434
LETD
a0=b0

(3)

Finally, McNamara et al. [23] consider a similar relation for
aP but for bP assume a linear decrease with both LET and
a0=b0: They obtain from fitting to experimental data:

RBEmin ¼ 1:1012�0:0038703
ffiffiffiffiffiffiffiffiffiffiffiffi
a0=b0

p
LETD

RBEmax ¼ 0:999064þ 0:35605
a0=b0

LETD
(4)

Description of microdosimetric kinetic model

The Microdosimetric Kinetic Model (MKM) is based on the
premise that the effects of radiation depend on the statistical
distribution of specific energy z (i.e. energy imparted per
unit mass by independent tracks) to a sub-nuclear volume,
called domain [28,29]. The probability of producing lethal
and sub-lethal lesions are assumed to be proportional to z,
and sub-lethal lesions can further pair-wise interact to pro-
duce new lethal lesions. These principles are developed
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elsewhere [28,33], assuming as Wedenberg the condition
bP ¼ b0, and yielding for aP=a0:

RBEmin ¼ 1 RBEmax ¼ 1þ zD
a0=b0

¼ 1þ 1
a0=b0

yD
qpr2d

(5)

where zD is the dose-mean specific energy, which is related
to the dose-mean lineal energy yD by the relation z ¼ l

m y,
being l the mean chord length of the tracks within the
domain [34]; q is the density of water and rd is the radius of
the domain. We calculate dose, LETd and yD [35–37] for a
clinical prostate cancer case and, using these models, RBE
values are predicted to assess potential repercussions of vari-
able effectiveness.

Radiobiological parameters for prostate cancer

In order to predict RBE for a specific tissue, besides physical
calculations such as dose, LETd and yD, it is necessary to
determine the ratio a0=b0, that characterizes the radiobio-
logical response of a tissue or cell line to reference radiation
(X-rays). Van Leewen et al. [7] have recently published a
review of parameters for cancer cells. We have taken the
data from different studies for prostate cancer and have
obtained an averaged weighted by the uncertainties
reported by each study, obtaining a value of a0=b0 ¼
1.877Gy. As the a0=b0 ratio depends on the considered end-
point, the values selected for normal tissue vary accordingly.
In this study, we assume a0=b0 ¼ 3Gy for all healthy tissue
response, including both late rectal and recto-sigmoid com-
plications [38], and urinary toxicity (loss of frequency and
capacity) [39,40]. Note that all models here presented are
based on the evidence that RBE increases more for low
a0=b0 ratios. This means that, as prostate cancers have a
lower a0=b0 ratio than the surrounding normal tissue, their
biological effectiveness is expected to be enhanced when
using high-LET radiation.

Besides a0=b0 ratios, we need the values for the radius rd
of the domain characteristic of each tissue to calculate RBE
according to the MKM following Equation (5). This parameter
can be understood as the maximum distance through which
two sub-lethal lesions can interact to form an eventual lethal
lesion. We have estimated rd as 488 nm by following a
method detailed elsewhere [41] applied to the data pub-
lished by Butterworth et al. [42]. We have assumed the same
value for rd throughout the rest of tissues involved.

We have used a clinical plan consisting of two lateral
opposed scanned proton beams with a uniform dose over
the target planned for each one of them. The target is the
whole prostate plus the seminal vesicles, treated prophylac-
tically, with a total prescribed dose of 70.2 Gy (physical dose)
delivered in 39 fractions of 1.8 Gy each. In order to illustrate
the effect of different doses per fraction, we also have calcu-
lated RBE with MKM for the same physical dose but deliv-
ered in a 3.51 Gy per fraction basis.

Results

Figure 1 shows an axial plane of the prostate with the calcu-
lated distribution of physical dose scaled by the clinically
used value of 1.1, the distribution of LET and biological-
effective dose for each one of the proposed models of vari-
able RBE. Table 1 shows metrics of the dose, LETd and yD
distributions across the CTV and the normal-tissue organs
considered in this work. Maximum values for LETd and yD as
high as about 10.2 keV/lm and 11.6 keV/lm, respectively, are
obtained in the rectum and the bladder. These are due to
the increase of these quantities at the lateral penumbra.
However, mean LETd and yD values are considerably lower
for both structures.

