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Background: As hybrid radiotherapy technique can effectively balance dose distribution between targets and organs, it is necessary to
evaluate the late effects related to radiotherapy. The aim of the study was to calculate and provide individual estimates of the risks for
hybrid radiotherapy techniques in breast cancer patients.

Methods: Whole-breast irradiation was performed in 43 breast cancer patients by using 3D conformal, intensity-modulated and hybrid
techniques. The excess absolute risk (EAR), lifetime attributable risk (LAR) and normal tissue complication probability (NTCP) were
calculated to estimate risks in organs. The risk variability in contralateral breast was assessed by using the patient’s anatomic parameters.
Results: Compared with IMRT and FinF, hybrid techniques achieved satisfactory dose distribution and comparable or lower estimated risks
in organs. The LAR was estimated to be up to 0.549% for contralateral lung with advantages of tangential techniques over H-VMAT. For
ipsilateral lung, the LAR was estimated to be up to 9.021%, but lower in H-VMAT and FinF without significant difference. The risk of
thyroid was negligible in overall estimation. For contralateral breast, the LAR was estimated to be up to 0.865% with advantages of MH-
IMRT and H-VMAT over TF-IMRT. The fraction of individual variability could be explained by using anatomic parameters of minimum
breast distance (MBD) and minimum target concave angle (Oyirca). NTCP for all analyzed endpoints was significantly higher in TF-IMRT
relative to FinF and hybrid techniques, while TH-IMRT and H-VMAT were presenting lower toxicity risk. However, MH-IMRT presented
a higher probability of toxicity in lung. For most cases, H-VMAT demonstrated a benefit for contralateral breast, heart and lung sparing.
Conclusion: The optimal treatment should be performed individually according to anatomic parameters and balances between EAR
and NTCP. Individual assessment may assist in achieving optimal balances between targets and organs as well as supporting clinical
decision-making processes.

Keywords: secondary cancer risk, hybrid techniques, individual assessment, breast cancer, radiotherapy

Introduction
In order to improve local control and overall survival, radiotherapy has become a consolidated adjuvant treatment for
patients with early stage breast cancer after breast conserving surgery. Notwithstanding, radiotherapy techniques have
advanced from three-dimensional conformal radiotherapy (3D-CRT) to intensity modulated radiotherapy (IMRT) or
volumetric modulated arc therapy (VMAT), which can significantly reduce the incidence of pulmonary and cardiac late
side effects.' However, modern radiotherapy techniques are always at the cost of higher low-dose baths to achieve
satisfactory dose distribution.” It is well-known that there is no safe threshold dose of radiation, and even lower doses are
significant.* This not only increases the risk of developing secondary cancers, but also increases the long-term effects,
including cardiovascular diseases.”® In most cases, this risk may not be negligible. It becomes more essential to make
careful decisions about the choice of treatment.

However, epidemiological studies cannot accurately estimate the secondary cancer risk, because most of the available data
are derived from obsolete treatment techniques from 20-30 years ago.” Therefore, several mathematical formulas have been
developed to predict the radiation dose-response relationships, to further assess late effects.®” With the use of some of those
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models, the excess absolute risk (EAR, per 10,000 person years) is used to describe the absolute risk of developing
a secondary cancer between people exposed to irradiation and controls, which is also based on the organ equivalent dose
(OED). Several studies on secondary cancer risk have been published from different radiotherapy techniques in breast cancer,
but those estimates differ greatly between publications without considering individualization of patients.'®'* Additionally,
many treatment techniques have been evaluated to reduce the dose to cardiac components and the risks of cancers in organs
close to the irradiation fields.'”* ' It has been found that secondary cancer risk in organs away from the treatment site
decreases with increasing distance from the treatment site. In terms of individual differences in secondary cancer risk and heart
disease, there are still important open questions related to the effects of current radiotherapy techniques. There is no consensus
as to which treatment strategy is superior. Particularly, published data have reported on the benefit of hybrid techniques in
radiation therapy for breast cancer,'®'® but more detailed and accurate data regarding radiation-induced effects by hybrid
techniques on healthy organs are lacking, which can provide guidance in the choice of radiotherapy techniques in breast
cancer. Furthermore, it has been found that biological evaluation, such as normal tissue complication probability (NTCP), can
help to predict the biological effects on normal tissues.'”** Compared with parameters from dose-volume-histogram (DVH),
the NTCP has a more direct correlation with treatment outcomes. However, the endpoints in NTCP are very different. Thus,
the optimal trade-off between EAR and NTCP is unclear, which may be tailored on a patient-specific basis.

Anatomic diversity has larger effects on the inter-patient variability in doses to contralateral breast, heart and lungs,
which limits the long-term health risks from radiotherapy to patients, even for the same treatment protocol. Thus, the aim
of the study was to complement and extend previous studies on the effects of anatomic diversity and to calculate
secondary cancer risks among hybrid radiotherapy techniques for breast cancer. The mathematical models, such as OED,
EAR and NTCP, would be used to provide critical estimation of radiation-induced cancer risks in heart, contralateral
breast (CB), contralateral lung (CL), ipsilateral lung (IL), esophagus and thyroid.

