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ABSTRACT

Purpose: The purpose of this study was to evaluate three techniques of irradiation of left-sided breast
cancer patients, three-dimensional conformal radiotherapy (3D-CRT), hybrid Intensity-Modulated
Radiotherapy (h-IMRT), and hybrid Volumetric-Modulated Arc Therapy (h-VMAT, h-ARC), in terms of
dose distribution in the planning target volume (PTV) and organs at risk (OARs). The second aim was
to estimate the projected relative risk of radiation-induced secondary cancers for hybrid techniques.
Materials and methods: Three treatment plans were prepared in 3D-CRT, h-IMRT, and h-VMAT techni-
ques for each of the 40 patients, who underwent CT simulation in deep inspiration breath-hold (DIBH).
For hybrid techniques, plans were created by combining 3D-CRT and dynamic fields with an 80%/20%
dose ratio for 3D-CRT and IMRT or VMAT. Cumulative dose-volume histograms were used to compare
dose distributions within the PTV and OARs (heart, left anterior descending coronary artery [LAD], left
and right lung [LL, RL], right breast [RBI). Projected risk ratios for secondary cancers were estimated
relative to 3D-CRT using the organ equivalent dose (OED) concept for the Schneider’s linear exponen-
tial, plateau, and full mechanistic dose-response model.

Results: All plans fulfilled the PTV criterium: V95%>95%. Compared to 3D-CRT, both hybrid techni-
ques showed significantly better target coverage (PTV: V95%>98%, p < 0.001), and the best conformal-
ity was achieved by h-ARC plans (Cl: 1.18+0.09, p < 0.001). Compared to 3D-CRT and h-ARC, h-IMRT
increased the average sum of monitor units (MU) over 129.9% (p < 0.001). H-ARC increased the mean
dose of contralateral organs and the LL V5Gy parameter (p < 0.001). Both hybrid techniques signifi-
cantly reduced the Dy, of the heart by 5Gy. Compared to h-IMRT, h-ARC increased secondary cancer
projected relative risk ratios for LL, RL, and RB by 18, 152, and 81%, respectively.

Conclusions: The results confirmed that both hybrid techniques provide better target quality and
OARs sparing than 3D-CRT. Hybrid VMAT delivers less MU compared to hybrid IMRT but may increase
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the risk of radiation-induced secondary malignancies.

Introduction

In 2020, breast cancer was the most commonly diagnosed in
women (11.7% of total cases), and the fifth leading cause of
cancer mortality worldwide (6.9% of all cancer deaths) [1].
Demographic forecasts and past global incidence and mor-
tality trends show that by 2040, the number of newly diag-
nosed breast cancers is projected to grow by over 40%, to
about three million cases every year [2]. Breast cancer treat-
ment can be highly effective, especially when the disease is
diagnosed at an early stage - the 5-year relative survival
rates exceed 90% in most high-income countries [3]. The
improvement in overall survival rates necessitates the need
of providing patients with a good quality of life after treat-
ment, hence minimizing radiotherapy-related complications.
Radiotherapy as an adjuvant therapy to surgery and
chemotherapy is crucial as it improves local control and
long-term survival as well as reduces the risk of disease
recurrence by half [4]. However, apart from advantageous

effects, irradiation may cause detrimental side effects on
healthy tissues. Therefore, to reduce the dose in organs at
risk (OAR) and prevent long-term complications, various
irradiation techniques have been developed. These include
deep inspiration breath hold (DIBH) which has become the
gold standard in treating left-sided breast cancer because
besides the significant heart and left anterior descending
coronary artery (LAD) dose reduction [5-8], this method also
minimizes positioning uncertainties and thus discrepancies
between planned and delivered dose distributions [9-11]. In
recent years, conventional three-dimensional conformal
radiotherapy (3D-CRT) has been superseded by intensity-
modulated radiotherapy (IMRT) and volumetric-modulated
arc therapy (VMAT) to provide more homogeneous and con-
formal dose distribution in breast cancer treatment.
Nevertheless, numerous studies [12-14] found that, in con-
trast to 3D-CRT, those dynamic techniques are likewise char-
acterized by significantly larger low-dose volumes in
surrounding normal tissues. This is a major concern when
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using IMRT or VMAT, since larger volumes of normal tissue
exposed to lower doses may increase a radiation-induced
risk of secondary malignancies [15-17].

To provide excellent target coverage and overcome the
low-dose bath to normal tissue, an innovative hybrid method
has been developed. The hybrid radiation technique is a
combination of 3D-CRT and IMRT/VMAT fields with different
dose weightings. Many studies have reported that hybrids
accumulate the benefits of static and dynamic techniques,
thus providing balanced results for planning target volume
(PTV) coverage and OAR sparing [18-21].

