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ABSTRACT
Purpose: To evaluate the LETd-weighted biological dose to OARs in proton therapy for breast cancer
and to study the relationship of the LETd-weighted biological dose relative to the standard dose (RBE
¼ 1.1) and thereby to provide estimations of the biological dose uncertainties with the standard dose
calculations (RBE ¼ 1.1) commonly used in clinical practice.
Method: This study included 20 patients who received IMPT treatment to the whole breast/chest wall
and regional lymph nodes. The LETd distributions were calculated along with the physical dose using
an open-source Monte Carlo simulation package, MCsquare. Using the McMahon linear model, the
LETd-weighted biological dose was computed from the physical dose and LETd. OAR doses were com-
pared between the Dose (RBE ¼ 1.1) and the LETd-weighted biological dose, on brachial plexus, rib,
heart, esophagus, and Ipsilateral lung.
Results: On average, the LETd-weighted biological dose compared to the Dose (RBE ¼ 1.1) was higher
by 8% for the brachial plexus D0.1 cc, 13% for the ribs D0.5 cc, 24% for mean heart dose, and 10% for
the esophagus D0.1 cc, respectively. The LETd-weighted doses to the Ipsilateral lung V5, V10, and V20
were comparable to the Dose (RBE ¼ 1.1). No statistically significant difference in biological dose
enhancement to OARs was observed between the intact breast group and the CW group, with the
exception of the ribs: the CW group experienced slightly greater biological dose enhancement (13%
vs. 12%, p¼ 0.04) to the ribs than the intact breast group.
Conclusion: Enhanced biological dose was observed compared to standard dose with assumed RBE of
1.1 for the heart, ribs, esophagus, and brachial plexus in breast/CW and regional nodal IMPT plans.
Variable RBE models should be considered in the evaluation of the IMPT breast plans, especially for
OARs located near the end of range of a proton beam. Clinical outcome studies are needed to validate
model predictions for clinical toxicities.
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Introduction

The proton relative biological effectiveness (RBE) is the ratio
of absorbed doses of 60Co radiation and proton radiation
that produces the same biologic effect. A constant RBE of
1.1, based on in vivo and in vitro measurements, is conserva-
tively used for treatment planning with proton therapy to
ensure that an adequate dose is delivered to the tumor [1].
However, the slowing down of protons with increasing depth
in a pristine Bragg curve results in increasing linear energy
transfer (LET). The increase in LET with depth causes two
effects: (1) an increase in the RBE at the distal end of the
proton range [2–6] and (2) a shift of the biologically effective
range by �2mm [7].

Recently, the use of proton therapy for the treatment of
breast cancer has been dramatically increasing [8,9], because
of the sharp dose falloff beyond the target and consequent

sparing of underlying organs-at-risk (OAR) such as heart and
lung [10–14]. However, in those studies and in most clinical
practices, the enhanced RBE effect at the distal edge of the
pristine peak is not taken into account. The increased LET
and RBE at the end of the range may be of concern for crit-
ical structures immediately beyond the target area. In very
recent years, the variable RBE is increasingly recognized as
an important factor that might ultimately affect clinical out-
comes in patients who have undergone proton therapy
[15–20]. Current understanding of the relationship between
radiation dose and normal tissue effects is derived from the
clinical outcomes with photon therapy. Therefore, to avoid
unanticipated normal tissue effects with proton therapy, it is
essential to account for a correct variable RBE. However, in
routine clinical practice, the constant RBE of 1.1 is used for
optimizing and evaluating treatment plans. RBE-weighted
biological dose evaluation is not readily available in the
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commercial treatment planning systems (TPS). As a result,
the routinely used and reported doses from the proton lit-
erature may not reflect true biological doses; potential bio-
logic dose hot spots may not be appreciated in the
treatment planning and plan evaluation process and, hence
we may not be optimizing proton therapy to its full potential
of target coverage and OAR avoidance.