Methods

Patient Cohort
A cohort of 43 patients with early stage breast cancer after breast conserving surgery was randomly enrolled for
a retrospective planning study. The average age was 45.74 years ranging from 31 to 65 years. The specific characteristics
of the patients are shown in Table 1. Approval for retrospective analysis of the patient data was obtained from the ethics
committee of Affiliated Cancer Hospital and Institute of Guangzhou Medical University.

According to anatomic parameters of patients, they were enrolled in different groups. The minimum breast distance
(MBD) and the minimum target concave angle (Byrca) were used to express the anatomic conditions of the critical

Table | The Characteristics of Patients with Breast Cancer

Index Number of Cases (n, %) Mean tSD P-value
Female 43 100 N/A N/A
Ages 43 100 45.74x10.54 0.000
RBC 21 48.84 N/A N/A
LBC 22 51.16 N/A N/A
MBD, (cm) 22 51.16 1.60+0.46 0.000
MBD; (cm) 21 48.84 3.41+0.64 0.000
Omrcar (°) 21 48.84 133.86+4.09 0.000
Omrcaz (°) 22 51.16 143.82+3.86 0.000
PTV Volume (cm?) 43 100 702.25+220.10 0.000
C-Breast Volume (cm?) 43 100 498.42+165.76 0.000
Heart Volume (cm?) 43 100 544.48+168.53 0.000
C-Lung Volume (cm?) 43 100 1120.44+284.72 0.000
I-Lung Volume (cm?) 43 100 1102.51£252.41 0.000
Esophagus Volume (cm?) 43 100 28.67+7.09 0.000
Thyroid Volume (cm®) 43 100 16.00£5.21 0.000
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Figure | Anatomic parameters in maximum concave target shape; O is the reference point, while OM and ON are lines at an angle of Omtca. MBD is the minimum distance
between contralateral breast and planning target volume (PTV). Omrca is defined as the minimum target concave angle of PTV.

structures and target, as shown in Figure 1. MBD was defined as the minimum separation from contralateral breast to
planning target volume (PTV), while Oy rca Was defined as the minimum target concave angle of PTV. They were
measured directly in the midplane axial CT slice. The reference point O was designated as the apex of the PTV concave
shape at the section of its maximum curvature.

When the distance was less than 2.5 cm, it was classified as MBD;; conversely, it was classified as MBD,. If Oyrca
was less than 140°, it was classified as Oyrcai; conversely, it was classified as Oyrca2. Additionally, each group
contained both right-sided breast cancer (RBC) and left-sided breast cancer (LBC) to investigate the dosimetric
differences between treatments of left- and right-sided breast tumors.

Treatment Planning

All patients in the supine position and ipsilateral arm abduction above the head were scanned at 3 mm slice spacing.
Clinical oncologists delineated the target volumes and organs. The clinical target volume (CTV) included the whole
breast. The PTV was defined as the CTV with a 5-10 mm margin to the delineated target volume to compensate for
treatment setup variability and internal organ motion but did not exceed the body. The organs at risk (OARs) included the
heart, contralateral breast (CB), contralateral lung (CL), ipsilateral lung (IL), esophagus and thyroid. The PTV did not
include the lymph node for irradiation. Additionally, tumor-bed boosts were not considered at this time.

In total, five treatment plans were created for each patient by using five treatment modalities. The field-in-field
forward plan (FinF) consisted of two parallel opposed tangential fields without wedge compensation, and added sub-
fields created by a multi-leaf collimator (MLC) for dose compensation. Secondly, the tangential inverse IMRT plan (TF-
IMRT) was created and modulated by using the same tangential fields from the FinF. The tangential beams were set
according to the anatomic characteristics of individual patients. Thirdly, a combination of manual and inverse planning
was investigated, called hybrid techniques. The tangential hybrid IMRT (TH-IMRT) was set up as a conventional
tangential fields plan (cTF) where the main dose contribution was delivered by two open fields without wedge
compensation, but dose homogeneity in the PTV was achieved by TF-IMRT. While the multiple fields hybrid IMRT
plan (MH-IMRT) consisted of a ¢cTF and a four fields IMRT plan (4F-IMRT), including 3 fields on the outer and inner
sides of the breast respectively, such as ¢-10°, @, ¢+10° and v, v+10°, v+20°, where the ¢ and v on both sides were set
according to the tangential fields from FinF and assigned to cTF. The cTF weights were set in order to deliver 80% of the
prescribed dose to the isocenter.?’ The 4F-IMRT, such as ¢-10°, ¢+10°, v+10° and v+20°, were modulated using the
inverse planning system in order to meet the aforementioned dosimetric constraints. For TF-IMRT and 4F-IMRT, total
% and the
minimum segment monitor unit was set to 10 MU. For the hybrid VMAT plan (H-VMAT), a cTF plus a two coplanar

number of segments was set to less than 100; additionally, the minimum segment area was set to 10 cm

partial arcs plan (2p-VMAT) were integrated into a single treatment plan. The c¢TF plan and 2p-VMAT plan were
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hybridized by using beam weights of 80% and 20% respectively. For 2p-VMAT plan, one arc was set up in a clockwise
(CW) direction from ¢ to v; conversely, the second arc was performed in a counterclockwise (CCW) direction from v to
¢. The gantry spacing was 4° and collimator angle was 15° or 345°. It should be noted that the number of iterations for
dose calculation does not exceed 100 during the IMRT and VMAT planning process. All radiotherapy techniques were
planned and calculated on the Pinnacle® treatment planning system (TPS, version 9.10, Philips Medical Systems,
Fitchburg, WI) by using a Collapsed Cone algorithm.

