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ARTICLE INFO ABSTRACT

Keywords: Purpose: To evaluate the radiobiological impact of PB algorithm versus MC algorithm in intensity-modulated

IMPT proton therapy (IMPT) plans for breast cancer treatment.

Dose calculation algorithms Methods: 20 breast cancer patients who received IMPT to the breast/chest wall and regional lymphatics were

TCP included in this study. For each patient, 2 IMPT plans were generated: a PB-optimized plan and a MC-optimized

Breast cancer plan. The radiobiological and dosimetric impact to the CTV of the dose algorithms was assessed. The Poisson
Linear-Quadratic model was used to estimate the tumor control probability (TCP). The influence of the model
parameter uncertainties on the TCP was tested against different sets of published model parameters.
Results: The PB-optimized plans significantly under-dosed the target as compared to the MC-optimized plans.
The median (range) differences in CTV Dgsy, and CTV Dmean were 1.9 (1.2-3.1) Gy and 1.2 (0.5-1.9) Gy,
corresponding to 3.8% (2.4 —6.2%) and 2.4% (1.0 — 3.8%) of the prescription dose. The TCP was lower in the
PB-optimized plans than the MC-optimized plans. The median (range) of the TCP differences (ATCP) were 4%
(2—-6%), 3% (2—5%), and 2% (1 —3%), respectively, when calculated using 3 different model parameter sets.
The ATCP correlated with the CTV dose difference, and moderately correlated with the CTV volume.
Conclusion: Due to the inaccurate dose modeling, PB-optimized plans under-dose the target and therefore yield a
lower TCP compared to MC-optimized plans in breast IMPT. The magnitude of the resulting difference in TCP
reached 6% in our study.

1. Introduction

Current proton therapy clinical practices primarily use the pencil-
beam (PB) algorithm for dose calculations, as it has been the mainstay
of commercially-available proton dose calculation algorithms and offers
efficient treatment planning workflow. On the other hand, PB algo-
rithms are known to be inaccurate in heterogeneous tissue environment
or when a range shifter is used. To this end, Monte Carlo (MC) algo-
rithm have recently been introduced into proton treatment planning
systems that provide much more accurate dose modeling. Several
phantom studies have demonstrated that the Monte Carlo (MC) algo-
rithm provides more accurate treatment planning than the PB algorithm
[1-5]. Clinical lung patient studies by Maes et al. [6] and breast patient
studies by Liang et al. [7] recommend the use of the MC algorithm for
clinical treatment planning. However, such studies are still lacking in
providing insights to clinicians on the actual clinical impact. So far,

assessing the radiobiological impact of proton dose algorithms on
clinical cases has not been well reported.

Models for estimating the tumor control probability (TCP) and
normal tissue complication probability in radiation therapy were first
proposed in the late 1980s [8-13]. In the area of proton therapy, a few
published clinical studies have analyzed dose errors with the PB algo-
rithm [6,7,14,15]. The study by Schuemann et al. [15] also assessed the
TCP for double-scattered proton therapy. To the best of our knowledge,
there is no report assessing clinical outcomes or TCP impact for in-
tensity-modulated proton therapy (IMPT). In the current study, we
evaluated the radiobiological and dosimetric impact of PB versus MC
dose algorithms in IMPT plans for breast cancer patients.
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2. Materials and methods
2.1. Patient selection and treatment planning

This study was approved by our academic center’s institutional re-
view board (IRB# 201702651). Twenty breast cancer patients (stage
T1-T2, post-mastectomy or post-lumpectomy) who received adjuvant
proton IMPT radiotherapy to the breast/chest wall and regional lym-
phatics at our institution between 2017 and 2018 were included in the
analysis. All patients were simulated in the supine position with arms
above the head using a wing board and a Vac-Lok immobilization bag
(CIVCO Radiotherapy, Coralville, IA, USA). IMPT treatment plans were
created in RayStation, version 6, treatment planning system (RaySearch
Laboratories, Stockholm, Sweden). The total dose prescribed was 50 Gy
(RBE) over 25 fractions of 2 Gy (RBE). A constant relative biological
effectiveness (RBE) value of 1.1 was applied. For each plan, 2 en-face
angles between 0° and 30° were used. A 7.4-cm water equivalent Lucite
range shifter was used for each beam. The selective robust optimization
strategy [16] using both robust objectives on the clinical target volume
(CTV) with a 5-mm setup uncertainty and 3.5% range uncertainty and
normal objectives on the planning target volume (PTV) was used to
achieve a robust plan against uncertainties with the desired dose dis-
tribution. All optimizations were carried out on a 2-mm calculation grid
for 200 iterations. For each patient, two plans were generated:

1) PB-optimized plan: The PB algorithm was used for optimization and
the final dose was initially computed using the PB algorithm.
Thereafter, the plan was normalized so that 95% of the PTV was
covered by 95% of the prescription dose. As the PB algorithm could
not provide accurate dosimetry for the breast IMPT plans [7], for the
purpose of this study, we recomputed the final dose using the MC
algorithm to reflect the true delivered dose of the PB-optimized
plan.

2) MC-optimized plan: While maintaining the identical objective func-
tion, including the robust optimization settings used in the PB-op-
timized plan, but resetting the monitor units, and spot geometry and
weighting, the plan was then optimized using the MC algorithm
with a sampling history of 50,000 ions/spot. The final dose was
computed using the MC algorithm with 0.5% statistical uncertainty.
Thereafter, the plan was normalized so that 95% of the PTV was
covered by 95% of the prescription dose.

2.2. Tumor control probability calculation

The Poisson Linear-Quadratic (PLQ) model was used to estimate the
TCP. The PLQ model [8] is derived from the linear-quadratic cell sur-
vival model using the Poisson distribution:

EQD: (o) _ n(in@))))]
Dso
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where y is the normalized dose-response gradient, Ds, represents the
dose yielding 50% TCP, and EQD; is the equivalent dose given in 2-Gy
fractions.

TCP model parameter values were originally obtained by fitting
models to clinical data and are therefore dependent on various factors
such as patient cohort, treatment techniques, and dose algorithm etc.
[17]. To determine the parameters to be used for the current study and
to study the influence of the model parameter uncertainties, we re-
viewed the literature and identified three parameter sets as listed in
Table 1: (A) the parameter sets from Plataniotis et al.’s study [18], in
which the dose-response relationship was investigated with the existing
clinical data from randomized controlled trials of adjuvant radio-
therapy vs no adjuvant radiotherapy. For the current study, we con-
verted their reported biological effective dose (BED) based on a a/f3 of
4 Gy to 2-Gy fractionation dose equivalent. (B) and (C) the two most
relevant parameter sets from Okunieff et al.’s [19] comprehensive
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review of the dose-response data from over 60 studies.
2.3. Dosimetry and TCP evaluation

For all plans, target coverage was evaluated on CTV on nominal
scenario as well as perturbed scenarios for setup and range errors.
Although the PTV is not used in plan evaluation, we found that nor-
malizing the dose to the PTV provides an efficient workflow achieving
satisfactory CTV coverage for both nominal and perturbed scenarios.
The impact of the dose algorithms was evaluated by comparing the
target coverage (CTV Dgsy, and CTV Dmean), the hotspot (CTV Dy,
and the TCP from the PB-optimized plans and the MC-optimized plans.
Pairwise differences in planned dose and estimated TCP were evaluated
using a non-parametric Wilcoxon signed rank test with p < 0.05 taken
as significant. The Pearson correlation analysis was performed to in-
vestigate the factors correlated with the magnitude of TCP difference
between the PB-optimized plans and the MC-optimized plans.

