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Objectives: Setup error is a key factor affecting postmastectomy radiotherapy (PMRT)
and irradiation of the internal mammary lymph nodes is the most investigated aspect for
PMRT patients. In this study, we evaluated the robustness, radiobiological, and dosimetric
benefits of the hybrid volumetric modulated arc therapy (H-VMAT) planning technique
based on the setup error in dose accumulation using a surface-guided system for
radiation therapy.

Methods: We retrospectively selected 32 patients treated by a radiation oncologist and
evaluated the clinical target volume (CTV), including internal lymph node irradiation (IMNIs),
and considered the planning target volume (PTV) margin to be 5 mm. Three different
planning techniques were evaluated: tangential-VMAT (T-VMAT), intensity-modulated
radiation therapy (IMRT), and H-VMAT. The interfraction and intrafraction setup errors
were analyzed in each field and the accumulated dose was evaluated as the patients
underwent daily surface-guided monitoring. These parameters were included while
evaluating CTV coverage, the dose required for the left anterior descending artery (LAD)
and the left ventricle (LV), the normal tissue complication probability (NTCP) for the heart
and lungs, and the second cancer complication probability (SCCP) for contralateral breast
(CB).

Results:When the setup error was accounted for dose accumulation, T-VMAT (95.51%)
and H-VMAT (95.48%) had a higher CTV coverage than IMRT (91.25%). In the NTCP for
the heart, H-VMAT (0.04%) was higher than T-VMAT (0.01%) and lower than IMRT (0.2%).
However, the SCCP (1.05%) of CB using H-VMATwas lower than that using T-VMAT (2%)
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as well as delivery efficiency. And T-VMAT (3.72) and IMRT (10.5).had higher plan
complexity than H-VMAT (3.71).

Conclusions: In this study, based on the dose accumulation of setup error for patients with
left-sided PMRT with IMNI, we found that the H-VMAT technique was superior for achieving
an optimum balance between target coverage, OAR dose, complication probability, plan
robustness, and complexity.
Keywords: SGRT, H-VMAT, PMRT, IMNIs, biological models, setup error
INTRODUCTION

Radiation therapy is an integral part of the comprehensive
treatment of breast cancer and has significantly improved the
overall survival rate of breast cancer (1–6). But for left-sided
breast cancer including internal lymph mammary nodes
irradiation (IMNIs), the protection of the organs at risk
(OARs) has always been the focus of discussion. An increase
in cardiac, especially for the left anterior descending artery
(LAD), significantly increases the incidence of ischemic heart
disease (1–3). In a study, Darby found that for every 1Gy increase
in the mean heart dose, the risk of coronary heart disease
increases by 7.4% (1). For women receiving breast radiation
therapy, the radiation pneumonitis (RP) of the ipsilateral lung is
higher than that of the contralateral lung (4, 5). Fogliata (6)
found that for young breast cancer patients, the radiation dose
used for treating the contralateral breast (CB) might lead to long-
term risks, and the incidence of secondary tumors is also affected
by the dose received by the CB. Various techniques, including
tangential-VMAT (T-VMAT), intensity-modulated radiation
therapy (IMRT), and Hybrid-VMAT (H-VMAT) can reduce
the dose of surrounding OARs in modern radiotherapy (7–9).

To determine the dose distribution of the target volume and
the OARs during treatment, the setup error needs to be
considered (10). Some of the methods used for evaluating the
setup errors are based on the value obtained by performing
CBCT (11), but these methods may not pay much attention to
the interfraction setup error. In this study, we performed surface
guided monitoring to obtain the intrafraction and interfraction
setup error for analysis (12, 13), and then dose accumulation is
performed to obtain a dose distribution for evaluating the
robustness of all planning techniques. In some studies,
dosimetry for left-sided breast cancer PMRT patients was
compared to different planning techniques under dose
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distributions using setup uncertainty (12, 13), focusing on the
evaluation of IMN included left-sided breast cancer based on
biological models.