Most of the published data have discussed the benefits of
hybrids for whole breast irradiation in terms of target cover-
age and OARs sparing, whereas studies assessing their clin-
ical impact and radiation toxicity are sparse [22,23]. Due to
the improvement in the efficacy and overall survival of breast
cancer patients, it is crucial to research the long-term side
effects of radiotherapy. Therefore, the purpose of the present
study is to estimate a projected relative risk of radiation-
induced secondary cancers for hybrid techniques and per-
form a dosimetric comparison of 3D-CRT, hybrid IMRT, and
hybrid VMAT plans for left-sided breast cancer patients.

Materials and methods
Patient selection, CT simulation, and delineation

Forty women diagnosed with early-stage left-sided breast
cancer (T_,NoMy) were selected for this retrospective plan-
ning study. All patients underwent breast-conserving surgery
and were irradiated in our facility during the years 2017-
2018. Radiotherapy was delivered in 3D-CRT technique using
the deep inspiration breath hold (DIBH) method performed
by the Real-Time Position Management system (RPM, Varian
Medical Systems, Palo Alto, CA, USA). To differentiate the
study group and prevent selection bias, the patients were
selected randomly with no selection criteria. The median age
of patients’ was 60 (range 31-70).

The CT for radiotherapy planning was performed in the
supine position with arms positioned above the head with a
commercial immobilization system (Posiboard, CIVCO Medical
Solutions, Kalona, IA, USA). The thickness of the scan slice
was 3mm. A radiation oncologist defined the target volume
and the organs at risk including the heart, left anterior
descending coronary artery (LAD), left lung (LL), right lung
(RL), and right breast (RB). The clinical target volume (CTV)
included the whole breast and was delineated according to
the European Society for Radiotherapy and Oncology
(ESTRO) delineation guideline [24]. The planning target vol-
ume (PTV) was obtained by adding a 5 mm geometrical mar-
gin to the CTV. All target structures were cropped at 5mm
from the skin surface.

Treatment planning

Three treatment plans were created for each patient: 3D-CRT,
hybrid IMRT, and hybrid VMAT. All plans were prepared for
the DIBH technique in the Eclipse External Beam planning
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system Version 13.0.33 (Varian Medical System, Palo Alto, CA,
USA) using the Anisotropic Analytical Algorithm (AAA) Version
13.0.26. The total prescribed dose to the PTV was 42.5Gy in
17 fractions (fraction dose 2.5 Gy). Each plan was normalized
to ensure that the mean dose (Dpean) received by the PTV
was equal to 100% of the prescribed dose. To minimize plan-
ning bias, two independent medical physicists were respon-
sible for preparing and optimizing treatment plans.

Due to different normalizations, clinical 3D-CRT plans
were not included in this study. Replanned 3D-CRT plans
consisted of 2-7 tangential beams with 6 MV and/or 15 MV
photons. Gantry angles were selected to provide the best
target coverage while limiting dose exposure to the heart,
ipsilateral lung, and contralateral breast. Field-in-field tech-
nique was also used, if necessary.

The hybrid IMRT (h-IMRT) plans consisted of two tangential
static fields (6 MV photons) delivering 80% of the prescribed
dose to PTV and six dynamic IMRT fields (6 MV photons) pro-
viding the remaining 20% of the prescribed dose. IMRT fields
were positioned around the left breast with gantry angles:
300°, 315°, 330°, 95°, 110°, and 125°. Collimator angles were
settled as follows: 10°, 10°, 10°, 350°, 350°, and 350°.

The hybrid VMAT (h-ARC) plans included two tangential
static fields (6 MV photons) that delivered 80% of the pre-
scribed dose and the dynamic partial arcs (6 MV photons) pro-
viding the final 20% of the prescribed dose to PTV. Partial arcs
were irradiating between gantry angles 305°-140°, 140°-305°,
and 305°-140° with collimator angles 20°, 357°, and 100°. The
beam arrangements for h-IMRT and h-ARC plans are illus-
trated in Figure S1 in the Supplementary Materials.

H-IMRT and h-VMAT plans were optimized using
Progressive Resolution Optimizer Version 13.0.26. Table 1 lists
the dose-volume constraints for PTV and OARs that were set
as a starting point for each hybrid plan optimization. The
highest priority was to cover at least 95% of each PTV by
95% of the prescribed dose. A further focus for the planning
optimization was dose constraints for the heart and LAD.
Dose constraints for the LL, RL, and RB were set with lesser
priority. Since the present study focused on the heart and
LAD sparing, their dose-volume constraints were continu-
ously pushed to lower doses whenever the optimizer

Table 1. Planning objectives for h-IMRT and h-ARC optimization.