Plans’ Evaluation

The total prescription doses were 50 Gy to the PTV, and they were delivered at 2 Gy per fraction. The plans were
optimized to provide the dose within PTV between 95% and 107% of the prescribed dose. Dose constraints for ipsilateral
lung were set as V17<30%, V,0<20%, V3¢<10% and the average dose D ,c.n<15 Gy, while dose constraints for ipsilateral
heart were set as V5<30% and V,(,<10%, but V5<15% was set for contralateral heart. The Vy Gy referred to the volume
receiving more than x Gy. Additionally, doses to the contralateral breast and lungs should be kept as low as possible
without compromising target coverage. All plans were optimized and evaluated for optimal target coverage, conformity,
homogeneity, and dose limits of OARs. The conformity index (CI), used as a measure of target volume dose distribution
conformity, was defined as CI = Vref/ V1 XV er /Vie, Where V¢ Was target volume covered by reference isodose, Vr
was target volume and V s was volume of the reference isodose. If the CI was closer to 1, the dose conformity was better.
The homogeneity index (HI), used as a measure of the evenness of dose distribution, was defined as HI = (D,—Dgg)/Dsy,
where D,, Dog and D5, were the doses covering 2%, 98% and 50% of the PTV, respectively. HI = 0 was the ideal value.
Analysis of the OARs included the maximum dose, mean dose and a set of appropriate define (Vx) and define (Dy)
values.

Secondary Cancer Risk Assessment

Based on data of DVH, secondary cancer risks in OARs were calculated by using Schneider’s concept of organ
equivalent dose (OED),?*> which included the impact of repopulation, proliferation, and cell killing. The OED was
calculated by full mechanistic dose-response model, as follows:

1 y exp(—a; Di)

OEDmechanistic T Di
VO i (li,R

i'R
+ |1 — 2R+R%exp(a/ Di)—(1—R)*exp <— la RDi)] (1)

.
aj=a+p= @)

The Vp; was the volume of the DVH bin receiving dose Di and V, was the total volume of the organ. The n referred to
the number of dose fractions that the organ of interest experienced, which might be different from the number of
treatment fractions according to the treatment field arrangement. The model parameters were listed in Table S1.

The EAR described the absolute difference in cancer rates of persons exposed to a dose D and those not exposed to
a dose beyond the natural dose exposition per 10,000 person years (PY). The EAR could be calculated as:’

EAR = OEDp exply,(agex — 30)+y,In(agea/70)] 3)

EAR included population-related parameters, such as age at exposure (agex) and attained age (agea). The parameter f
was the initial slope for the dose-response relationship of secondary cancer induction. v, and y, were the age-modifying
factors. The model parameters were listed in Table S2. In order to remove the EAR variability due to the varying age of
irradiated patient, the EAR was then recalculated based on all patients irradiated at age 30 years and who attained 70
years of age.

For secondary cancer risk, the lifetime attributable risk (LAR), which was percentage likelihood in excess of the
baseline risk of secondary malignancy happening during one’s lifetime, could be estimated as an integral of excess risk
and an effective measurement because it took the patient’s age at the time of treatment and predicted lifespan into
account.®
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LAR (D,e,a,s) = | . EAR(D, e, a,s) ‘;E‘e';da 4)
e+

L was the incubation period of solid cancer and assumed to be 5 years. The ratio S(a)/S(e) was the conditional probability
of a person alive at age e to reach at least age a, which was obtained from life table of the China Office for National
Statistics 2018-2019.

Normal Tissue Complication Probability

The biological indices were important indicators in choosing appropriate treatment plan. Therefore, NTCP was calculated
by the parameters as reported previously for those organs with an expected risk of toxicity due to radiotherapy treatment,
such as heart and ipsilateral lung. Two models, the Lyman-Kutcher-Burman (LKB) model and the seriality (Poisson-LQ)
model, were used for computation for different endpoints. The Biological Evaluation Module implemented in Pinnacle
was used for NTCP calculations. The models, endpoints, and parameters were summarized in Table S3.

Statistical Analysis

Statistical analysis was performed by using SPSS 19.0 (SPSS Inc., Chicago, IL). Nonparametric test was used to estimate
statistical significance of differences, such as Wilcoxon’s signed rank test and Mann—Whitney test. The difference was
considered statistically significant when P<0.05.

