Visualized Cancer Medicine 2021, 2, 5 ”y
© The Authors, published by EDP Sciences, 2021 ‘i
https://doi.org/10.1051/vem/2021002 <

Available online at:
https://vem.edpsciences.org

ORIGINAL RESEARCH ARTICLE OPEN @ ACCESS

Dosimetric comparison of intensity-modulated proton
radiotherapy versus intensity-modulated photon-based
radiotherapy for breast cancer

Ruihe Lin'?, Jie Shan? Taize Yuan'®*, and Chaonan Qian"*"

! Department of Radiation Oncology, Guangzhou Concord Cancer Center, No. 9 Ciji Road, 510555 Guangzhou, PR China
2 Department of Radiation Oncology, Mayo Clinic Arizona, Scottsdale, Arizona 85259, USA

Received 19 January 2021, Accepted 29 June 2021, Published online 20 August 2021

Abstract — Purpose: This study aims to compare the dosimetric differences in intensity-modulated proton therapy
(IMPT) using pencil beam scanning technology and intensity-modulated photon-based radiotherapy (IMRT) in
hypofractionated whole-breast irradiation (HF-WBI) and find out the more beneficial technique.

Methods and Materials: Eight breast cancer (BC) patients with pathological stage T1 ~ 2NOMO were immobilized and
underwent 4D-CT scanning used deep inspiration breath-hold (DIBH) technology. The IMPT and IMRT plans were
designed for each patient. The IMPT plans used two en-face beam angles. IMRT plans were designed using the field
in field technique. The optimization constraints of the two types of plans were identical. Prescription dose and regimen
was 40.05 Gy (relative biological effect [RBE])/15 fx with a 10 Gy (RBE)/5 fx boost, five fractions a week. A dose of
95% of the target volume should not be less than the prescribed dose. The target coverage was evaluated using D1, D2,
D50, D95, D98, and D99. The target dose distribution and conformity were evaluated using the Conformity index (CI)
and the homogeneity index (HI). The Organs at risk (OARs) were evaluated using mean dose (Dmean) and maximum
dose (Dmax). Ipsilateral Lung and Contralateral Lung were evaluated additionally using V5, V10, V20, V30.
Results: The mean dose (Dmean) of the Heart (P = 0.012), Ipsilateral Lung (P = 0.036), Contralateral Lung (P = 0.012),
and Spinal Cord (P = 0.012) were significantly reduced in IMPT plans. The IMPT also showed a tendency to reduce
the V20 (P = 0.05) and V30 (P = 0.05) of the Ipsilateral Lung. But there was no significant difference in target cov-
erage, homogeneity, and conformity between the IMRT and IMPT plans.

Conclusion: Compared to IMRT, the IMPT using pencil beam scanning technology can spare OARs without compro-
mising target coverage in BC patients undergoing HF-WBI, which potentially reduce the incidence of radiation-related
adverse effects and thus may positively impact long-term survival.
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Introduction is a key factor negatively affecting both survival and quality of
. _ life [10-14]. Therefore, sparing normal tissue without compro-
Breast cancer (BC) is the most common cancer in women.  mising target coverage is crucial to prevent radiation-induced

Since the 21st century, breast-conserving surgery (BCS) com-  toxicity and thus improve survival and quality of life. Due to
bined with radiotherapy has replaced mastectomy as the stan-  the Bragg peak, proton therapy can get a rapid fall-off of the
dard treatment for early-stage BC [1]. Adjuvant radiotherapy  dose at the distal end of the target volume, which makes proton
after BCS can halve the rate at which the disease recurs and therapy a good candidate. A recent meta-analysis [15] has
reduce breast cancer death rate by about a sixth [2]. Several tri- shown that proton therapy could reduce mean heart dose in
als [3-9] published in recent years have shown various regimen  preast cancer irradiation, and decrease late cardio-vascular tox-
of hypo-fractionated whole-breast irradiation (HF-WBI) is safe icity potentially. A prospective study [16] proved that proton
and effective as to the conventional fractionated whole-breast therapy for regional nodal irradiation (RNI) after mastectomy
irradiation (CF-WBI) in early-stage BC patients. However,  or BCS reduced cardiac dose, lung V5, and V20 significantly
radiation-induced toxicity to normal tissue, particularly ischemic  compared with photons. Patel et al. [17] showed that for left-
heart disease and secondary primary tumor in irradiation fields,  sided post-mastectomy radiation, proton therapy can improve
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homogeneity and cardiopulmonary sparingly compared to
partially wide tangent photon with DIBH. In most of the previ-
ous studies, proton therapy was performed in conventional tech-
nique by using passively scattered scanning, which was
inconsistent with the current radiotherapy pattern. Herein we
conducted this study to compare the dosimetric differences in
intensity-modulated proton (IMPT) using pencil beam scanning
(PBS) technology and intensity-modulated photon-based radio-
therapy (IMRT) in HF-WBI and find a more beneficial
technique.