Furthermore, some studies have found that the parameters of
these biological models can predict the effects of normal tissues
(14–16). Compared to the parameters based on dosimetry, the
parameters based on biological models are more directly related
to complications and treatment endpoint events (17). This study
also retrospectively compared three planning techniques
associated with radiobiological effects, including the normal
tissue complication probability (NTCP) and the second cancer
complication probability (SCCP), considering setup error
dose accumulation.
METHOD

Patient Selection
We selected 32 PMRT patients in the radiation therapy
department at Peking University Shenzhen Hospital fromApril
2020 to September 2021 [Table 1]. The inclusion criteria were as
follows: (1) Female patients over 18 years of age with left breast
cancer who underwent PMRT; (2) Invasive diagnosis of cancer
was confirmed by pathology; (3) Surgical margins were negative;
(4) Who received chemotherapy and following pre-radiotherapy
standards and guidelines.

Treatment Planning Design
Free-breathing CT scan was performed from the level of the
mandible to the lower abdomen on the SOMATOM Definition
AS CT Scanner (Siemens Medical Solutions, Erlangen, Germany)
with a slice thickness of 3 mm. The patients were immobilized on
a customized vacuum bag in the supine position with arms
July 2022 | Volume 12 | Article 907181
TABLE 1 | Patient characteristics.

Characteristic Value

Age (years) Median 49.5
Range 30-65

Histologic grading (n) Grade 2 14
Grade 3 18

Tumor size (cm) Median 3.25
Range 1.5-10

ER/PR status (n) Negative 13
Positive 19

Her-2 status (n) Negative 18
Positive 14
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placed above the head. The clinical target volume (CTV) and
OARs for each patient were contoured by one radiation
oncologist following the RTOG-1304 (18) guidelines and the
RTOG Breast Cancer Atlas (18). CTV included the chest wall
(CW), internal lymph mammary nodes (IMNs), and the axillary
and supraclavicular lymph nodes. A 5 mm margin was added to
the CTV to define as PTV, and the part that intersects the lung
and heart was subtracted from the chest wall, but the 5 mm
external expansion of IMNs was maintained (19). It is necessary
to treat PMRT patients 10 times without bolus and 15 times with
bolus in the treatment. However, in this study, only 25 times with
bolus plan were evaluated. In the plan design, the PTV is
expanded to the skin by 5 mm as an optimized condition for
opening the MLC as much as possible. This was done following
the procedure described in a study (20) to match the dose
outside the skin boundary and reduce the impact of breathing
motion on the skin dose.

The Eclipse software (TPS, Eclipse, version 15.6, Varian
Medical Systems, Palo Alto, CA, USA) was used. In all plans,
the prescribed dose was 50Gy/25 fractions with 6MV photons.
The dose volume constraints on the TPS opitimization interface
for planning target volume and OARs followed the same
objective template [Table 2].

The Tangential VMAT plan was designed as four partial arcs,
where the upper and lower fields were connected from lymph
node to chest wall. Arc 1 and Arc 2 are usually set to 295° to 20°
and reversed, and Arc 3 and Arc 4 are set to 40° to 150° and
reversed shown as Figure 1A. The IMRT plan contains 10 fields,
of which three covered lymph nodes (20°, 40° and 160°), six
covered chest wall PTV (290°, 315°, 340° and 90°, 120°, 150°) and
one covered conjunction part (150°). The collimator irradiated
the PTV at different angles while avoiding the lungs and the
heart, and the dose outside the skin was compensated by
brushing the fluence. To effectively protect the OARs, fixed jaw
technology is used in all fields of vision [Figure 1B]. In addition,
the hybrid VMAT in Figure 1C and Figure 2 includes five fields,
two tangential fields covering PTV-CW and IMNs at 70% dose,
and two separate partial arcs covering approximately 30% of
PTV-CW from 295° to 20° and 40° to 150°, an arc from 150° to
295° covered the PTV axillary and supraclavicular lymph nodes.
Frontiers in Oncology | www.frontiersin.org 3
Evaluating Setup Errors and
Dose Accumulations
The retrospective study was performed with the Catalyst™

system (C-rad Positioning AB, Uppsala, Sweden). Data and
surface images were collected every 50 mS for recording during
the 25 fraction treatments in every PMRT patients, and the
tolerance was set as 5 mm.