So far, a systematic study of the biological dose relative
to the standard dose (RBE ¼ 1.1) to OARs in breast IMPT has
not been thoroughly reported. Using an open-source Monte
Carlo (MC) simulation package, MCsquare [21,22], we
adopted a recent published dose-averaged linear energy
transfer (LETd)-based biological dose model to calculate
voxel-by-voxel LETd-weighted biological doses in a series of
IMPT plans for breast cancer treatment. The purposes of this
study are 1) to evaluate the LETd-weighted biological dose
of the OARs for proton therapy in breast cancer treatment,
and 2) to study the relationship between LETd-weighted bio-
logical dose and standard dose calculations using a constant
RBE of 1.1 and thereby provide estimations of the biological
dose uncertainties in common clinical practice.

Method and materials

Patient selection and treatment planning

This study included 20 (10 post-mastectomy and 10 post-
lumpectomy) patients treated from 2018 to 2019 who pro-
vided informed consent for our institutional review board
(IRB# 201702651) approved outcome tracking protocol. All
patients received intensity-modulated proton therapy (IMPT)
to the regional nodes and either whole breast or chest
wall (CW).

The patient simulation and treatment planning techniques
have been described in a previous publication [23]. Briefly,
patients were simulated in the supine position with arms
above the head. Treatment planning was conducted on a
RayStation TPS (RaySearch Laboratories, Sweden) using the
MC dose algorithm. The dose prescription was 50Gy (RBE ¼
1.1) in 25 fractions. Two slightly anterior oblique en-face
beam angles were used. Robust optimization was performed
on clinical target volume (CTV) structure with 5mm setup
uncertainty and 3.5% range uncertainty. The target coverage
of V95% � 95% and D95% � 95% was regarded as ideal,
but V90% � 90% and D90% � 90 was accepted. The doses
to the OARs were evaluated using our institutional evalu-
ation matrices as shown in Table 1. In addition, the D0.5 cc
dose to the ribs was also evaluated as the rib fracture pre-
dictive parameter [24,25]. The ribs were not contoured at the

time of treatment planning and no rib constraint was used
for these patients.

Validation of the MCsquare Monte Carlo simulation

In the current study, MCsquare [21,22] was used to calcu-
lated the Dose (RBE ¼ 1.1) and LETd. MCsquare is an estab-
lished open-source Monte Carlo simulation engine previously
reported with promising dose calculation accuracy for clinical
use [26–28]. In our institute, MCsquare was commissioned
and validated for our proton beam delivery system and the
detailed commissioning and validation results were submit-
ted for a separate publication. For the current study, add-
itional validation was performed by comparing the MCsquare
simulation results with the well-benchmarked RayStation MC
calculations on the studied 20 patients using the patient CT
geometry, applying a constant RBE value of 1.1 to both. 3D
gamma analysis with 3%/3mm and 2%/2mm criteria was
conducted to compare these two dose calculation systems
and to validate MCsquare.

Calculation of LETd-weighted dose

LETd distributions and the physical dose distribution on a
voxel-by-voxel basis was simulated by MCsquare. The pri-
mary protons, nuclear interactions, secondary protons, sec-
ondary deuterons and secondary alphas were simulated in
MCsquare to score LETd. For each voxel of the computer
tomography (CT) data set, the LETd-weighted biological dose
was then computed from physical dose and LETd, using the
linear model published by McMahon et al. [29], as described
in Equation (1).

DoseLETd ¼ Physical Dose � ð1þ 0:055 � LETdÞ (1)

where 0.055 is the empirical fitting parameter with units of
lm/KeV.

Results

Validation of the MCsquare simulation on the
20 patients

Supplementary Table S1 shows the 3D gamma analysis
results comparing the MCsquare simulations and the
RayStation TPS calculations. Excellent 3D gamma passing
rates were achieved, with median (range) values of 99.9%
(98.5�100%) and 97.6% (93.3�98.8%) for 3%/3mm and 2%/
2mm criteria, respectively. The minimal differences could be
attributable to intrinsic differences between the two MC
algorithms and material handling methods. In order to make

Table 1. The OAR dose evaluation matrices.