Figure 2 shows the dose-volume histograms of these
structures for each one of these models compared to the
uniform-RBE case. Note that the lower the a0=b0 value, the
higher the increase in the increase in the RBE-weighted dose
regardless the considered model. Table 2 shows the results
for RBE calculations taking as the references the mean doses
to each structure for each considered model.

Figure 3 shows the same RBE-weighted dose calculated
with MKM compared to that obtained when using a different
dose per fraction (3.51 Gy/fx along 20 fractions). Mean RBE-
weighted dose is reduced from 79.8 GyRBE to 76.4 GyRBE in
the CTV, while it goes from 33.1 GyRBE to 32.0 GyRBE in the
rectum; from 28.8 GyRBE to 27.8 GyRBE in the bladder; from
23.1 GyRBE to 22.1 GyRBE in the right femoral head; and from
24.0 GyRBE to 22.9 GyRBE in the left femoral head.

Discussion

As Figures 1 and 2 show, all phenomenological variable-RBE
models predict a clear increase of the biological effectiveness
with respect to the current clinical assumption of uniform
RBE set to 1.1. However, the MKM points toward a slight
increase from the uniform value in both CTV and OARs such
as rectum and bladder. Even though all phenomenological
models show an increase of the RBE to the tumor, there are
still appreciable differences among them, ranging from 6%
to 8% in mean RBE-weighted dose. On the other hand, as
shown in Figure 1(b), LET tends to increase at the distal
edge of the beam and at the lateral penumbra. The LET dis-
tribution shows maximum value around 10 keV/lm in the
rectum or in the bladder, clearly higher than the order of the
values in the CTV. However, the relatively low dose imparted
to those areas of high LET contain their significance in terms
of RBE-weighted dose volume histogram, as shown in Figure
2. Interestingly, for structures with low a0=b0 ratios, the rela-
tive enhancement on RBE-weighted dose predicted by any
model is larger than for structures with high a0=b0 ratios,
even when LET is not considerably high.

Consequently, for the prostate case, the key seems to res-
ide in the a0=b0 ratios. Note that, with respect to the current
adoption of constant RBE, phenomenological models suggest
an increase of both tumor control probability (TCP) and nor-
mal tissue complication probability (NTCP), greater for TCP
because of an enhancement of the dose to the tumor, while
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the MKM predicts a more modest increase of TCP and small
differences in NTCP. Hence, whereas phenomenological mod-
els suggest an actual widening of the therapeutic window,
the mechanistic MKM, yet showing the same effect, tends to

soften its impact. As it can be inferred from Equation (1), RBE
tends to decrease as dose per fraction increases. In other
words, as shown in Figure 3, hypo-fractionated schemes,
which also are indicated for cases of a0=b0 ratios lower for
tumors than for normal tissue, play against any therapeutic
advantage indicated by the variable-RBE effect here shown.
Indeed, when going from 1.8 Gy/fx to 3.51Gy/fx keeping the
same total physical dose, RBE-weighted mean dose decreases
by 3.1 GyRBE in the CTV while it does in the order of 1 GyRBE
in the organs at risk considered. However, hypofractionation
itself tends to increase the biological effective dose (BED)
regardless the type of radiation (X-rays or protons). The
smaller the a0=b0 ratio, the greater BED, so that the prostate
characteristics enable a potential advantage for hypofractio-
nated schemes in X-ray therapy. Hence, BED and RBE are
competitive effects when changing the fractionation scheme

Figure 1. Calculated distributions on an axial plane at the middle of the prostate of: (a) dose weighted by uniform RBE (1.1); (b) dose-averaged LET (L_D); and
dose weighted by RBE according to (c) MKM; (d) Carabe et al. model; (e) Wedenberg et al. model; and (f) McNamara et al. model. The color scale for the RBE-
weighted doses is the same to stress differences between variable and uniform RBE assumptions as well as among different variable-RBE models. Color scale and
values at bottom left applies to RBE-weighted dose distributions and color scale and values at bottom right applies to dose-averaged LET distributions.