To obtain the Interfraction setup error for optical body
surface monitoring, we performed surface acquisition at the
first treatment after CBCT was performed as the reference, and
then we collected surface data before the patients underwent
IGRT. The non-rigid registration algorithm in the analysis tools
in Catalyst™ was used to calculate any isocenter shift by
matching the reference images and the images before IGRT.
The region of interest (ROI) was set as the left-sided chest wall of
the patients, which allowed the isocenter shifts to approximate
the Interfraction setup error extraction for each treatment (12).

Every patient was treated using a specific treatment
technique, and thus, it was impossible to obtain the three
intrafraction setup errors in one patient. Hence, we selected 10
patients per technique (T-VMAT, H-VMAT, and IMRT) to
FIGURE 1 | Treatment planning design for three techniques: (A) T-VMAT; (B) IMRT; (C) H-VMAT.
TABLE 2 | The dose-volume constraints on TPS optimization interface for
planning target volume and organs at risk.

PTV/OAR Dose–volume constraints

PTV D95%>5000 cGy
Heart V20<15%

D mean<800 cGy
LAD D mean<3000 cGy
LV D mean<1000 cGy
Ipsilateral Lung V5<60%

V20<25%
V30<15%

D mean<1400 cGy
Lungs V5<60%

V20<20%
V30<10%

D mean<800 cGy
Contralateral Lung V5<60%

D mean<600 cGy
Contralateral Breast D0.1cc<2000 cGy

D mean<500 cGy
July 2022 |
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estimate each intrafraction setup error during treatment. To
derive the intrafraction setup error of the patients, we first
retrieved data for each patient’s fraction, including isocenter
shifts in the four degrees during the beam-on time, from
Catalyst. The data of the 25 fractions for each patient was
extracted and divided into five setup error sets, with each set
representing the mean value of five fractions. Therefore, set 1
demonstrated the average setup error during the beam-on time
from the first fraction to the fifth fraction. Furthermore, each
field during the treatment had a slightly different setup error. We
subdivided the intrafraction setup error for each field and
combined the interfraction setup error; finally, the average
setup error per set was calculated.

The setup error of each field in each set was obtained and
imported into the Eclipse software to convert each field into an
isocenter group. The setup error was entered in four degrees
(longitudinal, transversal, vertical, and rotation) and re-
calculated five times per technique for each patient. For
example, in the H-VMAT plan, we initially used five fields.
Frontiers in Oncology | www.frontiersin.org 4
Next, we used five different isocenter groups for calculations in
each set as plan 1 and the sum of five plans was evaluated for one
patient using the H-VMAT technique. In total, 480 re-
calculations were performed on five sets using each of the
three techniques for the 32 patients. The re-calculations for
each patient were followed by dose accumulation, and the
resulting dose parameter and DVH are shown in Figure 3.
Plan Evaluation
The dose parameters were read using the clinical protocol
template on eclipse 15.5. The main dosimetry indicators
include the coverage of CTV, the dose parameters of each
OARs and the radiobiological indicators included lung and
heart NTCP and CB SCCP. DVH was imported into
MATLAB-based internal programs (MathWorks, Natick, MA)
to calculate NTCP and SCCP values (14, 21). The pulmonary
endpoint event was RP ≥ grade 2, which was calculated using the
EUD-based NTCP model given by
FIGURE 2 | The beam eye view of treatment planning design of H-VMAT technique: (A) An arc from 295° to 20°; (B) An arc from 40° to 150°; (C) Tangential field
one; (D) Tangential field two; (E) An arc from 150° to 295°.
July 2022 | Volume 12 | Article 907181
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EUD = oVi · D
a
i

� �1
a (1)

Here, a is a unitless model parameter that is specific to the
normal structure or tumor of interest, and Vi is unitless and
represents the i’th partial volume receiving dose Di in Gy.