OARs DVH point Limit Minor deviation Major deviation

Heart Mean absolute dose 4 Gy 4�Dmean< 5 Gy Dmean� 5 Gy
Brachial plexus Absolute dose at 0.1 cc 60 Gy 60�D0.1 cc< 66 Gy D0.1 cc� 66 Gy
Esophagus Absolute dose at 0.1 cc 52.5 Gy 52.5�Dmax< 55 Gy D0.1 cc� 55 Gy
Ipsilateral lung Relative volume at 5 Gy 65% 65� V5< 70 % V5� 70 %
Ipsilateral lung Relative volume at 10 Gy 50% 50� V10< 60 % V10� 60 %
Ipsilateral lung Relative volume at 20 Gy 30% 30� V20< 35 % V20� 35 %

DVH: dose-volume histogram; OARs: organs at risk.
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a fair comparison for the LETd-weight dose and the standard
dose (RBE ¼ 1.1), throughout the remainder of the study, the
standard dose (RBE ¼ 1.1) from the MCsquare simulation
was used to compare with the LETd-weighted biological
dose that was calculated from the MCsquare simulated phys-
ical dose and LETd.

The LETd-weighted biological dose to the OARs

Figure 1 shows the color-wash isodose distribution of a rep-
resentative breast patient planned with the (a) RayStation
Dose(RBE ¼ 1.1), (b) MCsqsuare Dose(RBE ¼ 1.1), and (c)
LETd-weighted dose. The color-washed LETd is displayed in
panel (d). The dose and LETd profiles are displayed in panel
(e). The DVH is shown in panel (f). For an intact breast, our
treatment plan spares the first 5mm inside the skin. Then
the dose reaches the 50Gy prescription dose to the target.
In the target region, the LETd started with approximately
2 KeV/mm and gradually increased with the depth. The max-
imum LETd reached >5 KeV/lm a few millimeters beyond
the target. As a result, a 2-3mm range extension and an
enhanced biological dose at the end of the range were
observed. A noticeable increase in target dose (LETd) was
also observed in the distal portion of the breast. Our focus
of the current study is on the biological dose to the OARs.
The LETd volume histograms for all 20 patients are plotted
in Figure 2. Inter-patient LETd variations were observed, in
which the variations were smaller on ribs and lung than on
other structures. This was unsurprising since en-face beams
were used for planning and, therefore, the ribs and lung
were directly downstream of the breast target, which can
result in relatively similar spot placements around these two
structures across different patients.

Figure 3 shows the box plot of the ratio of the
Dose(LETd)/Dose(RBE ¼ 1.1). With the exception of the ipsi-
lateral lung for which the Dose(LETd) was almost identical to
Dose(RBE ¼ 1.1), all OARs had a greater than 1 Dose(LETd)/
Dose(RBE ¼ 1.1) ratio, indicating a higher LETd-weighted

dose than the standard Dose (RBE ¼ 1.1). Although the mag-
nitude of the Dose(LETd)/Dose(RBE ¼ 1.1) ratio varies among
patients, an increased LETd-weighted dose was observed
across all the patients. The median (range) and mean (SD) of
OAR doses are summarized in Table 2. The patients were
also divided into two groups – the breast patient group
(n¼ 10) and the CW patient group (n¼ 10) – to assess for a
difference in the RBE dose enhancement between these two
groups. No statistically significant difference was observed
between the intact breast group and the CW group, except
for the rib dose. The CW group experienced a slightly greater
(13% vs. 12%, p¼ 0.04) biological dose enhancement in the
ribs than the intact breast group patients. This can be
explained by the target delineation, for which the pectoral
muscle is typically included in the CTV for post-mastectomy
radiation but not for intact breast radiation (except in cases
of advanced T stage disease). Although the difference on the
rib RBE dose enhancement between these two groups is
statistical significant, the magnitude of 1% difference is
unlikely to be clinical significant.

On average, compared to the standard dose (RBE ¼ 1.1),
the LETd-weighted dose was 8% higher in the 0.1 cc brachial
plexus, 13% higher in the ribs, 10% higher in the esophagus,
and 24% higher in mean heart dose. As one would expect,
the heart dose to the left-sided patients (n¼ 8) was found to
be higher than that for the overall patients (1.8 Gy vs.
1.3 Gy). However, the ratio of the Dose(LETd) over the
Dose(RBE ¼ 1.1) was about the same for left-sided patients
as that for the overall patients. For ipsilateral lung, the LETd-
weighted dose was the same as that with a constant RBE of
1.1. Because our treatment planning procedures sparing of
the OARs as much as achievable while maintaining target
coverage, although an increased LETd-weighted biological
dose was observed for most of the OARs, the plans of all 20
patients met our institutional dose limitation criteria except
for two cases. In both cases the OAR of concern was the
esophagus. In Patient #10, the esophagus D0.1 cc was
48.2 Gy (RBE ¼ 1.1), well within our dose limitation of