Results
A total of 215 treatment plans were calculated and evaluated for 43 breast cancer patients. All alternative techniques
allowed achieving the required coverage of PTV, but H-VMAT plans showed consistently better PTV dose coverage,
conformity, and homogeneity. The dose distribution in transverse for a representative patient with breast cancer in five
types of treatment plans was shown in Figure SI. As shown in Figure S2, the CI and HI for PTV were optimal and
superior in H-VMAT compared with other alternative plans, which were equivalent in dose distribution (P>0.05); but the
treatment monitor units (MU) were much higher in TH-IMRT (P<0.05). Additionally, the dosimetric parameters of
OARs were characterized in Tables S4-S8, respectively. H-VMAT had been demonstrated to reduce high-dose volumes
of OARs, conversely, frequently resulting in more low-dose volumes. FinF was equivalent or even superior to the other
three treatment modalities. The mean doses for individual patients obtained from alternative techniques were plotted in
Figure 2, such as CB, heart and IL. For the patients in the study, the mean heart doses from right-sided breast cancer were
higher in H-VMAT and lower in FinF (Figure 2A); however, most of mean heart doses were lower in FinF and H-VMAT
without significant difference in left-sided breast cancer (Figure 2B). Additionally, the V5 of heart was similar among
alternative techniques except MH-IMRT, while the V,5 and V;q of heart were less in H-VMAT. The mean IL doses from
MH-IMRT were considerably higher than those from other four treatment modalities (Figure 2C). However, when mean
CB dose was in the region below 3Gy, H-VMAT frequently resulted in significantly higher dose than other four treatment
modalities, but MH-IMRT and H-VMAT might help to reduce mean CB dose if it exceeded 3 Gy, as shown in Figure 2D.

The radiation-induced secondary cancer risks in organs for all alternative techniques were calculated by using
parameter sets, as shown in Tables 2 and 3. Regarding the risk of CB, there was a slight advantage of MH-IMRT over
FinF and H-VMAT, but a significantly higher risk in TF-IMRT. The LAR was estimated to be up to 0.865% for CB,
while the risks were similar between FinF and H-VMAT without statistical significance. The LAR of CL was estimated to
be up to 0.549% in H-VMAT, while it was lower in FinF (<0.1%). For IL, the risk was lower in H-VMAT and FinF
without significant difference (P>0.05), while MH-IMRT might have more risk in IL (P<0.05). As IL was close to or
even constituted target area to be irradiated, the LAR was estimated to be up to 95% CI:7.880%—9.021%. Such a large
risk was inconsistent with the probability of radiation-induced lung cancer observed in follow-up studies of breast
radiotherapy.”® It warranted some special consideration to estimate the risk for IL. The risk of thyroid was negligible in
the overall estimation.

When considering the effect of anatomic parameters, the mean differences of risks were illustrated in Table 4 for
organs from different groups. For all alternative techniques, there were no significant differences of risks in organs
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Figure 2 Mean doses from different techniques of whole-breast irradiation, all doses are plotted against those resulting from TF-IMRT. A point below the unity line means
that the alternative techniques have a lower value than the TF-IMRT. (A) is for mean heart dose in right-sided breast cancer (RBC); (B) is for mean heart dose in left-sided
breast cancer (LBC); (C) is for mean dose of ipsilateral lung (IL), while (D) is for mean dose of contralateral breast (CB).

between right- and left-side, MBD, and MBD,, Oprca1 and Oyvrcaz, respectively, except for CB. It might mean that they
were almost independent of distance and target concave angle, but depended on radiotherapy techniques. In CB, the mean
differences of risks were up to 84.18% in MBD and 54.99% in Oyrca (P<0.05), but had no statistical significance
between right and left side (P>0.05). Furthermore, the relationship between inter-individual variability of mean dose and
EAR in CB and anatomic parameters, such as MBD and 0ytca, was calculated and shown in Figure 3. In all alternative
techniques, mean dose and EAR in CB exponentially decreased with increasing MBD but exponentially increased with
increasing Oyirca. It should be noted that mean CB dose was higher in H-VMAT under MBD larger than 2.5cm and
Omrca less than 140°. Furthermore, when MBD was less than 2.5c¢m, the variability of risks among alternative techniques
was significantly greater than that at MBD larger than 2.5cm, especially for TF-IMRT. Similarly, the variability of risks
was significantly greater at Oy rca larger than 140° than at Oyrca less than 140°. These anatomic parameters could serve
as predictors of patient-specific risks of CB. Interestingly, as shown in Figure 4, if MBD was less than 2.5cm, the EARs

Table 2 Excess Absolute Risk (EAR) for Patients Obtained from Schneider, 95% Cl in Brackets

Organs EAR (Per 10,000 Person Years)
TF-IMRT FinF TH-IMRT MH-IMRT H-VMAT
CB 37.401 (25.238-49.564) 34.008 (22.026—45.991) 34.955 (22.881-47.029) 28.368 (19.188-37.549) 32.506 (22.917—42.096)
CL 9.298 (7.868—10.727) 7.743 (6.449-9.037) 10.175 (8.488—11.863) 9.730 (8.236—11.224) 45.386 (37.868—52.903)
Esophagus | 1.245 (1.025-1.465) 1.004 (0.839—1.170) 1329 (1.104—1.554) 1338 (1.132-1.544) 2.768 (2.503-3.33)
Thyroid 0.317 (0.221-0.414) 0.219 (0.153-0.286) 0.272 (0.188-0.356) 0.264 (0.187-0.341) 0.320 (0.234-0.407)
IL 747261 (699.492-795.029) 738.888 (684.559-793.218) | 741.540 (690.404-792.676) | 814.903 (759.872-869.935) | 729.578 (679.950-779.206)
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Table 3 Lifetime Attributable Risk (LAR) for Patients Obtained from Schneider, 95% Cl in Brackets
Organs LAR (%)
TF-IMRT FinF TH-IMRT MH-IMRT H-VMAT
CB 0.653 (0.441-0.865) 0.594 (0.385-0.803) 0.610 (0.400-0.821) 0.495 (0.335-0.656) 0.568 (0.400-0.735)
cL 0.096 (0.081-0.111) 0.080 (0.067-0.094) 0.105 (0.088-0.123) 0.101 (0.085-0.116) 0.471 (0.393-0.549)
Esophagus 0.021 (0.017-0.024) 0.017 (0.014-0.019) 0.022 (0.018-0.026) 0.022 (0.019-0.026) 0.046 (0.042-0.051)
Thyroid 0.007 (0.005-0.010) 0.005 (0.004-0.007) 0.006 (0.004-0.008) 0.006 (0.004-0.008) 0.007 (0.006-0.010)
IL 7.749 (7.253-8.244) 7.662 (7.099-8.225) 7.689 (7.159-8.220) 8.450 (7.880-9.021) 7.565 (7.051-8.080)