NTCP =
1

1 + TD50
EUD

� �4g50 (2)

The TD50 is the tolerance dose for a 50% complication rate at
a specific time interval when the whole organ of interest is
homogeneously irradiated (22), and the g50 is a unitless model
parameter that is specific to the normal structure or tumor of
interest and describes the slope of the dose response curve The
NTCP for lung calculation has the following parameters: TD50 =
24.5 Gy, a = 1, and g50 = 2 (21, 22).

The NTCP of heart used the NTCP-Poisson LQ function to
calculate uses cardiac mortality as the end point (23). The dose-
response curve for the complete organ volume is given by

P Dð Þ = 2−exp eg 1−D=D50ð Þf g (3)

Here, the dose for 50% response is denoted by D50 and the
maximum relative slope of the dose-response curve is given by g.
In this model the organization of the functional subunit (FSU) is
described in terms of a number of parallel strings in which each
string consists of serially organized FSU. The relative seriality is
given by the ratio of the number of serial subunits to all subunits
and is described by the parameter s. For a heterogeneous dose
distribution, the complication probability is determined by the
equation
Frontiers in Oncology | www.frontiersin.org 5
P = 1 −
Yn

i=1
1 − P Dið Þs½ �Dvi

n o1=s
(4)

Here, n is the number of subvolumes in the dose calculation
volume (DVH), and Dvi= vi/V, where vi is the volume of each
subvolume in the DVH and V is the volume of the organ. The
parameters used in the model are D50 = 52.3 Gy, g = 1.28, and s =
1 (20, 21).

Calculating the second cancer complication probability
(SCCP) of the contralateral breast takes the secondary
incidence of tumor as the endpoint event. The equation can be
represented as

SCCPorg = Inorg ·oi Vi · Di · e
−aDi

� �
(5)

Here, a is the cell radio sensitivity (Gy-1) and Inorg is the
absolute cancer incidence rate in percent per gray for the specific
organ. The parameters used for the calculation of the SCCP and
Schneider model are a = 0.085 and Inorg = 0.78%/Gy (22, 24).

To compare delivery efficiency and difficulty, the number of
monitoring unit (MU), modulation factor and total delivery time
were also quantitatively analyzed. The modulation factor is the
total number of MU divided by the prescribed dose per fraction
as follow. All data are expressed as the mean ± standard
deviation. Wilcoxon signed-rank tests were performed in SPSS
(25th edition, Chicago, Illinois, USA) to determine significant
differences (p < 0.05) between treatment planning techniques.

MF
MU
cGy

� �
=
Total   Plan  Monitor  Unit MUð Þ

Prescribed  Dose cGyð Þ (6)
FIGURE 3 | The workflow used to generate the SGRT-based setup errors and dose accumulation is shown. First, non-rigid algorithm was used for interfraction
setup error analysis. Then we subdivided the intrafraction setup error of each field and each technique divided 25 fractions into 5 sets (5 fractions per set).
Furthermore, sum up the average setup error for each set. Finally, the setup errors imported to TPS and converted each field into an isocenter group, then
accumulated and compared dose. In the DVH comparisons figure, —shown as T-VMAT, —shown as H-VMAT, —shown as IMRT.
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RESULTS

Dose Analysis
T-VMAT covered the largest percentage of CTV among the
three methods (98.6%), and the differences between T-VMAT
and the other two techniques were statistically significant (P ≤
0.001); coverage was the lowest for the IMRT technique. After
introducing the positioning error, the coverage rate of T-VMAT
was still the highest (95.51%), but H-VMAT reached 95.48%.
The difference between T-VMAT and H-VMAT was not
significant (P = 0.428).