Methods and materials

Patients

Eight BC patients with pathological stage T1 ~ 2NOMO
underwent HF-WBI with a tumor-bed boost at the Mayo Clinic
Arizona from March to November 2020 were enrolled, with a
median age of 59.5 years (33—79 years old). Among them, five
cases were left-sided disease and three cases were right-sided
disease. All of them completed standardized BCS and medical
treatment prior to radiotherapy. The pathology was all diag-
nosed as invasive ductal carcinoma with a negative margin.
All eight patients had Karnofsky performance status (KPS)
score > 90 before radiotherapy.

Simulation

Patients were immobilized in the supine position using a
carbon fiber breast bracket with both hands raised. Lead wires
were used to mark surgical scar, whole breast, midline of ster-
num, and the midline of axilla. All patients underwent 4D-CT
scanning taken from mandible to upper abdomen without con-
trast at 2 mm slice. The deep inspiration breath-hold (DIBH)
technology was used in all eight patients.

Target delineation

Target volumes were delineated in the Eclipse 15.0 system.
The tumor bed (Lumpectomy) was operation cavity after resec-
tion including the excision cavity volume observed on CT,
architectural distortion, lumpectomy scar, seroma, and extent
of surgical clips. The CTV_Lumpectomy automatically
included a 3D automatic 10 mm margin around the Lumpec-
tomy, correcting manually to take into account anatomy and
natural barriers. CTV_Breast was the visible breast tissue with
a 5 mm contraction from the skin, including CTV_Lumpec-
tomy. The range of clinical markers was taken for reference
when delineated CTV_Lumpectomy. All the PTVs were
obtained by a 5 mm expansion in 3D directions from relative
CTVs. The organs at risk (OARs) were delineated on the plan-
ning CT included the Ipsilateral Lung, Contralateral Lung,
Heart, and Spinal Cord according to the Radiation Therapy
Oncology Group atlas [18]. The same contours were used for
the IMPT and IMRT plans. For left-sided cases, all the contours
were transferred to the DIBH scan using deformable registra-
tion and then appropriately corrected.

Treatment planning

A total of 16 plans (8 for IMRT and 8 for IMPT) were gen-
erated and analyzed. The IMRT plans and the IMPT plans were
completed by two experienced physicists respectively. The
treatment plans for IMRT and IMPT were both generated using
the Treatment Planning System (TPS) of Eclipse (Varian Med-
ical System, Inc., California, USA). The IMPT plans used two
en-face beam angles and the IMPT with pencil beam weights
was obtained through robust single-field optimization (SFO)
technique. The IMRT plans were designed using the field in
field technique. We chose an anisotropic analytical algorithm
(AAA) for IMRT and a proton convolution superposition
(PCS) algorithm for IMPT. Due to the limitations of the retro-
spective study, we had been unable to see the previous specific
optimization constraints in the Eclipse system when we started
this study. The IMPT and IMRT plans were both created with
the best effort to meet the dose constraints shown in Table 1,
although the optimization constraints used might be slightly
different.

Dose prescription

The prescribed dose of the present study referred to the reg-
imen of START B [4]: 40.05 Gy in 2.67-Gy fractions of rela-
tive biological effect (RBE) to PTV_Breast with a 10 Gy in
2-Gy fractions (RBE) additional boost to PTV_Lumpectomy.
The RBE value was defined as 1.1 in the present study.