Table 4 The Mean Differences of Secondary Cancer Risks in Organs Based on Anatomic

Parameters
Organs Techniques RBC vs LBC MBD, vs MBD, | Omtcal VS OMTcAa2
A (%) P A (%) P A (%) P

CB TF-IMRT —20.69 > 0.05 —82.86 | < 0.00I 43.72 < 0.05
FinF -27.89 > 0.05 —83.74 | < 0.001 54.99 < 0.05
TH-IMRT -29.20 > 0.05 —84.18 | < 0.001 48.90 < 0.05
MH-IMRT -33.27 > 0.05 —80.28 | < 0.001 45.44 < 0.05
H-VMAT -23.51 > 0.05 —74.77 | < 0.001 3247 > 0.05

CL TF-IMRT 571 > 0.05 —24.00 > 0.05 6.33 > 0.05
FinF 6.55 > 0.05 -22.14 > 0.05 10.74 > 0.05
TH-IMRT 7.68 > 0.05 -20.85 > 0.05 11.27 > 0.05
MH-IMRT 1.50 > 0.05 -16.73 > 0.05 12.11 > 0.05
H-VMAT 1.66 > 0.05 -9.96 > 0.05 13.59 > 0.05

Esophagus | TF-IMRT 12.67 > 0.05 —15.88 > 0.05 -9.56 > 0.05
FinF 19.54 > 0.05 —-13.26 > 0.05 -8.53 > 0.05
TH-IMRT 13.39 > 0.05 -14.75 >0.05 | —10.06 > 0.05
MH-IMRT 14.46 > 0.05 -12.13 > 0.05 -8.96 > 0.05
H-VMAT 4.28 > 0.05 —6.53 > 0.05 -6.20 > 0.05

IL TF-IMRT -0.44 > 0.05 593 > 0.05 -9.84 > 0.05
FinF -3.48 > 0.05 822 >0.05 | —10.01 > 0.05
TH-IMRT -0.47 > 0.05 7.38 >0.05 | —10.48 > 0.05
MH-IMRT -1.18 > 0.05 7.60 > 0.05 -9.87 > 0.05
H-VMAT —4.27 > 0.05 6.41 >0.05 | —10.84 > 0.05

Notes: The A for all alternative techniques results refers to the percentage changes, calculated by:
RBCx100%; (MBD,— MBD,)/MBD,%100%; (Omtca2—OmTca1)/Omtcai*100%. P is defined as statistical value between

rightand left side, MBD, and MBD,, Omtcal and Ourcaz, respectively.

: A=(LBC-RBC)/

among alternative techniques had no statistical significance between Oyrcar and Oyrcar (P>0.05), but the EARs were
lower in Oyrca compared with Oyrcaz at MBD larger than 2.5cm (P<0.05). Additionally, if MBD was less than 2.5cm,
H-VMAT and MH-IMRT could help to have a significant reduction in EARs without the effect of Oyrca relative to the
other three techniques. In contrast, if MBD was larger than 2.5 cm, the tangential techniques were more beneficial in

reducing EAR under 0yrca less than 140°, but it was comparable for all alternative techniques under 6y;rca larger than

140° (P>0.05). A composite LARs of organs, except IL, were calculated and summated based on anatomic parameters

for all alternative techniques, as illustrated in Figure 5. Compared to the other four alternative techniques, the composite

LARs for H-VMAT were larger and increased significantly, especially under the condition of MBD larger than 2.5cm.

Comparatively, the composite LARs for FinF might be the lowest.
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Figure 3 The minimum breast distance (MBD) and minimum target concave angle (Omtca) cover the inter-patient variability in mean dose (A and B) and excess absolute
risk (C and D) of contralateral breast (CB). The colorful solid lines show the fit for alternative techniques, respectively.
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Figure 4 Obtained from alternative techniques of whole-breast irradiation, the excess absolute risk of contralateral breast (CB) is shown in different groups. *Indicates
statistical difference between selected techniques. When comparing Omrca; With Omrca2, Ylis defined as significant difference while #indicates no statistical difference for

alternative techniques.

Abbreviations: MBD, minimum breast distance; Omrca, minimum target concave angle.
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Figure 5 The composite LARs in organs based on anatomic parameters, except ipsilateral lung. *Indicates statistical difference while *indicates no statistical difference
between selected techniques. When comparing Omtca; With Omrcaz, ¥is defined as no statistical difference for alternative techniques, while Tlis defined as statistical difference
except for H-VMAT.
Abbreviations: MBD, minimum breast distance; Omrca, minimum target concave angle.