Figure 1. The color-washed isodose distribution of a representative breast patient planned with (a) RayStation Dose(RBE ¼ 1.1), (b) MCsquare Dose(RBE ¼ 1.1),
and (c) LETd-weighted dose. The beam angles of 355 and 325 degrees for this plan are indicated in panel (a). The color-washed LETd is displayed in panel (d). The
red contour is the target volume. The dose profiles of the MCsquare Dose(REB ¼ 1.1), the LETd-weighted dose, and the LETd are displayed in panel (e) and the pro-
file line is indicated in panel (d). The DVH is shown in panel (f).

254 C. LIU ET AL.



52.5 Gy, but the LETd-weighted dose increased to 53.0 Gy,
resulting in a minor deviation. In Patient #19, the esophagus
dose was 50.1 Gy (RBE ¼ 1.1), also within the planning con-
straint, but the LETd-weighted dose of 55.2 Gy just exceeded
the limit of 55Gy, resulting in a major deviation per our insti-
tutional evaluation criteria. In both cases, the area of esopha-
gus of concern was immediately adjacent to the CTV for the
supraclavicular fossa lymph nodes (SCV).

Discussion

Although greater than 1.1 RBE at the end of the range have
been reported in previous studies, a constant RBE of 1.1 is
commonly used in the proton clinic. With the current clinical
treatment planning and evaluation practice, the enhanced

RBE at the end of the range is not taken into account. The
dose estimated on a TPS in the area affected by this end of
range effect is likely an underestimation of the biological
dose. The increase in LET and RBE at the Bragg peak and dis-
tal falloff is concerning, as it typically occurs in normal tissue
[30]. A plan optimized and evaluated based on a validated
RBE model would be ideal. However, current RBE models are
lack of clinical validation. Therefore, caution must be exer-
cised when using a RBE model for plan optimization because
of the RBE uncertainties. A recently published AAPM Task
Group Report-256 concluded the treatment optimization
based on biological dose is currently not feasible with
acceptable uncertainties, but it recommended to develop
clinical tools to evaluate LETd or RBE doses [31].
Incorporation of variable RBE in plan evaluation could reduce

Figure 2. LETd volume histograms on OARs for all 20 patients. The blue and red line represent the population median and mean values, respectively. The shaded
bands represent the range of the variation within the 20 patients.

Figure 3. Box plot of the ratio of the Dose(LETd) over the Dose(RBE ¼ 1.1).
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treatment uncertainties and potentially identify unintended
high biological doses in OARs, thereby averting unexpected
adverse events. Many different proton RBE models based on
LET and the a/b of the linear-quadratic model have been
proposed for biological dose calculation [30,32–37]. In the
current study, we adopted a linear model that was recently
published by McMahon et al. [29]. In the McMahon model,
the coefficient was obtained by fitting the clonogenic cell
survival data. This RBE-LETd metric was then evaluated on
SOBP using RBE-weighted doses based on experimentally-
determined parameters using the published empirical model
for AGO-1522 and U87 cells. The model was further eval-
uated on clinical cases (one medulloblastoma and one pros-
tate) using the previously published phenomenological
McNamara model [36] and found to achieve less than 1%
biological uncertainty across the whole dose range in each
plan [29]. Therefore, although it is not a full RBE model, this
simplified metric can be used to account for the majority of
variability which arises from the LET-dependence of RBE [29].
It needs to be noted that although uncertainties exist in RBE
modeling, the LETd is a physical quantity that can be accur-
ately predicted by Monte Carlo simulations [38]. Studies have
shown LETd can potentially link the physical and biologic
doses [39,40]. In the current study, we evaluated the LETd-
weighted dose to critical OARs for breast IMPT treatment.
Supplementary Table S2 compares the current study’s results
with previous relevant publications. The details will be dis-
cussed in the following paragraphs.