Plan evaluation

Target coverage should meet the criteria that the dose of
95% of the target volume > prescribed dose. Doses to the
OARs should be kept to a minimum. The following dose-
volume parameters were collected to evaluate the coverage of
target volumes: D1, D2, D50, D95, D98, D99. According to
the ICRUS83 report [19], refer to D2, D98 as Dmax (maximum
dose) and Dmin (minimum dose) respectively. Homogeneity
index (HI) was used as the standard formula to evaluate the
homogeneity of the PTV, defined as D95/D5. Conformity index
(CD) is defined as a ratio between V95% and the target volume.
All the OARs were evaluated using Dmean and Dmax. Ipsilat-
eral Lung and Contralateral Lung were evaluated additionally
using V5, V10, V20, V30.

Statistical methods

The paired dose-volume parameters should be normalized
according to the data of D50 of the PTV_Lumpectomy. Our
statistical analysis was performed on the normalized data.

The clinical data of eight patients included in the study were
analyzed using the SPSS 23.0 software. The paired differences
between IMPT and IMRT methods for each dose-volume
parameter were assessed with the Wilcoxon signed-rank sum
test. A two-sided P value < 0.05 was considered statistically
significant.
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Table 1. Dose constrains.

Structure Volume type Index Target value
CTV_Lumpectomy Target D90% > 90 (% of dose)
CTV_Lumpectomy Target D95% > 95 (% of dose)
CTV_Lumpectomy Target V110% < 0.01 cc
CTV_Lumpectomy Target VI115% < 0.01 cc
CTV_Breast Target D90% > 90 (% of dose)
CTV_Breast Target D95% > 95 (% of dose)
Lung_I OAR V40% < 15 ~ 20 (% of volume)
Lung C OAR V5 Gy < 10 ~ 15 (% of volume)
Lung_C OAR V10% < 10 ~ 15 (% of volume)
Thyroid OAR DI cc < 90 ~ 100 (% of dose)
Cord OAR DO0.01 cc < 72 (% of dose)
Esophagus OAR DO0.01 cc < 32 ~ 36 Gy
Esophagus OAR DI cc < 29 ~ 34 Gy
Esophagus OAR DO0.01 cc < 72 ~ 90 (% of dose)
Hum_Head_I OAR DO0.01 cc < 35 ~ 43 Gy
Hum_Head_I OAR DIl cc < 25 ~ 38 Gy
Hum_Head_I OAR DO0.01 cc < 70 ~ 86 (% of dose)
Hum_Head_C OAR D0.01 cc < 35 ~ 43 Gy
Hum_Head_C OAR DI cc < 25 ~ 38 Gy
Hum_Head_C OAR D0.01 cc < 70 ~ 86 (% of dose)
Heart OAR Dmean < 1.5 ~ 3 (% of dose)
Heart OAR V50 Gy < 1 (% of volume)
Brachia_Plex_1 OAR DO0.01 cc < 102 ~ 108 (% of dose)
Skin OAR Dl cc< 86 ~ 96 (% of dose)
LAD OAR DO0.01 cc < 6 ~ 30 (% of dose)

D90%, D95%, D1 cc, D0.01 cc: dose receiving > 90% relative volume, 95% relative volume, 1 cc, 0.1 cc, respectively, Dmean: mean dose,
V110%, V115%, V40%, V10%, V5 Gy, V50 Gy: volume receiving > 110% prescription dose, 115% prescription dose, 40% prescription

dose, 10% prescription dose, 5 Gy, 50 Gy, respectively.

Results

Target coverage

A dosimetric comparison of PTV_Lumpectomy between
IMPT and IMRT plans is presented in Table 2. The dose cov-
erage criteria were achieved with both IMRT and IMPT plans
for the PTV_Lumpectomy. The median dose of PTV_Lumpec-
tomy D95 in IMPT and IMRT were 5388.678 cGy and
5396.898 cGy, respectively, and the difference was not statisti-
cally significant (P = 0.889). The median dose of PTV_
Lumpectomy D1 in IMPT is 5481.351 cGy, which is similar
to that in IMRT (5479.506 cGy) (P = 0.093). Similarly, differ-
ences in other dosimetric parameters of PTV_ Lumpectomy
between the two groups were also not statistically significant.