In response to the integral management of disease treatment, the aforementioned results should be balanced with

NTCP estimates for early and late toxicity. The NTCP for all available endpoints of heart and lung from all alternative

techniques were reported in Table 5. Compared with TF-IMRT, there was a statistically significant reduction in NTCP of

Table 5 Calculated NTCP Values (Mean Values and 95% Cl, %) in Different Techniques with an Endpoint for the Heart, Ipsilateral Lung
(IL) and Total Lung

Organs Endpoint TF-IMRT FinF TH-IMRT MH-IMRT H-VMAT

Heart" Death 7.20 (5.89-8.51)° 4.08 (3.23-4.94) 2.95 (2.34-3.55) 281 (2.11-3.51) 1.67 (1.28-2.06)°
Pericarditis 0 (0-0.01) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
Pericarditis of any grade 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)

IL Pneumonitis 3.76 (2.94-4.58)° 2.70 (2.01-3.39) 1.91 (1.45-2.36) 2.68 (2.05-3.32) 1.93 (1.50-2.36)
Pneumonitis, grade = 2 5.67 (5.01-6.33) 5.55 (4.79-6.32) 5.67 (4.98-6.37) 6.86 (5.95-7.77)° 591 (5.20-6.62)
Symptomatic pneumonitis for < 6 mo 6.86 (5.1-8.40) 6.94 (5.19-8.67) 6.81 (5.19-8.44) 10.28 (7.82-12.74) 7.53 (5.88-9.19)
Symptomatic or radiographic 20.30 (17.88-22.72) 20.02 (17.31-22.73) 20.14 (17.56—22.71) 24.44 (21.39-27.49)° 20.18 (17.74-22.63)
pneumonitis for £ 6 mo
Symptomatic fibrosis for 2 6 mo 0.56 (0.23-0.88) 0.65 (0.21-1.10) 0.63 (0.27-0.98) 1.58 (0.72-2.45)° 0.60 (0.27-0.94)
Symptomatic or radiographic fibrosis 23.05 (20.76-25.32) 22.91 (20.31-25.51) 22.91 (20.47-25.34) 26.55 (23.77-29.33)° 21.67 (19.39-23.96)
for 26 mo

Total Lung Pneumonitis 0.27 (0.20-0.35)T # 0.20 (0.13-0.27) 0.14 (0.09-0.18) 0.20 (0.14-0.25) 0.15 (0.11-0.20)
Pneumonitis, grade = 2 1.67 (1.50-1.85) 1.60 (1.43—1.79) 1.68 (1.51-1.85) 1.95 (1.74-2.17)% 1.82 (1.65—1.98)
Symptomatic pneumonitis for < 6 mo 0.35 (0.19-0.51) 0.33 (0.17-0.49) 0.33 (0.17-0.49) 0.58 (0.38-0.79)* 0.53 (0.35-0.72)
Symptomatic or radiographic 5.35 (4.70-6.00) 5.35 (4.62-6.08) 5.33 (4.65-6.00) 6.32 (5.46-7.19)% 5.60 (4.88-6.32)
pneumonitis for £ 6 mo
Symptomatic fibrosis for 2 6 mo 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
Symptomatic or radiographic fibrosis 851 (7.55-9.47) 8.52 (7.42-9.60) 8.40 (7.38-9.41) 9.84 (8.65-11.02)* 8.12 (7.12-9.11)
for 2 6 mo

Notes: “Stands for left-sided breast cancer; Sindicates the statistically significant difference between this technique and other alternative techniques; fland #represent TF-
IMRT, for the statistically significant difference between TH-IMRT and H-VMAT respectively; %indicates the statistically significant difference between this technique and other

alternative techniques, except H-VMAT, while *indicates a statistically significant difference between MH-IMRT and H-VMAT.
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heart from other alternative techniques (P<0.001). A significantly lower NTCP was observed in H-VMAT with 95%
CI:1.28%—2.06%. The endpoints, such as pneumonitis, pneumonitis grade >2, symptomatic or radiographic pneumonitis
for < 6 mo, symptomatic or radiographic fibrosis for > 6 mo, had covered a broad range of lung complications. Compared
with alternative techniques, TH-IMRT and H-VMAT were favorable in reducing pneumonitis and symptomatic or
radiographic fibrosis for > 6 mo, but the differences among TF-IMRT, FinF, TH-IMRT and H-VMAT were not large
and significant for pneumonitis grade > 2, symptomatic or radiographic pneumonitis for < 6 mo. However, MH-IMRT
presented a higher probability of toxicity in lung (P>0.05).