The heart dose and the resulting side effects have been a
major concern for radiation treatment to the breast and
regional lymph nodes. Darby et al. [41] reported that the
rate of major coronary events was 7.4% per Gy, with no
apparent threshold. Proton therapy has the advantage of
reducing heart dose owning the rapid dose falloff of protons.

Dosimetric studies [10,11,13] have demonstrated superior
dose-sparing to the heart for proton therapy compared to
photon therapy. However, the variable RBE was not consid-
ered in these studies. The heart is located immediately
beyond the internal mammary nodes (IMN) CTV. Therefore,
the areas of high LETd and RBE may fall in the heart. In the
current study, we found that for the mean heart dose, the
biological dose, on average, is 24% higher than that assumed
with treatment plans using a constant RBE of 1.1. Therefore,
the LETd should be considered when evaluating plans, and
the cardiac biological hot spot should be avoided, maximiz-
ing the organ sparing potential of proton therapy.

The ribs comprise another structure that lay immediately
beyond the target volume. The risk of a radiation-induced rib
fracture following standard whole breast radiation with pho-
ton therapy is between 0.3 and 1.8% [42]. Recently, Wang
et al. [20] reported the incidence rib fracture with proton
therapy to reach 7%, suggesting this may be caused by the
increased RBE at the distal edge of proton beams. In their
study, the dose was converted to the biological effective
dose (BED) with an a/b ratio of 3 and they found an approxi-
mately 20% increase in the LETd-weighted dose. In the cur-
rent study, we observed an increase of 13%, which is
equivalent to an approximately 18% increase when con-
verted to the BED using the same equation

BED ¼ Dose� 1þ
Dose=number of fractions

a=b

� �� �
as Wang et al. for

the LETd-weighted biological dose.
Brachial plexopathy is an uncommon, late toxicity of

radiotherapy for breast cancer. The brachial plexus courses
through the SCV and axillary CTVs, in the flat region of the
physical dose profile. In our study, the LETd in the brachial
plexus was approximately 3.5KeV/lm, which led to an LET-
weighted dose 8% higher than the standard dose (RBE ¼

Table 2. The median (range) and mean (SD) of the OAR dose.

OAR Patient Group

Dose (RBE¼ 1.1) Dose (LETd) Dose (LETd) / Dose (RBE¼ 1.1)

Median (range) Mean (SD) Median (range) Mean (SD) Median (range) Mean (SD)

Brachial Plexus D0.1cc (Gy) All patients 50.2 (47.4–52.6) 49.8 (1.5) 54.0 (50.8–56.5) 53.8 (1.9) 1.08 (1.06–1.11) 1.08 (0.01)
breast 49.9 (47.5–51.6) 49.5 (1.5) 53.8 (51.2–56.1) 53.5 (1.8) 1.08 (1.07–1.11) 1.08 (0.01)
CW 50.5 (47.4–52.6) 50.2 (1.5) 54.0 (50.8–56.5) 54.0 (2.0) 1.08 (1.06–1.09) 1.08 (0.01)

Rib D0.5cc (Gy) All patients 50.1 (48.1–51.4) 50.1 (0.8) 56.3 (54.0–58.5) 56.5 (1.2) 1.12 (1.10–1.15) 1.13 (0.01)
breast 49.9 (48.1–50.9) 49.8 (0.7) 55.9 (54.0–56.9) 55.7 (0.8) 1.12 (1.10–1.14) 1.12 (0.01)
CW 50.5 (49.6–51.4) 50.5 (0.6) 57.1 (55.7–58.5) 57.2 (1.0) 1.13 (1.12–1.15) 1.13 (0.01)

Ipsilateral Lung V5 (%) All patients 50.9 (39.7–63.5) 50.5 (6.2) 51.3 (40.1–63.2) 50.7 (6.2) 1 (0.99–1.01) 1.00 (0.01)
breast 50 (39.7–63.5) 50.1 (7.6) 50.2 (40.1–63.2) 50.2 (7.4) 1 (0.99–1.01) 1.00 (0.01)
CW 51.9 (43.3–59.0) 51.0 (5.0) 52.2 (43.4–59.0) 51.2 (5.0) 1 (1.00–1.01) 1.00 (0.01)