Organs at risk

Table 3 summarized the dosimetric comparison between
IMPT and IMRT plan for all the OARs and Video 1 showed that
the OARSs can benefit from IMPT plans. The median Heart Dmean
was 9.524 cGy (RBE) (range, 0.033 ~ 42.380 cGy [RBE])
with IMPT and 205.219 cGy (range, 13.059 ~ 2668.997 cGy)
with IMRT, an almost 20-fold increase (P = 0.012). For Ipsilateral
Lung, the median Dmean was 596.527 cGy (RBE) (range,
125.173 ~ 974.657 cGy [RBE]) with IMPT and 1073.826 cGy
(range, 527.924 ~ 2997.944 cGy) with IMRT, which is statistically
significant (P = 0.036). Furthermore, the median V20 of Ipsilateral

Lung in IMPT and IMRT were 10.224% and 18.712% (P = 0.05).
Similarly, the median V30 of Ipsilateral Lung in IMPT and
IMRT were 4.190% vs. 12.568% (P = 0.05). Compared to IMRT,
IMPT significantly decreases the dose to Contralateral Lung
IMRT (median Dmean: 6.149 cGy vs. 34.790 cGy, P = 0.012).
In addition, similar dosimetric benefit was shown in the Dmean
of Spinal Cord favoring IMPT (5.787 cGy vs. 138.988 cGy,
P = 0.012). Differences in other dosimetric parameters were not
statistically significant.

Discussion

This study aims to investigate whether IMPT using PBS
could spare the heart and lung better in HF-WBI compared with
IMRT. Previous studies reported that proton therapy could
reduce the dose to lung, heart, and subcardiac structures effec-
tively compared with photon radiation in BC patients after
lumpectomy or mastectomy [15-17, 20—-22]. In most of the pre-
vious studies, proton therapy was performed in conventional
technique by using passively scattered scanning [15-17, 22].
However, with the development of proton technologys, it is nec-
essary to conduct a dosimetric comparison between IMRT and
pencil beam scanning IMPT, rather than passive scattering pro-
ton therapy (PSPT) commonly used in previous studies.

Earlier studies have demonstrated that radiotherapy can
increase the risk of ischemic heart disease and thus cause excess
mortality [12, 23]. To explore the relationship between heart
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Table 2. Dosimetric data of PTV_Lumpectomy coverage.

IMPT IMRT P-value
Items Median (range) Median (range) Wilcoxon Signed Rank Test
D99 (cGy) 5395.608 (5069.991 ~ 5709.905) 5386.749 (5066.503 ~ 5708.182) 0.889
D98 (cGy) 5395.914 (5070.369 ~ 5710.333) 5387.214 (5066.941 ~ 5708.807) 0.889
D95 (cGy) 5396.898 (5071.439 ~ 5711.686) 5388.678 (5068.129 ~ 5710.681) 0.889
D50 (cGy) 5414.256 (5091.207 ~ 5737.541) 5414.256 (5091.207 ~ 5737.541) 1.000
D5 (cGy) 5457.563 (5132.946 ~ 5808.199) 5463.113 (5156.500 ~ 5772.731) 0.208
D2 (cGy) 5470.293 (5147.111 ~ 5831.490) 5473.654 (5171.760 ~ 5777.381) 0.263
D1 (cGy) 5481.351 (5158.820 ~ 5850.294) 5479.506 (5179.703 ~ 5779.533) 0.093
HI (D95/D5) 0.985 (0.966 ~ 0.990) 0.989 (0.981 ~ 0.993) 0.091
CI (V95%/target volume) 0.185 (0.101 ~ 0.416) 0.185 (0.101 ~ 0.416) 1.000

IMPT: intensity-modulated proton therapy, IMRT: intensity-modulated radiotherapy, D99, D98, D95, D50, D5, D2, D1: dose receiving > 99%,
98%, 95%, 50%, 5%, 2%, 1% relative volume, respectively, CI: Conformity index, HI: Homogeneity index.

Table 3. Dosimetric comparison of OARs between IMRT plans and IMPT plans.