The mean heart dose (MHD) in T-VMAT was 5.34 Gy, which
was the lowest dose among the three planning methods. In all
pairwise comparisons showed significant differences (P ≤ 0.001).
After dose accumulation, the MHD increased by different
degrees, but T-VMAT had the lowest MHD, which was
significantly different from IMRT and H-VMAT (P ≤ 0.001).
The T-VMAT technique also had the lowest value for the mean
dose of LV (5.76 Gy), but the difference in the values between H-
VMAT and T-VMAT was not significant (P = 0.092). After re-
calculation, the doses of all three groups increased, but the
difference in the dose values between H-VMAT and T-VMAT
was not significant (P = 0.871), while the p-values of the other
two groups were significantly different (P ≤ 0.05). T-VMAT also
had the lowest mean dose of LAD (28.9 Gy), and the difference
between H-VMAT and T-VMAT was not statistically significant
(P = 0.138). After adding the setup error, the mean dose of LAD
for the three groups showed significant differences in pairwise
comparisons (P ≤ 0.05).

Irrespective of whether the dose of the IL was V5, V20, V30,
or the mean dose, IMRT was higher than the other two
techniques. There was no significant difference in Dmean and
V20, except for those of IMRT vs. H-VMAT. The other dose
parameters showed significant differences in the pairwise
comparisons (P ≤ 0.05). After introducing the positioning
error, no statistical difference was found for the mean dose.
For the whole lung, the highest V5 of the T-VMAT technique
Frontiers in Oncology | www.frontiersin.org 6
was 47.18%, the highest V20 of IMRT was 13.77%, and the
highest Dmean of H-VMAT was 8.37 Gy. The results showed
that only the five sets of data of IMRT compared to those of the
other two techniques were significantly different (P ≤ 0.05), and
there was no significant difference in the parameters between T-
VMAT and H-VMAT. After re-calculation, the V5 and mean
dose of the T-VMAT technique were the highest among the three
techniques. V20 was the highest for the H-VMAT technique, but
there was no significant difference when comparing V20 of
IMRT with that of the other two groups (P = 0.247 with H-
VMAT and P = 0.112 with T-VMAT).

For CB, all parameters of T-VMAT were significantly higher
than those of IMRT and H-VMAT, and Dmean was 5.76 Gy. T-
VMAT was significantly different from IMRT (P = 0.024), but T-
VMAT was not significantly different from H-VMAT
(P = 0.059). The average dose of T-VMAT after adding the
setup error was 6.99 Gy. There was no significant difference
between IMRT and H-VMAT (P = 0.334); however, the other
two groups showed significant differences (P ≤ 0.05). The dose
distribution and dosimetry data are shown in Figures 4 and
5, respectively.

Biological Model Analysis
First, the NTCP-Poisson LQ was used to analyze mortality as the
endpoint event of the cardiac biological model. The T-VMAT
technique had the lowest NTCP before and after adding the setup
error (0.0003% and 0.01%), and the highest NTCP was found
after implementing the IMRT technique (0.21% and 0.2%). The
pairwise comparison showed significant differences (P ≤ 0.001).
The lung endpoint event was analyzed by the LKB model as
radiation pneumonia ≥ level 2. The T-VMAT technique had an
advantage. The NTCP values before and after adding the setup
error were 0.01% and 0.024%, respectively, which were the lowest
values among the three techniques. IMRT had the highest values
(0.2% and 0.35%), and pairwise comparisons showed significant
differences (P ≤ 0.001). For the SCCP of CB, the secondary
incidence of tumors was the endpoint event. T-VMAT had
FIGURE 4 | The dose distribution of three techniques before and after setup error re-calculation. A, B, C before setup error [T-VMAT (A), IMRT (B), H-VMAT (C)],
(D–F) after setup error [T-VMAT (D), IMRT (E), H-VMAT(F)].
July 2022 | Volume 12 | Article 907181
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significantly higher secondary incidences of CB than IMRT and
H-VMAT, which were 2%, 1.05%, and 1.05%, respectively. After
introducing the positioning error, the SCCP was still the highest
for T-VMAT (2.01%). For H-VMAT and T-VMAT, the SCCP
before and after adding the setting error was not significantly
different (P ≤ 0.059 and P ≤ 0.185), but the comparison between
IMRT and T-VMAT showed a significant difference (P ≤ 0.024).
The biological model analysis was performed to determine
significant differences and compare the advantages and
disadvantages of various planning methods, as shown in
[Figure 6]. All dosimetric parameters, biological indices, and
the delivery efficiency are shown in Table 3 and the p-values are
shown in Table 4.