Ipsilateral Lung V10 (%) All patients 38.7 (27.8–46.3) 38.0 (5.6) 38.7 (28.1–45.5) 37.9 (5.5) 1 (0.98–1.01) 1.00 (0.01)
breast 36.3 (27.8–46.3) 36.7 (6.4) 36.3 (28.1–45.5) 36.6 (6.3) 1 (0.98–1.01) 1.00 (0.01)
CW 39.7 (30.7–45.6) 39.2 (4.6) 39.7 (30.6–45.3) 39.2 (4.6) 1 (0.99–1.01) 1.00 (0.01)

Ipsilateral Lung V20 (%) All patients 21.5 (15.1–29.2) 21.0 (4.0) 21.3 (15.3–28.9) 20.9 (3.8) 1 (0.96–1.03) 1.00 (0.02)
breast 19.3 (15.1–24.6) 19.4 (3.7) 19.6 (15.3–24.7) 19.3 (3.5) 1 (0.96–1.03) 1.00 (0.02)
CW 22.6 (15.9–29.2) 22.6 (4.2) 22.4 (15.9–28.9) 22.4 (3.7) 0.99 (0.98–1.0) 0.99 (0.01)

Heart Dmean (Gy) All patients 1.0 (0.4–2.4) 1.0 (0.5) 1.2 (0.5–2.9) 1.3 (0.6) 1.24 (1.20–1.29) 1.24 (0.02)
breast 0.9 (0.4–1.4) 0.9 (0.3) 1.1 (0.5–1.7) 1.1 (0.4) 1.25 (1.22–1.29) 1.25 (0.02)
CW 1.1 (0.6–2.4) 1.2 (0.6) 1.4 (0.7–2.9) 1.4 (0.8) 1.22 (1.20–1.28) 1.23 (0.03)

Heart Dmean (Gy) Left-sided patients 1.3 (1.1�2.4) 1.5 (0.5) 1.7 (1.4�2.9) 1.8 (0.6) 1.23 (1.2�1.28) 1.23 (0.03)
Esophagus D0.1 cc (Gy) All patients 46.8 (37.7�50.1) 45.7 (3.1) 51.1 (42.3�55.2) 50.1 (3.2) 1.1 (1.06�1.14) 1.10 (0.02)

breast 46.1 (39.5�48.3) 45.4 (2.9) 50.4 (42.6�53.0) 49.5 (3.2) 1.09 (1.08�1.11) 1.09 (0.01)
CW 46.9 (37.7�50.1) 45.9 (3.3) 51.1 (42.3�55.2) 50.6 (3.3) 1.1 (1.06�1.14) 1.10 (0.03)

The ratio of the Dose (LETd) and the Dose (RBE ¼ 1.1) is also shown.
CW: chest wall; OARs: organs at risk.
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1.1). Mutter et al. [19] conducted a prospective study of 56
breast IMPT patients, focused on the brachial plexus bio-
logical dose. In their study, the patients were grouped into
two groups – cohort A to whom no brachial plexus dose
constraint was applied and cohort B to whom a maximum
brachial plexus dose constraint was applied during plan opti-
mization. They converted the dose to 2Gy equivalent dose
(EQD2) assuming an a/b ratio of 2 and found a 15.3%
(111Gy vs. 128Gy) and a 12.6% (103Gy vs. 116Gy) higher
biological dose than the Dose(RBE ¼ 1.1) in the 0.01 cc bra-
chial plexus for cohort A and cohort B, respectively. In our
study cohort, a max dose constraint was applied to the bra-
chial plexus during plan optimization. We found that
Dose(RBE ¼ 1.1) vs. Dose(LETd) in the 0.1 cc brachial plexus
was 49.8 Gy vs. 53.8 Gy, corresponding to 49.7 Gy vs. 55.8 Gy

EQD2 EQD2 ¼ Dose 1þ
Dose=number of fractions

a=b

� �
= 1þ 2

a=b

� �� �
.

Therefore, in our study cohort, when converted to EQD2, the
LETd-weighted biological dose was 12.3% higher than the
Dose(RBE ¼ 1.1) in 0.1 cc brachial plexus, comparable to the
study by Mutter et al. [19]

One of the known side effects of radiation treatment to
the breast cancer is radiation-induced pneumonitis [43].
Typically, there is 5�15mm of non-target tissue between the
posterior edge of the CTV and the anterior edge of lung. Not
surprising, the LETd-weighted biological doses for lung V20,
V10, and V5 were similar to the standard doses using a con-
stant RBE 1.1. Similar findings, i.e. no difference between the
biological dose and the Dose(RBE ¼ 1.1) in the ipsilateral
lung V20, was reported in the previous breast IMPT
study [19].