Discussion

As modern irradiation techniques, such as IMRT and VMAT, always come at the cost of higher low-dose baths, they bear
an increased risk of inducing secondary cancers. Considering the excellent prognosis and long life expectancy after
radiotherapy, advanced planning strategies have been actively tested and performed to reduce the related complications of
radiotherapy. In order to balance the homogeneous and conformal dose distribution of PTV and the low-dose baths of
OARs, the concept of hybrid intensity modulated radiotherapy was proposed by Mayo et al,'® combining 3DCRT and
IMRT, which may benefit in decreasing the areas of low-dose exposure. Much research has shown the benefit of hybrid
techniques for breast cancer.'®"'® In our study, the hybrid techniques could improve the CI and HI compared to TF-IMRT
and FinF, especially H-VMAT with significance. Additionally, the comparison of hybrid combinations has shown
a possibility to reduce the doses in OARs compared with our previous study.'® Interestingly, the benefits of TH-IMRT
are not as obvious as MH-IMRT and H-VMAT, attributed to much higher of the MUs, which can lead to more scatter and
leakage radiation outside the irradiation field. Although H-VMAT yields more low-dose volumes in OARs, H-VMAT has
advantages over TH-IMRT and MH-IMRT with regard to dose conformity, heart dose and ipsilateral lung dose, even
contralateral breast dose, which are consistent with other reports.'”** As reported, the rate of ischemic heart disease
would be increased by 7.4% after adding 1 Gy to the mean heart dose, without a threshold dose.?® Moreover, at higher
doses (=30 Gy), there is a dose-response relationship for factors predicting cardiac dysfunction, while there is also
a relationship between cardiac mortality and low doses (~5 Gy).>*?” As with our study, not all V5 of heart obtained from
alternative techniques fulfill the dose criteria as the recommendations should be limited to less than 10%.2° Nevertheless,
H-VMAT benefits in decreasing high-dose volumes of heart relative to other alternative techniques, while low doses
(~5 Gy) among them are similar. H-VMAT presents a lower probability of toxicity with 1.67%, 95% CI:1.28%—2.06% of
NTCP in heart. Combined with NTCP estimates, the heart is better protected by H-VMAT in left-sided breast irradiation.
Although the NTCP estimates of heart are not meaningful in right-sided breast irradiation, the effects of numerous low-
doses from H-VMAT on long-term cardiac toxicity cannot be ignored. 1 Gy increase in mean heart dose results in a 4%
increase in the long-term risk of late heart disease from baseline.”® Thus, the mean heart dose (range in 95% CI) from
H-VMAT would lead to increase of 6.36%—7.40% in late heart disease for right-sided breast irradiation, which is higher
than FinF with 4.32%—5.80%. FinF is more helpful in decreasing the long-term cardiac toxicity in right-sided breast
irradiation where low-dose dominates mean heart dose.

In addition to minimizing acute and late toxicity by studying dose-volume tolerances and examining the reasonable
limits acceptable to ipsilateral and contralateral structures, it is important to provide an optimal estimation of the risk of
secondary cancer induction. Several mathematical models have been developed to estimate secondary cancer risk, while
the EAR is proportional to the simulated dose-response relationship for radiation-induced cancer, as well as the age at
exposure and the attained age, which can represent a better description of the dose-risk relationship. The dose-risk
relationship is linear at lower doses (lower than 2 Gy) for all solid organs. However, it is assumed that the risk of cancer
induction is no longer linear but decreasing at higher doses (up to 40 Gy) due to a balance between cell killing and
repopulation effects.”?® The medium to high dose levels (in the range of radiotherapy) are of great interest in this frame.
On the other hand, the current predictive power of NTCP parameters is limited. Therefore, an optimal estimation of risk
may require a balance between EAR and acute and late radiation-induced toxicity. In our study, MH-IMRT shows
superiority to H-VMAT in EAR and LAR of CB while increasing the NTCP of lung. In terms of risk in CB, especially
total EAR and LAR in all organs, FinF is comparable or superior to H-VMAT but at the cost of an increased NTCP of
heart or lung. TH-IMRT has an NTCP of lung comparable to H-VMAT but at the cost of an increased EAR and LAR,
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which may be due to much higher of the MUs. According to the calculations of EAR and NTCP, FinF with lower
scattered radiation can be considered as a preferred alternative rather than consolidated H-VMAT. It has been found that
VMAT presents an increased EAR relative to FinF."' Compared with previous and present study, not only the risk of
toxicity but also the risk of radiation-induced cancer can be minimized through selecting the appropriate techniques. As
expected, in the study there was a positive impact of the adoption of advanced radiotherapy techniques.

Although the absolute incidence of secondary cancer in breast cancer treatment is low, it is not negligible despite
selecting the optimal radiotherapy technique for individual patients, and the anatomic and clinical characteristics need to
be taken into account. For example, doses to the heart, especially in left-sided breast cancer, vary widely, which is
strongly related to the distance from heart to thoracic wall. But it was not considered in this study. In the study, the
anatomic parameters, such as right and left side, minimum breast distance (MBD) and minimum target concave angle
(Omrca), were taken into account for secondary cancer risk. As expected, the EARs in CB exponentially decreased with
increasing MBD and exponentially increased with increasing 0yrca, but there was no significant difference between
right and left side. This may be attributed to the physical effects of radiation transport. The amount of scatter radiation to
the CB, coming from the linac head and the body (especially the treated breast), would increase with decreasing distance
from the target. As Oytca increase, the distance decreases from the CB to the irradiated tangent field; conversely, the
distance increases. Nevertheless, as shown in Figures 3 and 4, it collectively reflects that the MBD can serve as the first
predictor of patient-specific risks of CB, followed by 0yrca. However, the variation of EAR in CB among alternative
techniques is not identical under the anatomic parameters for group. The fraction of individual variability can be
explained by using anatomic parameters of MBD and Oyrca. Furthermore, if the risks of all organs except IL are
considered together, the composite LAR may be the lowest in FinF due to lower scattered radiation. In particular, the age
at exposure is lower while the secondary cancer risk would be much higher. As is well-known, the secondary cancer risk
in CB appears to be common and especially important for younger patients (<45 years) exposed to radiotherapy.*® For
older patients, cardiovascular damage is a higher mortality risk than breast cancer itself.>' Thus, it suggests that the age at
irradiation exposure may also have an impact on technique selection.