3. Results

Fig. 1 illustrates the isodose distribution and dose volume histogram
(DVH) comparison for a representative patient planned with the PB-
optimized plan and the MC-optimized plan. For illustration purposes,
the plan that was optimized and computed by the PB algorithm is also
shown. The 95% isodose line covered the CTV in both the MC-opti-
mized plan and the plan that was optimized and computed by the PB
algorithm, but not in the PB-optimized plan. The PB algorithm over-
estimated the target dose, which led to substantial under-dosing of the
CTV in the PB-optimized plan after recomputing the final dose with the
MC algorithm. Table 2 lists the median (range and interquartile range
(IQR)) of the CTV Dgsg, CTV Vgse, and CTV Dmean comparing the PB-
optimized plans and the MC-optimized plans. The median (range) dif-
ferences in CTV Dgso, and CTV Dmean were 1.9 (1.2-3.1) Gy and 1.2
(0.5-1.9) Gy, corresponding to 3.8% (2.4—6.2%) and 2.4%
(1.0 —3.8%) of the prescription dose, respectively. The median (range)
difference in CTV Vgse, was 20.8% (0.9%, 41.8%). The comparison on
the hotspot represented by CTV Doy, is also shown in Table 2. Differ-
ently from the CTV coverage, the hotspot was comparable between
these two types of plans, indicating the inaccuracy of the PB dose
modeling is not uniform within the target. Table 2 also lists the dose to
the heart (Dmean) and the ipsilateral lung (Vaogy). The doses to heart
and ipsilateral lung were comparable between the PB-optimized plans
and the MC-optimized plans.

To study the TCP and the influence of different model parameters,
we applied three sets of TCP model parameters, as shown in Table 1.
The estimated TCP values for the 20 patients are shown in Fig. 2. The
TCP values were lower in the PB-optimized plans than the MC-opti-
mized plans for all three sets of parameters. Table 3 shows the median
(range and IQR) of the TCP values calculated by the three sets of model
parameters. The median (range) differences between the PB-optimized
plans and the MC-optimized plans (ATCP) were 4% (2—6%), 3%
(2—5%), and 2% (1 —3%) for model parameter sets A, B and C, re-
spectively. The TCP values for the MC-optimized plans were sig-
nificantly greater than those of the PB-optimized plans.

The lower TCP values from the PB-optimized plans tend to associate
with lower target dose coverage. When measuring the Pearson corre-
lation coefficient for the ATCP (MC-optimized plans — PB-optimized
plans), and the target coverage difference, the r (p) values between
ATCP and CTV ADgsy, were 0.69 (0.0007), 0.71 (0.0005), and 0.51
(0.02) for models A, B, and C, respectively; the r (p) values between
ATCP and CTV AD mean were 0.71 (0.0005), 0.81(< 10 ~*), and 0.52
(0.02) for models A, B, and C, respectively. Fig. 3 plots the ATCP (model
A) versus the CTV ADgse, and CTV ADmean. As the dose difference
between these two types of plans is not uniformly distributed across the
whole target volume, the patient with the largest CTV Dgsy, difference
or CTV Dmean difference between the PB-optimized plan and the MC-
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Table 1
Tumor control probability (TCP) model parameters used in the current study.
Model Dso (Gy) y Note
A 41.30 1.60  According to an analysis of multi-institutional randomized controlled trial data, tumor control improved with adjuvant radiotherapy versus no adjuvant
radiotherapy [18]
B 39.30 1.70  Tumor control model derived from multi-institution data of adjuvant radiation therapy [19]
C 35.38 1.78  Tumor control model derived from a single-institution data of adjuvant therapy data for T1 and T2 breast cancer with regional node involvement [19]

Abbreviations: Ds, radiation dose required to achieve a 50% tumor control probability.

a) PB Plan final dose computed using the PB algorithm

b) PB-optimized plan

c) MC-optimized plan
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Fig. 1. An isodose distribution comparison of a representative patient planned with the pencil-beam algorithm (PB)-optimized plan (b) and the Monte Carlo
algorithm (MC)-optimized plan (c). For illustration purpose, the plan that optimized and computed by the PB algorithm (a) also shown. The pink color-washed
structure is the CTV. To ensure legibility, only the 95% (red) and 90% (yellow) isodose curves are shown. The dose statistics for the CTV are also shown (bottom
right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

optimized plan is not necessary to be the one with the largest TCP
difference. For example, patient # 16 had the largest CTV Dygso, dif-
ference (3.1 Gy), and the corresponding TCP difference was 4%, 4%,
and 2% for model A, B, and C respectively, about the median value of
the cohort distribution. The TCP difference reached 6% in our study.

A moderate negative correlation was observed between ATCP and
the CTV volume, with r (p) values of —0.56 (0.01), —0.54 (0.01), and
—0.61 (0.004) for models A, B, and C, respectively. Fig. 4 shows the
ATCP (model A) versus the CTV volume. The smaller the CTV volume,
the greater likelihood of a larger TCP difference between the PB-opti-
mized plan and the MC-optimized plan.