Part of the esophagus is in very close proximity to the
SCV CTV, and dose to the esophagus can result in temporary
esophagitis. The D0.1 cc esophagus was 10% higher with the
LETd-weighted biological dose compared to the standard
dose calculated using a constant RBE of 1.1. In the studied
cohort, we have observed two cases for which the Dose(RBE
¼ 1.1) met the evaluation criteria, but the LETd-weighted
biological dose exceeded the dose limitation.

The use of IMPT for breast cancer offers better skin-spar-
ing than the passive scattered proton therapy but adds
another layer of complexity; the region of increased LET is
not as predictable compared to passive scattered proton
therapy [44]. In order to better take advantage of the IMPT,
it is important to understand and account for the variable
RBE on a voxel-by-voxel basis of the CT data set. In the cur-
rent study, we incorporated the LET-weighted biological
dose in the evaluation of breast IMPT plans and found that
the LETd values can be > 5 KeV/lm in the distal falloff. The
high LETd led to enhanced biological dose to the OARs,
which may result in an unacceptable biological hotspot to
the critical structures, not predicted by the current commer-
cial TPS using a constant RBE ¼ 1.1. Using a 20-patient
cohort, our study results provide a spectrum of clinical breast
IMPT cases in which the LETd-weighted biological dose were
compared against standard dose calculations using a con-
stant RBE of 1.1. These results will provide critical information
to clinicians on areas of biological dose uncertainty and

potential biologic hot spots that could result in unantici-
pated OAR effects.

Similar to any other biological dose studies, one limitation
of the current study is the uncertainties associated with the
RBE model. RBE varies with LETd, dose, (a/b)x, biological end-
point, and intrinsic radiosensitivity of the tissue [37,45–48].
Comparative studies [37,45,46] on RBE models observed sig-
nificant variations on the estimated RBE among different
models. The largest variation in the estimated RBE was found
in the region with low physical doses, high LETd values, and
low (a/b)x values. The greatest inter-model variations in RBE
values ranged from 1.0 to 1.9 for clinical plans in the study
by Rørvik et al. [46], in which eleven phenomenological RBE
models and two plan-based RBE models were extensively
compared. Therefore, when applying RBE models in dosimet-
ric studies, the uncertainties of the RBE models should be
considered. However, despite these uncertainties, studies
[39,49] have shown that the use of a variable RBE could help
to further optimize and evaluate the proton plans. In this
study, we studied the LETd-weighted dose calculated based
on the McMahon model. Although there is no published
report that compared the estimation from the McMahon
model with the phenomenological models, the work by
Rørvik [46] shows that the LETd-weighted dose calculated by
the Unkelbach model predicted lower biological doses com-
pared to the phenomenological models. However, one
should not translate this to our results that based on the
McMahon model. Notably, the Unkelbach model coefficient
was obtained by normalizing the generic SOBP to 1.1 as it
was created for LET optimization rather than an accurate RBE
model [39]. In contrast, the McMahon model used in the cur-
rent study was fit to experimental cell survival data and
hence should be closer to the phenomenological model pre-
dictions. The greater fitting coefficient of the McMahon
model (0.055 KeV/lm) compared with the Unkelbach model
(0.04 keV/lm) indirectly proved this. Nevertheless, the LETd-
weighted dose used in the current study is a simplified met-
ric for evaluating the biological effect. Furthermore, inter-
patient variations in LETd and RBE dose were observed in
this study, as previously shown by the other studies [50,51].

Conclusion

This study found increases in LET-weighted dose compared
to that of the assumed constant RBE of 1.1 for the heart,
ribs, esophagus, and brachial plexus in regional node and
breast or CW IMPT treatment. The biological dose enhance-
ment to the OARs should not be ignored in the treatment
plan evaluation, especially for OARs located near the end of
range for a proton beam. Further validation of these findings
with clinical outcomes are needed.
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