Optimization priority Structure

Highest priority PTV

Planning goal

Doso, >40.375Gy (95% of
prescribed dose)

V5Gy <30%
V10Gy <10%

Dmax <30Gy

Dmean <4Gy

Dimax <15Gy

Dmean <8Gy

V5Gy <35%
V10Gy <20%
V20Gy <10%
Dmean <1OGy
V10Gy <2%

Dmean <2Gy

V5Gy <10%
V10Gy <2%

Dmean <36y

Dmax: maximum dose; Dpean: mean dose; DX%: dose (Gy) received by X% of
an organ; VXGy: volume (%) receiving dose of XGy.

Second priority Heart

LAD

Lesser priority Left lung

Right lung

Right breast
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achieved the planning goals without compromising PTV
coverage and conformality. To adequately protect lower-pri-
ority OARs, more radical dose-volume constraints than those
recommended by the Radiation Therapy Oncology Group
(RTOG) were applied. Considering a potential change in the
shape of the breast following radiation and to improve the
robustness of dynamic plans, PTV was covered with a 10 mm
virtual bolus during the optimization process. The bolus was
removed for the final dose calculation.

Calculation of secondary cancer risk estimates

Excess absolute risk (EAR), which describes the difference in
the absolute risk of disease between persons exposed to
radiation and those who were not (per 10,000 person-years),
can be used to describe the projected risk of a solid second-
ary malignancy developing after radiotherapy. The EAR can
be calculated using Schneider’s concept of organ equivalent
dose (OED) [25,26]:

1
OED = V_TZ V(D)) e RED(D)) 1

EARY = [ u(agex,agea) OED (2)

where EAR° stands for an excess absolute risk for a whole
organ, V; is the total volume of the organ to be analyzed,
V(D)) is the volume of an organ that receives irradiation dose
D;, B is the initial slope of the dose-response curve at a low
dose and RED(D) is a function describing dose-response
relationship for radiation-induced cancer in units of dose D;.
Formula u(agex, agea) includes population-related factors,
such as age at exposure (agex), attained age (agea) and age-
modifying parameters.

Equation (3) describes the risk ratio, which was used to
compare treatment modalities in this study:
EARyS. 4 B u(agex,agea) OEDpian
EARS. s B u(agex,agea) OEDpiay g
OEDPIan A

= ——— (3)
OEDpyan

Risk Ratio =

Risk ratio, is equivalent to OED ratios; therefore, corre-
sponding uncertainties are kept at a minimum, because OED
values are independent of the initial slope  and population-
dependent factors.

The OEDs for LL, RL, and RB were calculated based on the
differential DVHs for three models for carcinoma induction
developed by Schneider et al. [25,26]:

e Full mechanistic model which includes the impact of frac-
tionation, cell destruction, cell repair, and cell regener-
ation effects

1

OFDpech = VTZ V(D))
i

—a'D;

o'R

e

(1 — 2R+ R*™PT — (1 — R)ze-%ﬂ”)
4

e Linear-exponential model which neglects any cell repopu-
lation/repair effect (R=0)

OEDIin—exp =

e Plateau model for full repopulation/repair effect (R=1)

—ao'D;

1 1—e

i

OE Dplareau =

where V7 is the total volume of the organ, V(D) is the vol-
ume of an organ that receives dose D;, R is a repopulation
parameter and o represents cell destruction effect and is
defined as follows:

, D

o = a+pd = oc—i—ﬁN (7)
where d stands for dose per fraction, D for total dose, and N
is a number of fractions, « and f§ are the parameters of the
linear-quadratic model.

OEDs were calculated using the following parameters
reported by Schneider et al. [26]: «=0.044, R=0.15 for a
right breast and =0.042, R=0.83 for lungs, assuming an o/f}
value of 3Gy.

Conformity and homogeneity indices

The conformity index and homogeneity index were calcu-
lated to evaluate the dose distribution.

The conformity index (Cl) was calculated using the follow-
ing formula:

a = % (ideal value 1.00) (8)

where Vo5, is the volume of isodose of 95% of prescribed
dose and Vpyy is the planning target volume.

The homogeneity index (HI) was calculated using the
ICRU report 83 definition [27]:

HI = Bzl (ideal value 0.00) (9)

where Dy% is a dose received by the X% of PTV.

Statistical analysis

SPSS 29.0.0.0 software (IBM, Armonk, NY, USA) was used for
the statistical analysis. To evaluate the normality of the data,
Shapiro-Wilk's test was used. Quantitative data were
expressed as mean tstandard deviation when being nor-
mally distributed and as median = quartile deviation when
they were not. Multiple groups of means were compared by
one-way ANOVA after testing for equality of variance, which
was assessed with Levene’s test. Multiple groups of medians
were compared using Kruskal-Wallis one-way ANOVA. The
post hoc least significant difference (LSD) test was used for
multiple testing. In all cases, differences were considered
statistically significant at p < 0.05. The correlation coefficients
(r) were calculated using the Pearson’s correlation.
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Table 2. Dosimetric parameters comparison between 3D-CRT and hybrid (h-IMRT, h-ARC) techniques.