Table 1. Summary of metrics for calculated dose, dose-averaged LET and
dose-mean linear energy in the relevant structures considered in this work
(CTV, rectum, bladder, right femoral head and left femoral head).

Structure

Dose metrics
(Gy)

LETd metrics
(keV/lm)

yD metrics
(keV/lm)

Dmax Dmin Dmean LDmax LDmin LDmean yDmax yDmin yDmean

CTV 74.0 69.0 71.8 2.9 1.9 2.3 3.6 2.7 3.0
RECTUM 72.7 0.0 45.3 10.2 0.0 2.0 11.2 0.0 2.5
BLADDER 73.0 0.0 25.3 10.1 0.0 1.7 11.6 0.0 2.1
RIGHT FEM. HEAD 53.0 0.0 21.0 4.0 0.0 1.1 5.0 0.0 1.7
LEFT FEM. HEAD 63.3 0.0 21.8 4.6 0.0 1.1 5.8 0.0 1.8
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Figure 2. Dose-volume histograms calculated in terms of RBE-weighted dose for the structures considered: CTV (prostate plus seminal vesicles) (a0=b0 ¼
1.877 Gy), rectum (a0=b0 ¼ 3 Gy), bladder (a0=b0 ¼ 3 Gy) and the femoral heads (a0=b0 ¼ 3 Gy). Uniform RBE of 1.1 is compared to different RBE-variable
models: MKM, Carabe et al., Wedenberg et al. and McNamara et al.

Table 2. RBE calculations according to DVHs in Figure 2 by using mean RBE-weighted dose to
each structure as endpoint.

Structure / Model MKM Carabe Wedenberg McNamara

CTV 1.111 1.179 1.168 1.193
RECTUM 1.109 1.131 1.165 1.177
BLADDER 1.109 1.133 1.165 1.177
RIGHT FEM. HEAD 1.102 1.054 1.130 1.137
LEFT FEM. HEAD 1.102 1.054 1.130 1.137

Figure 3. Dose-volume histograms calculated in terms of RBE-weighted dose with MKM for two different dose per fractions: 1.8 Gy/fx and 3.51 Gy/fx. In both cases,
the total dose is the same, 70.2 Gy. The shown structures are the same as in Figure 2.

ACTA ONCOLOGICA 1175



in proton therapy. In other words, the potential radiobio-
logical advantage for protons over X-ray fades away toward
hypofractionation. One potential clinical application of pro-
ton therapy refers to cases in which hypo-fractionation is not
possible with conventional therapy.

A higher RBE has been reported when LET values are
increased within the target [43]. Heavy ions increase the val-
ues of LET, although not only in the tumor. Arc proton ther-
apy might perform this task [44,45] by using multiple Bragg
peaks coming from different angles positioned at the center
of the tumor. This technique not only increases LET in the
tumor but also makes it lower in the rest of structures.
Therefore, the observed differences in Figure 2 between the
constant-RBE hypothesis and variable-RBE models would
be augmented.

Nevertheless, a major flaw of the variable-RBE paradigm is
also visible in Figure 2. The considered models here present
large differences among themselves, making uncertain the
clinical decision. In this work we have compared three phe-
nomenological models with the mechanistic MKM. All of
them seem to overestimate the RBE compared to the MKM
for the CTV structure and high dose regions, while Carabe
et al. seem to underestimate the RBE for low dose regions.
In any case, further investigation is needed to gain know-
ledge on the biological response as well as accuracy on the
RBE prediction to eventually bring the potential advantages
to the clinics.

Conclusions

The current clinical consensus on radiotherapy treatments
with protons considers a single, constant value, 1.1, for the
relative biological effectiveness of this modality. However,
growing in vitro and in vivo experimental data suggest an
increase of the RBE with high LET. This increase also depends
on the a=b ratio of the considered tissue and endpoint, and
it is particularly large when for low a=b ratios. This is poten-
tially exploitable for prostate cancer, in which generally
tumors have lower a=b ratios than the adjacent tissue.
However, phenomenological RBE models seem to overesti-
mate these effects compared to the mechanistic MKM. This
large variability among RBE models challenges the clinical
implementation of variable RBE.
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