Robustness evaluation was performed following range (3% under-
range) and isocentric setup (x = 3mm, y * 3mm, z = 3mm) per-
turbation. The results of the +3mm and —3 mm setup error were

comparable and the resulting TCP robustness was similar among all
three models. Table 4 shows the delta values representing the change in
target coverage (CTV Dgsy, CTV Vgsy, and CTV Dmean), and TCP
(model A) following range (3% under-range) and isocentric setup
(x + 3mm, y + 3mm, z + 3mm) perturbation for the PB-optimized
plans and the MC-optimized plans. All changes were calculated relative
to the nominal plans. The changes in CTV Dgs, CTV Dmean, and TCP
were very small and they were comparable between the PB-optimized
plans and the MC-optimized plans. The median values of the change in
CTV Vgso, were 1.6% and 4.1% for the MC-optimized plans and the PB-
optimized plans, respectively, suggesting the robustness of the MC-op-
timized plans might be marginally superior to the PB-optimized plans in
the CTV Vgs%.

Table 2
The median (range; IQR) of doses to CTV and OARs in the PB-optimized plans and MC-optimized plans.
PB-optimized plans MC-optimized plans P values

CTV D95% (Gy) 46.2 (range: 45.2, 46.9; IQR: 45.9, 46.9) 48.1 (range: 47.5, 48.5; IQR: 47.9, 48.3) 8.70E—-05
CTV V95% (%) 76.4 (range: 54.9, 97.5; IQR: 71.9, 87.2) 98.0 (range: 94.9, 99.7; IQR: 97.1, 98.4) 8.85E—-05
CTV Dmean (Gy) 48.3 (range: 47.7, 49.5; IQR: 48.2, 48.7) 49.5 (range: 48.9, 50.9; IQR: 49.4, 49.9) 8.60E—05
CTV D2% (Gy) 51.2 (range: 50.0, 55.8; IQR: 50.7, 52.0) 51.0 (range: 50.0, 57.5; IQR: 50.8, 51.5) 0.49
Heart Dmean (Gy) 0.9 (range: 0.2, 2.1; IQR: 0.4, 1.3) 0.9 (range: 0.2, 2.2; IQR: 0.4, 1.2) 0.40
Ipsilateral Lung V20Gy (%) 16.7 (range: 6.3, 31.6; IQR: 12.6, 21.9) 16.3 (range: 6.2, 30.3; IQR: 12.2, 21.0) 0.06

Abbreviations: IQR, interquartile range; CTV, clinical target volume; OAR, organ at risk; PB, pencil-beam algorithm; MC, Monte Carlo algorithm.
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Table 3
Median (range; IQR) of the estimated TCP from the PB-optimized plans and MC-optimized plans.
TCP Model A TCP Model B TCP Model C
PB-optimized plans 0.72 (range: 0.70, 0.75; IQR: 0.72, 0.73) 0.79 (range: 0.77, 0.81; IQR: 0.79, 0.80) 0.89 (range: 0.88, 0.91; IQR: 0.89, 0.90)
MC-optimized plans 0.76 (range: 0.74, 0.79; IQR: 0.76, 0.77) 0.82 (range: 0.81, 0.85; IQR: 0.82, 0.83) 0.92 (range: 0.91, 0.93; IQR: 0.91, 0.92)
P values 6.8E-05 6.3E-05 6.0E-05

Abbreviations: IQR, interquartile range; TCP, tumor control probability; PB, pencil-beam algorithm; MC, Monte Carlo algorithm.
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Changes in CTV D95%, CTV V95%, CTV Dmean, and TCP (model A) under range (3%) and isocenter setup (x + 3mm, y + 3 mm, z + 3 mm) perturbation relative to

the nominal plan.