PLAN p Value
Parameter 3D-CRT h-IMRT h-ARC 3D-CRT versus h-IMRT ~ 3D-CRT versus h-ARC h-IMRT versus h-ARC
PTV
Dmin [Gy] 36.34+1.27 37.14+0.76 37.13+£1.01 0.001 0.001 0.943
Dinax [Gy] 46.13+0.23 44.84+0.67 44.72+0.71 <0.001 <0.001 1.000
D2% [Gy] 45.17+0.33 43.76+0.20 43.78+0.46 <0.001 <0.001 1.000
V95% [%] 95.85+1.45 98.81+0.60 98.34+0.67 <0.001 <0.001 0.213
D98% [Gy] 39.97+0.28 40.77+0.29 40.57+0.44 <0.001 <0.001 0.082
cv
Dmin [Gy] 36.34+1.23 37.47+0.77 37.60+0.96 <0.001 <0.001 0.549
max [Gy] 46.11+0.23 44.77+0.66 44.63+0.77 <0.001 <0.001 1.000
D2% [Gy] 45.10+0.35 43.80+0.25 43.81+£0.47 <0.001 <0.001 1.000
V95% [%] 97.25+1.22 99.16+0.46 99.19+0.47 <0.001 <0.001 1.000
D98% [Gy] 40.25+0.20 41.05+0.28 40.98+0.42 <0.001 <0.001 0.363
Heart
Dmean [Gy] 2.03+0.78 1.90+0.89 1.99+0.64 1.000 1.000 1.000
Dinax [Gy] 36.50£11.10 31.49+9.75 31.37£9.89 0.039 0.014 1.000
D2% [Gy] 8.154+6.90 7.20+4.35 6.65+3.78 1.000 1.000 1.000
V5Gy [%] 4.70+4.72 4.27+5.47 3.65+3.22 1.000 1.000 1.000
V10Gy  [%] 1.37+£2.40 1.25+1.45 1.24+1.46 1.000 1.000 1.000
V20Gy [%] 0.30+£0.91 0.29+0.53 0.26+0.45 1.000 1.000 1.000
V30Gy  [%] 0.06+0.37 0.01+0.17 0.00£0.12 0.976 0.697 1.000
LAD
Dmean [Gy] 7.81+5.70 7.37+4.84 6.99+4.09 1.000 1.000 1.000
Dimax [Gy] 32.08+13.04 27.69+11.57 27.37£11.16 0.235 0.070 1.000
D10% [Gy] 15.65+14.45 14.80+12.35 14.10+11.10 1.000 0.891 1.000
Left lung
Dmean [Gy] 7.98+1.87 7.36+1.88 8.37+1.67 0.128 0.330 0.013
Dimax [Gy] 42.51+0.79 41.84+1.11 41.09+0.83 0.001 <0.001 <0.001
D2% [Gy] 39.60+1.15 37.87£1.72 38.39+1.26 <0.001 0.001 0.096
V5Gy [%] 29.89+6.01 30.65+£7.80 37.86+6.34 0.616 <0.001 <0.001
V10Gy  [%] 20.50+5.76 19.51+5.79 21.49+5.31 0.437 0.429 0.118
V20Gy [%] 15.32+4.89 14.12+4.57 14.6314.55 0.255 0.509 0.631
V30Gy  [%] 12.34+4.21 10.05+3.90 10.96+3.91 0.012 0.127 0.312
V40Gy [%] 0.95+£1.56 0.15£0.50 0.16+0.29 0.001 <0.001 1.000
Right Lung
Dinean [Gy] 0.30+0.10 0.28+0.15 0.82+0.17 1.000 <0.001 <0.001
max [Gy] 3.75+2.46 3.61£1.87 5.00+£1.63 1.000 0.023 0.130
D2% [Gy] 1.25+0.35 1.20£0.53 2.50+0.53 1.000 <0.001 <0.001
V5Gy [%] 0.00+0.06 0.00+0.00 0.00+0.11 1.000 0.702 0.148
V10Gy [%] 0.00+0.00 0.00+0.00 0.00+0.00 1.000 1.000 1.000
Right breast
Dinean [Gy] 0.57+0.23 0.60+0.31 1.12+0.28 1.000 <0.001 <0.001
max [Gy] 7.62+9.43 8.24+11.19 5.28+10.30 1.000 1.000 1.000
D2% [Gy] 2.55+1.55 2.35+£1.03 3.00+0.88 1.000 0.385 0.116
V5Gy [%] 0.07+0.91 0.05+0.62 0.00+0.63 1.000 1.000 1.000
MU 347.50+42.72 800.00+378.64 348.75+26.70 <0.001 0.977 <0.001
cl 1.43+0.71 1.27+0.09 1.18+0.09 <0.001 <0.001 0.001
HI 0.12+0.06 0.07+0.01 0.08+0.02 <0.001 <0.001 0.436

Dimin: minimum dose; Dy, maximum dose; Dpean: mean dose; DX%: dose (Gy) received by X% of an organ; VXGy: volume (%) receiving dose of XGy; 3D-CRT:
three-dimensional conformal radiotherapy plans; h-IMRT: hybrid intensity-modulated radiotherapy plans; h-ARC: hybrid Volumetric-Modulated Arc Therapy plans.
For differences statistically significant (p < 0.05), p-values are presented in red color.