Delivery Parameters and Plan Complexity
Regarding the delivery parameters (25), IMRT had the highest
treatment MUs (2,098) and total delivery time (365.7 s). The
values were considerably higher than those of T-VMAT (746.25
Frontiers in Oncology | www.frontiersin.org 7
and 168 s) and H-VMAT (the 742.34 and 169.5 s). The results of
the analysis of plan complexity using modulation factor (26, 27)
showed that T-VMAT and H-VMAT also had significantly lesser
values than those of IMRT, which were 3.73, 3.71, and 10.5,
respectively. IMRT and the other two treatment techniques
showed significant differences in the delivery time, MUs, and
treatment difficulty (P ≤ 0.001).
DISCUSSION

For more accurate planning, the quality of the plan needs to be
better, and the robustness and complexity of the plan need to be
analyzed quantitatively. In 2020, a study (25) suggested that the
dose distribution was not similar to the dose delivered to the
patient due to uncertainties in dose calculation and treatment
delivery, including variations in patient setup and anatomy. C-
RAD systems can quantify setup errors in PMRT for breast
FIGURE 5 | Box-whisker plot of dosimetry parameters with error bars:Heart Dmean, Left ventricle Dmean, Left anterior Dmean, Lungs V5, Lungs V20, Contralateral
breast Dmean. Each figures show the dose changes of each OARs before and after the recalculation of setup error. Gray bars represent the accumulated dose after
the consideration of setup error, and yellow bars represent the dose not considered of setup error. The points in the graph represent outliers, the black horizontal
lines in the figures represent the average of each parameter.
July 2022 | Volume 12 | Article 907181
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FIGURE 6 | Box-whisker plot of mean radiobiological parameters with error bar: CTV coverage, Contralateral breast SCCP, Heart NTCP, Lungs NTCP with error
bars. Each figures show the parameters changes of each organs before and after the recalculation of setup error. Gray bars represent the accumulated dose after
the consideration of setup error, and yellow bars represent the dose not considered of setup error. The points in the graph represent outliers, the black horizontal
lines in the figures represent the average of each parameter.
TABLE 3 | Summary of the dosimetric parameters, radiobiological indices, and delivery parameters.

Structures Metric Conventional After Setup Error

VMAT IMRT H-VMAT VMAT IMRT H-VMAT

CTV D5000cGy(%) 98.67 ± 0.6 96.97 ± 1.28 98.31 ± 1.75 95.51 ± 3.49 91.25 ± 7.83 95.48 ± 4.03
V105(%) 53.86 ± 9.9 42.93 ± 1.28 49.5 ± 14.3 43.67 ± 12.62 37.31 ± 9.83 41.32 ± 15.09

D2cc (cGy) 5423.28 ± 36.34 5482.17 ± 58.8 5421.8 ± 77.75 5425.52 ± 66.3 5504.42 ± 98.1 5462.63 ± 1215.7
Heart V20(%) 5.34 ± 2.56 11.02 ± 4.25 12.39 ± 5.5 7.86 ± 4.25 12.97 ± 5.01 14.12 ± 6.16

V30(%) 2.13 ± 1.44 7.15 ± 3.27 8.63 ± 4.21 3.75 ± 2.8 8.84 ± 4.09 10.03 ± 5.02
D mean (cGy) 534.8 ± 108.3 672.58 ± 178.2 679.4 ± 175.63 626.3 ± 174.9 759.38 ± 226.1 763.22 ± 219.3
NTCP (%) .0003 ± .0008 .21 ± 0.06 .004 ± 0.012 .01 ± 0.02 .2 ± 1.04 .04 ± 0.09