Though FinF technique can reduce the burden of VMAT component, it increases the planning time because the
subfields are adjusted and dose is calculated repeatedly. Additionally, the planner’s experience and time pressure have
a larger impact on quality of these plans. However, the hybrid technique calculates and optimizes the dose distribution by
an inverse approach without relying on planner’s experience, resulting in less planning time. Even H-VMAT can reduce
the individual treatment time. On the other hand, as H-VMAT has more freedom to get a coverage that approaches the
requested value and to reduce doses to other organs, it is beneficial in decreasing high-dose volumes of CB relative to
other alternative techniques, especially when CB is closer to the PTV. Not only secondary breast cancer risk but also
breast fibrosis risk, which is defined primarily by the high-dose volume,'® can be reduced. In theory, better HI and CI are
expected to be associated with lower local recurrence rates and even fewer radiation-induced complications. However,
there are still no studies available to provide clear clinical impact of these parameters. Remarkably, there is a 2.9% excess
mortality due to secondary lung cancer, which is higher than the expected mortality due to late heart toxicity.*
Additionally, it has been found that the secondary cancer risk after radiation treatment is mainly from ipsilateral lung
in breast cancer patients treated with current radiotherapy techniques,'' although the secondary cancer risk of contral-
ateral breast is comparable higher in the past.*®> Although H-VMAT may be less safe for younger patients in terms of
secondary cancer risk in all organs, it should still be considered as a valid treatment option, especially in left-sided breast
cancer, because it can improve the treatment quality with reducing the subsequent risk for heart disease and radiation
pneumonitis, which is well correlated with the dose.

After the previously mentioned critical evaluation, if giving higher priority to CB and lung sparing, especially at
MBD less than 2.5cm or Oyrca larger than 140°, H-VMAT should be preferred among alternative techniques for younger
patients with breast cancer, followed by a superior FinF. But FinF may be an optimal treatment technique at MBD larger
than 2.5cm and Oyrca less than 140°. It is essential to note that FinF should be based on extensive experience of
planners, otherwise it is prone to lead to non-optimal dose distribution, resulting in increased secondary cancer risk. If
H-VMAT is selected as an alternative at MBD larger than 2.5cm and Oprca less than 140°, low-dose constraints should
be much stricter during the optimization of treatment planning, especially for right-sided breast cancer. The selection is
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not entirely consistent relative to older patients. As giving a higher priority to heart and lung sparing, H-VMAT is not
recommended as a priority for older patients with right-sided breast cancer, while FinF or even TH-IMRT may be more
appropriate; conversely, H-VMAT or even a superior TH-IMRT is recommended as a priority for older patients with left-
sided breast cancer.

There are still some limitations to our study. Firstly, the weighting between 3D-CRT and IMRT or VMAT is uniform
for all combinations of hybrid techniques, such as 80% vs 20%. Although the study has identified 80% vs 20% and 70%
vs 30% as optimal weighting for hybrid techniques to achieve balanced results between PTVs and OARs, the fact cannot
be ignored that individual anatomy, even patient age, is an important factor for selecting optimal weighting. Furthermore,
it should be combined with the risk assessments. For example, long-term toxicity is negligible and early toxicity should
be given more consideration in older patients, while it is just the opposite for younger patients. Secondly, as H-VMAT
may be prone to uncertainties in intra- and inter-fractional positioning, reproducibility of patient positioning is strictly
demanded during treatment planning and execution. Optimally, image-guided radiotherapy from CT acquisition should
be performed at the deep-inspiration breath-hold (DIBH).?* Thirdly, due to lack of the available data from large-scale
epidemiological studies in advanced radiotherapy techniques, the uncertainties and assumptions in mathematical models,
the data from breast cancer patients treated with advanced radiotherapy techniques, especially young patients with long
survival, will need to be collected in the following years to improve risk estimation of a population. Finally, due to whole
breast irradiation without the boost and lymph node in the present study, the current work should have an extension to
consider boost and lymph node irradiation to explore the balance between secondary cancer risk, NTCP, and target
coverage.

Conclusion

In summary, hybrid techniques achieve satisfactory dose distribution, especially H-VMAT. The treatment plans should be
evaluated not only on the basis of the conventional factors of DVH, but also on the basis of secondary cancer risk
assessment as well as NTCP. Furthermore, according to the anatomic parameters, individual estimates can be used
effectively for patient stratification and optimal application of radiotherapy techniques by giving a higher priority to
contralateral breast, heart and/or lung sparing, which can avoid the “blindness” of technique selection. This may be of
assistance in achieving an optimal balance between targets and organs as well as supporting clinical decision-making
processes.
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