Results
Dosimetric results

Table 2 summarizes the dosimetric comparison for hybrid
and 3D-CRT techniques. All plans fulfilled the planning criter-
ion for PTV coverage: D95% >95% of prescribed dose
(40.375 Gy). Coverage of PTV and CTV was significantly better
in hybrid plans compared to 3D-CRT (p < 0.001). Both hybrid
techniques achieved comparable results for the PTV V95%
parameter (h-IMRT:98.81 + 0.60; h-ARC:98.34 + 0.67).
Compared to 3D-CRT, hybrid plans showed significantly
different homogeneity and conformity indices. Better con-
formity was obtained by h-ARC (1.18 £0.09, p < 0.001), and
h-IMRT technique improved the homogeneity of a dose dis-
tribution (0.07 £0.01, p < 0.001). The average sum of monitor
units in the treatment plans was visibly higher in h-IMRT

technique (800.0 +£378.6, p < 0.001). 3D-CRT and h-ARC plans
achieved similar results and reduced MU number by more
than half compared to h-IMRT (p < 0.001).

Figure 1 shows comparison of average DVHs between 3D-
CRT, h-IMRT and h-ARC plans. Although the heart mean dose
was comparable among all plans (ca. 2 Gy), the hybrid plans
resulted in Dyax reduction by 5Gy compared to 3D-CRT (h-
IMRT: p=0.039, h-ARC: p =0.014). The volumes of heart that
received a dose of 5Gy and 10Gy were smaller in h-ARC
plans but results didn't reach statistical significance. The LAD
Dimeans Dimax @and D10% were also lower in h-ARC plans but
obtained differences were not statistically significant. Hybrid
VMAT-combined plans significantly increased the left lung
volume receiving 5Gy (p <0.001), whereas Dyean, V10 and
V20Gy were similar in all plans. The RL Dyean and Dy Were
comparable in 3D-CRT and h-IMRT plans. H-ARC plans



936 . RACKA ET AL.

a
100 LT Y
R —— PTV 3D-CRT
N —== PTV h-ARC
80 - Yoo e PTV h-IMRT
R 60+
(]
£
=
S 401
201
0 . - - . e - .
38 39 40 41 42 43 44 45 46
Dose [Gy]
C
100 f7=,
: —— Contralateral Breast 3D-CRT
. —-==- Contralateral Breast h-ARC
80 :

Contralateral Breast h-IMRT

Volume [%]

Dose [Gy]

100
—— Heart 3D-CRT
—~== Heart h-ARC
8044 X\ e Heart h-IMRT
—— LAD 3D-CRT
= === LAD h-ARC
6013 W e LAD h-IMRT
£
2
S 401
201
0 > —a ,
0 5 10 15 20 25 30 35
Dose [Gy]
d 100 1
—— Ipsilateral Lung 3D-CRT
1' -==~ |psilateral Lung h-ARC
804h e Ipsilateral Lung h-IMRT
‘\ - Contralateral Lung 3D-CRT
‘\ Contralateral Lung h-ARC
609\ Contralateral Lung h-IMRT

Volume [%]

40 1

20 1

25 30

Dose [Gy]

10 15 20

Figure 1. The average cumulative dose-volume histograms. Comparison of PTV (a), heart and LAD (b), contralateral breast (c), and ipsilateral and contralateral

lungs (d) between 3D-CRT, h-ARC and h-IMRT plans.

increased Dpax Of RL and Dpean of RB (RL: p < 0.023, RB:
p=0.130) but also resulted in RB Dy, reduction. The max-
imum dose to right breast was reduced by more than 30%
using partial arcs, but no statistically significance was found.
Figure 2 compares the isodose distribution in the axial plane
between analyzed modalities: 3D-CRT, h-IMRT and h-ARC.
The color-wash thresholds were: 3, 5, and 40.375 Gy which is
95% of the prescribed dose.