IMPT

IMRT P-value

Median (range)

Median (range) Wilcoxon signed rank test

Heart Dmean (cGy) 9.524 (0.033 ~ 42.380) 205.219 (13.059 ~ 2668.997) 0.012
Dmax (cGy) 952.361 (0.010 ~ 4180.165) 1465.509 (99.437 ~ 5194.389) 0.161

Ipsilateral Lung Dmean (cGy) 596.527 (125.173 ~ 974.657) 1073.826 (527.924 ~ 2997.944) 0.036
Dmax (cGy) 5150.084 (4465.475 ~ 5744.415)  5092.091 (4584.739 ~ 5297.524) 0.208

V5 (%) 31.162 (6.387 ~ 51.699) 48.744 (17.934 ~ 98.980) 0.069

V20 (%) 10.224 (0.589 ~ 16.911) 18.712 (8.740 ~ 62.213) 0.050

V30 (%) 4.190 (0.247 ~ 7.170) 12.568 (0.058 ~ 38.278) 0.050

Contralateral Lung  Dmean (cGy) 6.149 (0.234 ~ 38.747) 34.790 (8.092 ~ 494.343) 0.012
Dmax (cGy) 1182.443 (6.621 ~ 2632.009) 409.237 (92.442 ~ 4102.270) 0.779

V5 (%) 0.098 (0 ~ 2.086) 0.006 (0 ~ 38.995) 0.398

V20 (%) 0.000 (0.000 ~ 0.005647) 0.000 (0.000 ~ 1.113) 0.753

V30 (%) 00 ~0) 00 ~0) 0.068

Spinal Cord Dmean (cGy) 5.787 (0.000 ~ 66.194) 138.988 (13.896 ~ 936.309) 0.012
Dmax (cGy) 122.691 (0.000 ~ 1276.097) 506.093 (36.456 ~ 2761.027) 0.123

Significant data is presented in bold. IMPT: intensity modulated proton therapy, IMRT: intensity modulated radiotherapy, V5, V20, V30:
volume receiving > 5, 20, 30 Gy, respectively, Dmax: dose encompassing 2% of the volume, Dmean: mean dose.

Video 1. The video shows the OARs that benefit from IMPT plans.
Right side is the dose distribution of a traditional IMRT planning.
Left side is of an IMPT planning for the same case. https://vem.
edpsciences.org/10.1051/vem/2021002#V 1

exposure dose and the incidence of ischemic heart disease,
Darby et al. [10] conducted a famous clinical study and found
that the excess risk of ischemic heart disease caused by radio-
therapy for BC patients increases linearly with an increase in
the mean dose to the heart of 7.4% per Gy. Since then, we have

reduced the mean dose to the heart as much as possible in our
clinical work. Furthermore, Duma et al. [24] explored the
increased rate of absolute radiation-induced ischemic heart
disease, which found that, if a 50-year-old BC patient without
cardiac risk factors exposing a mean heart dose of 3 Gy, the risk
of having at least one acute coronary event by the age of 80 years
rises from 4.5 to 5.4%. This risk would even rise from 8 to 9.7%
with pre-existent cardiac risk factors. This risk would increase
from 8 to 13.5% if the mean heart dose reached 10 Gy and in
the presence of cardiac risk factors. A systematic review and
meta-analysis in 2017 indicated the excess rate ratios (ERRs)
of cardiac mortality was 0.04 (95% CI, 0.02 to 0.06) per Gy
whole-heart dose [11]. In all, in order to minimize the risk of
radiation-induced ischemic heart disease, the mean heart dose
should be as less as possible and preferably less than 3 Gy. In
our study, the mean heart dose closed to 0 with IMPT, much
lower than the IMRT group (median Dmean 9.524 cGy vs.
205.219 cGy), indicating a reduction of risk of radiation-induced
ischemic heart disease might be achieved by IMPT potentially.