LAD Dmean (cGy) 2890.48 ± 769.4 3847.1 ± 883.9 3606.4 ± 792.4 3021.1 ± 1081.9 4000 ± 926.01 3666.84 ± 942.8
LV Dmean (cGy) 576 ± 215.8 961.5 ± 246.1 980.97 ± 282.6 717.73 ± 166.2 1031.5 ± 261.2 1050 ± 288.02
Ipsilateral Lung V5(%) 51.2 ± 3.8 52.95 ± 10.27 50.49 ± 6.11 52.47 ± 4.63 54.07 ± 10.3 52.7 ± 5.12

V20(%) 22.2 ± 2.39 29.6 ± 4.7 28.81 ± 5.8 24.21 ± 3.58 32.2 ± 5.31 31.08 ± 5.50
V30(%) 13.66 ± 1.7 21.75 ± 3.2 22.84 ± 5.28 16.67 ± 5.6 24.6 ± 3.73 25.08 ± 5.53

Dmean (cGy) 1192.03 ± 91 1490.8 ± 171.5 1399.9 ± 212.1 1280.82 ± 149.3 1591.3 ± 206.1 1511.25 ± 213.04
Lungs V5(%) 47.18 ± 5.73 27.52 ± 8.5 38.86 ± 5.488 48.10 ± 6.57 21.55 ± 10.1 40.05 ± 5.89

V20(%) 11.4 ± 2.37 13.77 ± 3.95 13.03 ± 3.21 12.25 ± 3.04 14.01 ± 4.06 15.43 ± 5.01
Dmean (cGy) 833.09 ± 98.12 761.12 ± 217.1 837.1 ± 124.06 892.49 ± 128.71 765.79 ± 208.2 881.68 ± 150.44
NTCP (%) .01 ± 0.005 .2 ± 0.904 .05 ± 0.18 .024 ± 0.054 .35 ± 1.0 .214 ± 22.35

Contralateral Lung V5(%) 43.37 ± 11.75 6.64 ± 6.7 28.5 ± 8.3 45.4 ± 9.94 7.64 ± 7.48 30.17 ± 8.49
V20(%) 2.77 ± 1.66 0.17 ± 0.4 0.18 ± 0.29 3.02 ± 1.77 0.21 ± 0.49 0.44 ± 1.14

Dmean (cGy) 576.70 ± 112.6 161.07 ± 84.2 374.65 ± 78.22 592.6 ± 120.03 173.05 ± 91.31 394.88 ± 87.97
Contralateral Breast V5(%) 74.14 ± 20.74 26.5 ± 21.6 11.62 ± 17.18 73.82 ± 20.44 28.33 ± 23.05 13.88 ± 22.46

Dmean (cGy) 711.75 ± 160.14 357.6 ± 242.3 354.03 ± 1.05 699.54 ± 132.01 381.83 ± 242.9 381.77 ± 203.85
SCCP (%) 2 ± 0.429 1.05 ± 0.65 1.049 ± 0.47 2.01 ± 0.43 1.06 ± 0.64 1.12 ± 0.55