Organ equivalent dose and projected relative risk

Table 3 summarizes the calculated mean OED values for
each of the three treatment modalities for 40 patients. In all
analyzed organs, OEDs were equal to or less than the mean
dose, for left lung the difference was up to 50%. Figure S2 in
the Supplementary Materials presents comparison of OEDs
for all analyzed techniques and Schneider's models. The
OEDs were higher for h-ARC plans (p < 0.001), 3D-CRT plans
resulted in similar or slightly lower values in comparison
to h-IMRT, but with no statistically significant difference.
Figure S3 in the Supplementary Materials shows correlations
between total MU in a plan and OED values for all analyzed
OARs and treatment modalities. Only h-IMRT plans had a

strong correlation between MUs and OEDs (LL: r=0.6244,
p < 0.001; RL: r=0.7605, p < 0.001, RB: r=0.7204, p < 0.001).
Table 4 presents the projected relative risk ratios of radi-
ation-induced secondary cancers for all hybrid techniques
relative to 3D-CRT. Figure 3 depicts the estimates of the pro-
jected relative risk ratios of secondary lung and contralateral
breast cancer induction for each patient according to full
mechanistic dose-response model. According to all three
Schneider’s models, h-ARC increased the projected probabil-
ity of radiation-induced carcinomas when compared to 3D-
CRT plans, however certain cases showed a slightly lower risk

estimates for left lung (patient 30, Figure 3) and right breast
(patient 39, Figure 3).

Discussion

In this study, the two different hybrid techniques, h-IMRT
and h-ARC, were investigated for early-stage left-sided breast
cancer. There are studies [18,19,28-30] which have indicated
that comparing to fully dynamic plans, the hybrid method
achieves balance between excellent homogenous and con-
formal dose distribution in PTV and small low-dose volumes
in surrounding normal tissues. Bi et al. [29] evaluated three
treatment modalities: full IMRT, hybrid IMRT and hybrid
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Figure 2. Comparison of isodose distributions between three-dimensional conformal radiotherapy (3D-CRT), hybrid intensity-modulated radiotherapy (h-IMRT) and
hybrid volumetric-modulated arc therapy (h-ARC). The color-wash thresholds are: 3, 5, and 40.375 Gy, which is 95% of the prescribed dose.

Table 3. Comparison of OED for left lung, right lung and right breast.

Plan p Value
Organ Model 3D-CRT h-IMRT h-ARC 3D-CRT versus h-IMRT 3D-CRT versus h-ARC h-IMRT versus h-ARC
Left lung OEDjin-exp 3.61£0.52 3.68+0.67 4.33+0.54 0.618 <0.001 <0.001
OEDpateau 3.66+0.56 3.66+0.68 4.30+0.56 0.997 <0.001 <0.001
OEDmech 3.60+0.55 3.58+0.67 4.18+0.55 0.882 <0.001 <0.001
Right lung OEDjin-exp 0.32+0.09 0.29+0.14 0.79+0.16 0.235 <0.001 <0.001
OEDpjateau 0.31+0.09 0.29+0.14 0.78+0.16 0.231 <0.001 <0.001
OEDpech 0.31+0.09 0.29+0.14 0.82+0.23 0.226 <0.001 <0.001
Right breast OEDjin-exp 0.53+0.21 0.65+0.33 1.07+0.31 0.874 <0.001 <0.001
OEDpjateau 0.52+0.20 0.63+0.32 1.04+0.29 0.837 <0.001 <0.001
OEDpech 0.53+0.20 0.65+0.33 1.06+0.31 0.867 <0.001 <0.001

OED: organ equivalent dose; 3D-CRT: three-dimensional conformal radiotherapy plans; h-IMRT: hybrid intensity-modulated radiotherapy plans; h-ARC: hybrid
volumetric-modulated arc therapy plans. For differences statistically significant (p < 0.05), p-values are presented in red color.

VMAT for early-stage breast cancer. Authors found that com-
pared to full IMRT, hybrid IMRT decreased the Dpean Of
contralateral lung by 10 Gy and the V10Gy of ipsilateral lung
by 4%. Lin et al. [19] demonstrated benefits of H-VMAT tech-
nique over pure-VMAT and a fixed-field IMRT technique.
They demonstrated that hybrid-VMAT not only generated
the best results in dose coverage of the target but also sig-
nificantly decreased volumes of the ipsilateral lung exposed

to doses of 20 and 5Gy and reduced Dean Of the heart and
the contralateral breast over 50%. Comparing to our previous
work [31], in which we analyzed two VMAT geometries for
left-sided breast irradiation, hybrid VMAT technique not only
reduced V5 and V10Gy of left lung by 17 and 7%, respect-
ively, but also drastically decreased Dyean and Dpax in
contralateral OARs by >60 and >55%, respectively. The V5Gy
parameter for contralateral organs was kept at 1% using
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Table 4. Relative risk ratios for secondary carcinomas (left lung, right lung,
right breast) assessed using the Schneider’s models.