Change in dose and TCP D (3%,3 mm) PB-optimized plans MC-optimized plans P value
CTV D95% (Gy) —0.3 (range: —0.4, —0.1; IQR: —0.3, —0.2) —0.4 (range: —0.6, 0; IQR: —0.4, —0.2) 0.06

CTV V95% (%) —4.1 (range: —5.5, —0.1; IQR: —4.3, —2.2) —1.6 (range: —3.9, —0.1; IQR: —1.9, —1.0) 1.88E—04
CTV Dmean (Gy) —0.2 (range: —0.4, 0.2; IQR: —0.3, —0.1) —0.2 (range: —0.6, 0.1; IQR: —0.3, —0.1) 0.39

TCP model A —0.01 (range: —0.01, 0.02; IQR: —0.01, 0) —0.01 (range: —0.02, 0.02; IQR: —0.01, 0) 1

Abbreviations: IQR, interquartile range; TCP, tumor control probability; PB, pencil-beam algorithm; MC, Monte Carlo algorithm.

4. Discussion

In the current study, we evaluated the TCP and dosimetric impact of
PB versus MC dose algorithms in IMPT plans for breast cancer patients.
Here it should be stated that there are uncertainties in the biological
models and its associated parameters. Uncertainties can arise from
numerous factors that are not taken into account when fitting the
models, such as the heterogeneity of the patient cohort and variations
in treatment techniques. Therefore, we carefully selected the three most
relevant sets of model parameters and applied them to our data. The
TCP of PB versus MC dose algorithms in IMPT plans for breast cancer
patients was evaluated. The possible correlations between ATCP and
the CTV coverage differences as well as those between ATCP and the
CTV volume were also studied.

Notably, the innate physical and biological uncertainties of proton
therapy, including uncertainties on the exact range of protons in tissue
and their biological effect at the end of the range [20-22], could also
impact the accuracy of TCP estimations. For the current study, a con-
stant relative biological effectiveness (RBE) of 1.1 was applied to the
entire dose distribution, as it is standardly used for clinical proton
treatment planning. We did not account for the spatially variant linear
energy transfer (LET) and the RBE in these proton treatment plans.
Furthermore, due to the distinctly different physical properties of
photons and protons, there may be differences in the biological effect of
proton therapy and photon therapy. Applying the TCP parameters ob-
tained from clinical outcome studies of photon therapy to proton
therapy may also introduce unknown uncertainties. Therefore, it seems
appropriate to interpret the findings of the current study as a relative
comparison rather than providing absolute expected values.

PB algorithm has been the standard practice in proton therapy
treatment planning, owing to its speed and efficiency as well as the
relative scarcity of dosimetric and radiobiological studies on actual
patients demonstrating the inadequacy of such algorithm. It has become
increasingly important to study and report the clinical benefits of more
accurate dose algorithms such as MC, especially now that these tools
are available in commercial treatment planning systems. In the current
study, we showed that PB-optimized plans significantly under-dose the
CTV in breast IMPT, in agreement with the previous study by
Schuemann et al. [15] where a 4% Dgso, error was found among 10
breast cancer patients treated with double-scattered proton therapy. In
the current study, we also briefly reported the doses to OARs, namely
mean heart dose and ipsilateral lung V,gy. The doses to the heart and
lung were comparable between the PB-optimized plans and the MC-
optimized plans. For the breast cancer treatment, because the target
extends to the surface, a range shifter is required for treatment plan-
ning, and the air gap is typically larger than other treatment sites to
avoid a collision since the large target volume requires the use of the
largest snout (30 cm X 40 cm). The combination of the use of a range
shifter with the presence of a relatively large air gap led to PB dose
distribution calculation errors, as the PB algorithm failed to accurately
model the scatter in the range shifter and the air gap. Previous study has
shown that the inaccurate modeling of the scatter in the range shifter
and the air gap causes dose error at shallow depths [3]. As en-face
beams were used for breast IMPT plans, the heart and lung were
downstream to the CTV. Therefore, a substantial CTV coverage
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difference was observed, but the doses to the heart and lung were
comparable, between the PB-optimized plans and the MC-optimized
plans.