The other non-tumor mortality was from radiation-induced
lung cancer [11, 23, 25]. Grantzau et al. [14] estimated that one
radiation-induced second cancer occurred in every 200 BC
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patients treated with radiotherapy. Previous meta-analyses [11]
yielded lung cancer incidence > 10 years after radiotherapy rate
ratio (RR) of 2.10 (95% (I, 1.48 to 2.98), indicating 0.11 (95%
CI, 0.05 to 0.20) ERR per Gy whole-lung dose. For radiation-
induced lung cancer, the absolute risks from modern radiother-
apy were 4% in long-term continuing smokers and 0.3% in
nonsmokers. Thus, lung-sparing is critical for survival. Our
results showed Dmean was significantly reduced in both the
Ipsilateral (median Dmean 596.527 cGy vs. 1073.826 cGy,
P = 0.036) and Contralateral Lungs (median Dmean
6.149 cGy vs. 34.790 cGy, P = 0.012) in the IMPT cohort,
leading to a decrease in the excess risk of radiation-induced
lung cancer. These results were consistent with previous stud-
ies. In 2014, Mast et al. [20] reported that in WBI the mean
lung dose in both lungs and the Ipsilateral Lung could be
reduced by IMPT significantly as compared to IMRT. In
2017, Patel et al. [17] obtained similar results in their PMRT
study. Their results showed that the mean lung dose in the pho-
ton radiotherapy group was significantly higher than that in the
proton therapy group, regardless of the use of passively scat-
tered scanning or pencil beam scanning. Based on these data
and studies, it can be inferred that IMPT using pencil beam
scanning can effectively spare the whole lung and thus may
positively impact long-term survival in breast cancer patients.
In addition to the mean lung dose, Mast et al. [20] reported
that as compared to IMRT, the V5 Gy, and the V20 Gy in both
lungs and in the Ipsilateral Lung could be reduced significantly
in BC patients performed WBI in Canadian regimen. A similar
dosimetric reduction was also reported in WBI and post-mas-
tectomy radiotherapy studies [16, 17, 26]. In our study, both
median V20 and V30 of the Ipsilateral Lung showed a strong
tendency to reduce in IMPT, although the difference was not
statistically significant (P = 0.05). This non-statistically signifi-
cant decrease might be due to the small sample we collected.
The same reason can explain why in our study there are no
differences in target coverage between the IMRT and IMPT
plans, while it can be seen that IMPT can improve target cover-
age, conformity, and homogeneity in some other studies
[16, 26]. In addition, in terms of target coverage, the IMRT
technique has been excellent. In our study, all the IMRT plans
met the target coverage criteria without exception. Another rea-
son is that our target volumes are relatively uncomplicated. We
only performed a PTV_Breast to WBI and a PTV_Lumpectomy
to boost. However, Bradley et al. [16] concluded that proton
therapy improved target coverage for the internal mammary
nodes and level 2 axilla. Meanwhile, Ares et al. [26] demon-
strated that IMPT improved target coverage in complex-target
irradiation without increase the integral dose. Sun et al. [21]
found IMPT plans showed the best target coverage, conformity,
and homogeneity in WBI of synchronous bilateral breast cancer.
The proton therapy technique used in this study was IMPT.
A major advantage of pencil-beam scanning compared
with passive scattering is the improved quality of the dose
distribution [27]. In contrast to PSPT, IMPT can simultaneously
optimize the intensities of pencil beams by using an objective
function that accounts for the shape and density of targets, as
well as constraints on normal tissues [28]. Thus most new insti-
tutions choose PBS as the delivery technology, and many insti-
tutions that equipped with passive scattering are upgrading their

systems to PBS currently [27]. Although previous studies have
not been able to verify these dosimetric advantages [17], we
believe it can be further explored in future research.

In our study, DIBH technology was performed on all eight
patients. Previous studies [20] showed that, unlike IMRT, the
DIBH technique had no added value to IMPT. However, due
to the Bragg Peak, protons are more sensitive to the effects
of motion than photons. For spot scanning and IMPT, a motion
was concerned potentially damaging to the homogeneity and
conformity of proton plans [29]. Therefore, we believe that if
available DIBH should be performed on all BC patients under-
going proton therapy.

In HF-WBI, IMPT can maximally spare the cardiopul-
monary dose without compromising target coverage and may
positively impact long-term survival in breast cancer patients.
Considering IMPT is expensive and not widely available in
China, IMPT should be performed on patients at high risk for
non-tumor radiation-induced death.
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