Left lung Right lung  Right breast

h-IMRT/3D-CRT relative risk ratio

Linear-exponential 1.02+0.10  0.95+0.51 0.98+0.43
Plateau 1.00£0.10 0.95+0.51 0.98+0.44
Full Mechanistic 0.99+0.09  0.95+0.50 0.98+0.43
h-ARC/3D-CRT relative risk ratio

Linear-exponential 1.20£0.09  2.47+0.58 1.77+£0.44
Plateau 1.18+0.09 2.46+0.58 1.77£0.43
Full Mechanistic 1.17+0.09 2.44+0.57 1.77+0.44

3D-CRT: three-dimensional conformal radiotherapy; h-IMRT: hybrid intensity-
modulated radiotherapy; h-ARC: hybrid volumetric-modulated arc therapy.

hybrids, while in full VMAT plans it was 8% for contralateral
lung and 17% for contralateral breast. However, maximum
heart and LAD doses were lower, on average, by 15 Gy with
full VMAT plans. In this study, h-IMRT and h-ARC achieved
similar results in PTV coverage and heart and LAD sparing.
H-IMRT reduced V5Gy of left lung by 7% as well as Dmean
and Dynax Of right lung by 62% and 30%, respectively, com-
pared to h-ARC plans. Nevertheless, h-IMRT plans generated
twice as high MU values compared to h-ARC and 3D-CRT
technique. More monitor units not only transport MLC leak-
age and scattered radiation to out-of-field regions which
increase the total body dose [32,33], but also may greatly
extend beam-on time [21,34,35]. The treatment time plays an
important role in DIBH, because with an increased beam-on
time, more breathing cycles have to be completed per frac-
tion what can makes whole treatment less feasible especially
for elderly patients who may not be able to hold their breath
for such a long time. Since the dynamic and hybrid plans are
characterized by steep dose gradient outside the target vol-
ume, DIBH method should be definitely taken into consider-
ation, because besides the significant heart and LAD dose
reduction [5-8], this method also minimizes positioning
uncertainties and thus discrepancies between planned and
delivered dose distribution [9-11].

In this study, hybrid plans were created by combining
3DCRT and IMRT/VMAT techniques with a PTV-dose propor-
tion: 80% of 3D-CRT and 20% of IMRT/VMAT. Balaji et al. [36]
compared different dose weighting for left-sided chest wall
radiation. The authors found that 90% 3DCRT/10% VMAT
ratio gives unacceptable conformity and inadequate modula-
tion during VMAT optimization; therefore, to achieve bal-
anced results for target coverage and OARs sparing, the
optimal combination for hybrids is 70-80% for 3DCRT and
20-30% for VMAT. There are some studies where hybrid
plans were generated by combining IMRT and VMAT techni-
ques. Lin et al. [19], Sathiyaraj et al. [37], Aly et al. [38], and
Jost et al. [20] have indicated that hybrids (IMRT+ VMAT)
were also superior to static and/or fully dynamic plans.
Nevertheless, in contrast to 3D-CRT, IMRT fields as a base
dose plan in combination with VMAT increase MU, delivery
time as well as uncertainties related to patient’s setup and
breathing effects. Venjakob et al. [39] analyzed different H-
VMAT configurations varying beam energy and the applica-
tion or omission of hard wedge filters (HWF) in the 3D-CRT
base-dose plans. Their results showed that the choice of
higher beam energy and using HWF is significantly
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Figure 3. Relative risks ratios of secondary cancer based on the full mechanistic
dose-response model for left lung, right lung and right breast, for each patient.

disadvantageous for quality indices as well as PTV coverage
and OARs sparing. For this reason, in our study, both the 3D-
CRT base-dose plans and dynamic plans consisted of 6 MV
photon beams and no wedge filters were used. Alternatively,
there are studies which have reported on the benefits of
using flattening filter-free (FFF) beams in hybrid plans for
whole-breast radiotherapy. For instance, Spruijt et al. [40]
and Bahrainy et al. [41] demonstrated that target volume
metrics for flattened and FFF plans were comparable, but
FFF-based plans resulted in the average treatment time



reduction. According to Balaji et al. [34], in contrast to flat
beams, FFF has a minimal hot-dose region over the breast
surface, which contributes to a reduced skin dose and poten-
tially improved cosmetic results. On the other hand, authors
noted that the most common restriction of FFF beams is
their usage with large fields, therefore further research is
required to determine whether FFF beams are feasible for
the breast/chest wall with supraclavicular nodal areas
irradiation.