In addition to the study of the dosimetric impact, it is also important
to translate the improved accuracy with the MC dose computation into
possible clinical impact. For photon therapy, in a recently published
study [23] of patients who received stereotactic body radiation therapy
for early-stage non-small cell lung cancer, Ohri et al. observed a strong
association between the treatment planning algorithm and local control
rate. They concluded that the PB algorithm is associated with more than
a 2-fold increase in the risk of local tumor progression compared with
treatments planned with the MC algorithm. Another similar study by
Latifi et al. [24] reviewed 200 lung cancer patients, some treated with
PB algorithms and some with a more advanced convolution super-
position algorithm, and found that the patients treated with the PB
algorithms experienced significantly inferior local control than the
patients treated with the advanced algorithms. For proton therapy,
there are a few studies [6,7,14,15] analyzing dose errors with the PB
algorithm. The study by Schuemann et al. [15] also estimated the TCP
for five treatment sites (head-and neck, lung, breast, prostate, and
liver), and reported less than 2.5% TCP difference for breast cancer
treated with double-scattered proton therapy. This result, however,
may not translate directly to IMPT for breast cancer because of differ-
ences in proton beam delivery techniques. In the current study, we
evaluated the TCP of PB versus MC dose algorithms in IMPT plans for
breast cancer patients. Treatment outcomes can be affected by several
factors, including tumor histology and biology, treatment planning, and
delivery techniques etc. Under-dosing the tumor due to inaccurate dose
calculation in treatment planning is one potential cause for local fail-
ures. The inaccuracy of the PB algorithm relative to the MC algorithm,
could lead to a lower than intended dose delivered to the tumor. In the
current study, we found a statistically significant lower TCP for the PB-
optimized plans compared to the MC-optimized plans for all three
models. The median values of ATCP were 4%, 3%, and 2% for models A,
B and C, respectively. The maximum ATCP reached 6%. A positive
trend between ATCP and the CTV coverage difference was observed for
all three models. However, on an individual level, the patient with the
largest ATCP did not have the largest CTV ADgso, or ADmean. There-
fore, for maximizing the tumor control for an individual treatment,
examining a few DVH points will not be able to give us the full picture
of the plans. Instead, an evaluation of the TCP together with the DVH
points would offer more information.

The TCP differences between the PB-optimized plans and the MC-
optimized plans were moderately correlated with the CTV volume. The
smaller the CTV volume, the greater the likelihood of a large TCP dif-
ference. This could be due to the inaccurate modeling of the scatter in
the range shifter and the air gap causes dose error at shallow depths [3].
The smaller the CTV volume, the greater the portion of the CTV volume
at a shallow depths, which leads to a greater dose difference between
the PB-optimized plan and the MC-optimized plan. The greater dose
difference generally tends to translate into a greater TCP difference.

In the current study, the influence of the TCP model parameter
uncertainties was tested with three sets of model parameters. The same
trend was observed for all three models, with some degree of magnitude
difference. Models A and B yielded similar ATCP as well as a similar
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correlation coefficient between the ATCP and the CTV coverage dif-
ference, and between the ATCP and CTV volume. While models A and B
were derived from data published in 2000s and 1900s, model C was
derived from data published in 1976. Considering the evolution in
radiotherapy technologies, we think the results from model A and B
might be more relevant to our data as compared to model C.

Another point we would like to discuss is the balance between ac-
curate dose calculation and computation efficiency, as both of them are
critical for optimal clinical treatment planning workflow. The MC al-
gorithm models the beam more accurately than the PB algorithm.
However, the extended optimization time, especially when robust op-
timization is applied, is a major concern for planning efficiency. We
have found that, typically, the MC-optimized plan takes 4 times longer
to optimize than the PB-optimized plan. Nevertheless, as shown in the
current study, the PB-optimized plan significantly under-dosed the CTV.
This drop in CTV coverage tends to translate into a lower TCP. In ad-
dition, the TCP was estimated using population-derived parameters; the
slope of the dose-response curve might be steeper for some individuals.
Therefore, for some patients, the resulted TCP difference might be even
higher, which might lead to a clinical meaningful difference.
Consequently, despite the planning efficiency tradeoff, MC optimization
is recommended for breast IMPT planning.

5. Conclusion

When planning breast IMPT with the usage of a range shifter, PB-
optimized plans result in a lower TCP compared to MC-optimized plans.
A positive trend between the ATCP and the CTV coverage difference
was observed. The magnitude of the ATCP reached 6% in our study.
Further investigation is warranted.
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