The OED values and hence projected radiation-induced
secondary cancer risk were comparable for linear-exponen-
tial, plateau, and full mechanistic dose-response models. It
results from similarities in dose-effect relationship up to
dose levels attained in this study [26,42]. Studies evaluating
hybrid techniques in terms of estimating the projected risk
of secondary radiation-induced malignancies are rare. Bi
et al. [22] compared three modalities for whole breast radio-
therapy with simultaneous integrated boost: full IMRT, hybrid
IMRT, and hybrid VMAT. According to their research, the low-
est EAR values for the contralateral breast, contralateral lung
and esophagus were achieved with hybrid IMRT plans, which
reduced EARs by 33, 70, and 58%, respectively, in compari-
son to hybrid VMAT and by 9, 42, and 56%, respectively, in
comparison to full IMRT plans. Similarly, in this study, com-
parison of the two different hybrid techniques indicated a
relevant increase in projected relative risk ratios for h-ARC
plans. Obtained relative risk ratios estimates for ipsilateral
lung, contralateral lung and contralateral breast were 18,
152, and 81% higher, respectively, compared to those calcu-
lated for h-IMRT. Only a few publications have attempted to
find a correlation between the risk of second malignancies
and a number of monitor units. For instance, Hall EJ. sug-
gests that the probability of radiation-induced second malig-
nancies rises with the number of monitor units, which is
related, among others, to the higher total-body dose due to
leaking and scattered radiation [32]. On the other hand,
according to Sakthivel et al. [42], there is no correlation
between the calculated EAR and the MU for dynamic techni-
ques. In the present study, only h-IMRT plans demonstrated
a strong correlation between MUs and OEDs, which are pro-
portional to the EARs. However, it should be mentioned that
h-IMRT technique significantly increased the average sum of
monitor units in the treatment plans over 129.89% compared
to 3D-CRT and h-ARC technique.

There are certain limitations to this study. One is a relatively
small number of cases. Individual anatomical features can have
a significant influence on organ doses and thus on estimation
of the projected relative risk of radiation-induced secondary
malignancies. The second limitation is the fact that all the plans
were calculated using the Anisotropic Analytical Algorithm
(AAA) which may bring additional uncertainties in terms of dose
calculation in inhomogeneous regions. To overcome the limita-
tions of AAA and improve the accuracy of dose calculations in
heterogeneous media, Varian (Varian Medical Systems, Palo
Alto, USA) developed the Acuros External Beam (AXB) algorithm
in 2010. Although Kumar et al. [43] showed that, comparing
these two algorithms, AXB may be able to better estimate lung
toxicities and treatment outcome in DIBH, Guebert et al. [44]
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stated that there are minimal insignificant differences in both
magnitude and spatial dose distribution for breast cancer radio-
therapy planning. Joosten et al. [45] observed that comparing
to Monte Carlo (MC) simulations, the convolution/superposition
algorithm can bring additional uncertainties in out-of-field dos-
imetry. Authors found that large fraction of the out-of-field dose
comes from the out-of-field head scatter fluence which is not
adequately modeled by the convolution/superposition algo-
rithm. Furthermore, all hybrid plans were optimized using the
default smoothing parameters. Saroj et al. [46] found that
increasing the smoothing levels reduces the MUs and smoothes
the fluence, with an insignificant variation of the dosimetric
parameters on PTV and OARs. Another limitation is that in all
cases we used the same h-IMRT and h-ARC geometry. The gan-
try angle range was set to 185° for h-IMRT and 195° for h-VMAT
in order to improve field regulation ability and achieve better
homogeneity in the target area. There are studies [47-51] con-
firming that limiting the IMRT fields and VMAT start/stop
degrees to tangential fields, applying the ‘butterfly-VMAT' tech-
nique, or using fewer long arcs can further reduce doses in
contralateral organs and beam-on time as well as decrease V5%
parameter of total body. It should be noted that, as we did not
have access to the medical histories of the analyzed patients,
the predicted relative risk of secondary cancer did not include
the baseline risk; therefore, the relative risk we estimated comes
exclusively from the irradiation. Furthermore, the calculated
OEDs and thus projected relative risks are highly dependent on
the specific dose plans and geometry used; therefore, the
obtained results should be interpreted with caution and used as
an additional useful metric while assessing treatment
modalities.

Conclusion

The hybrid method achieves balance between excellent homo-
genous and conformal dose distribution in target structure and
the volume of normal tissues receiving a low radiation bath,
which still remains a major concern in purely dynamic plans.
The present dosimetric study shows that both h-IMRT and h-
VMAT provided comparable results in terms of PTV coverage.
The comparison of hybrid techniques indicated that h-VMAT
plans significantly reduced MU, which may give logistic benefits
during DIBH therapy and h-IMRT considerably decreased the
projected secondary cancer risk ratio for the contralateral breast
and lungs. Nevertheless, projected relative risk ratio estimates
should be evaluated cautiously due to potential uncertainties,
hence additional theoretical research and prospective clinical
trials with a long-term follow-up are required to determine the
correlation between treatment techniques and risk of radiation-
induced secondary malignancies.
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