MUs 746.25 ± 81.6 2098 ± 258.4 742.34 ± 69.6 – – –

TD Time(s) 168.62 ± 13.8 365.7 ± 29.8 169.5 ± 15.9 – – –

MF 3.73 ± 0.41 10.5 ± 1.29 3.71 ± 0.34 – – –
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cancer treatment. In our traditional radiation therapy, CBCT was
a key method for assessing the positioning error (11, 26). It
enabled us to visualize important anatomical details in the
patient’s body. Additionally, many recent studies have shown
that optical body surface monitoring can also assess the patient’s
setup error, especially in breast cancer patients (28, 29).
Theoretically, the target volume is closer to the chest wall for
PMRT patients than the patients undergoing breast-conserving
therapy, which makes the effect of SGRT more robust and
accurate. The dose accumulation obtained by SGRT can extract
real-time isocenter shifts, which has great advantages for
analyzing intrafraction errors (30). Therefore, in this study, the
registered body surface image after performing CBCT was used
as the reference. The optical body surface image obtained before
treatment and the optical body surface data recorded during the
treatment were used to analyze the intra-fraction error. The
superposition of the two setup errors was used for dose
accumulation to obtain the real-world dose distribution. The
non-rigid registration algorithm was selected for image
registration. Because each part of ROI was given a
corresponding weight according to the distance from the
isocenter, a slightly larger or smaller ROI had negligible effects
on the results. The rigid algorithm superimposed the changes of
skin folds and other changes in the ROI to the final result
regardless of the severity, and thus, we used non-rigid
registration more in clinical analysis.
Frontiers in Oncology | www.frontiersin.org 9
The radiobiological response model was used to compare the
advantages and disadvantages of the different techniques (7, 8,
31). In general, no technique was better than the other two
techniques in all standards, in our dose analysis, after accounting
for the setup error. Although the dose advantage of the T-VMAT
technique for the lungs and heart was prominent, the dose for CB
in T-VMAT was significantly higher than the dose in IMRT and
H-VMAT. Stovall et al. described the effect of dose on CB of
breast cancer patients. They found that younger patients were
more likely to have a long-term risk of breast cancer (32).
Macduff et al. evaluated patients below 45 years who were
carrying certain rare ATM variants, and they should be more
aware of the risk of SCCP of CB cancer (33). This led us to
analyze the secondary incidence of breast cancer using the T-
VMAT technique, and the SCCP of CB was significantly higher
than that in the other two techniques. In the analysis of biological
models, the lung and heart complication rates of IMRT were the
highest, while the clinical target area coverage was the least. This
indicated that, based on setting errors, the impact received was
the greatest, which made IMRT the least favored technique in
this study. The situation concerning H-VMAT was different.
After dose accumulation, the NTCP of the heart and lungs for H-
VMAT was significantly lower than that for IMRT and slightly
higher than that for T-VMAT. Thus, the dosimetry parameters
and the probability of complications met the clinical conditions
and standards. Moreover, H-VMAT had a small impact on setup
TABLE 4 | P values for three techniques comparison using Wilcoxon signed-rank test.

Structures Metric Conventional P Value After Setup Error P Value

VMAT VS
IMRT

IMRT VS
H-VMAT

VMAT VS
H-VMAT

VMAT VS
IMRT

IMRT VS
H-VMAT

VMAT VS
H-VMAT

CTV D5000cGy(%) ≤.001** ≤.086 ≤.001** ≤.001** ≤.001** ≤.428
V105(%) ≤.611 ≤.012* ≤.044* ≤.171 ≤.019* ≤.324
D2cc (cGy) ≤.009* ≤.012* ≤.001** ≤.029* ≤.001** ≤.001**

Heart V20(%) ≤.006* ≤.152 ≤.001** ≤.370 ≤.256 ≤.044*
V30(%) ≤.001** ≤.166 ≤.001** ≤.038* ≤.264 ≤.002*
D mean (cGy) ≤.007* ≤.936 ≤.009* ≤.158 ≤.867 ≤.213
NTCP (%) ≤.001** ≤.001** ≤.001** ≤.001** ≤.001** ≤.001**

LAD Dmean (cGy) ≤.001** ≤.344 ≤.138 ≤.013* ≤.043* ≤.044*
LV Dmean (cGy) ≤.001** ≤.445 ≤. 092 ≤.039* ≤.003* ≤. 871
Ipsilateral Lung V5(%) ≤.001** ≤.005* ≤.011* ≤.001** ≤.001** ≤.582

V20(%) ≤.001** ≤.287 ≤.001** ≤.032* ≤.841 ≤.019*
V30(%) ≤.001** ≤.006* ≤.001** ≤.028* ≤.033* ≤.949
Dmean (cGy) ≤.001** ≤.244 ≤.001** ≤.077 ≤.858 ≤.052

Lungs V5(%) ≤.032* ≤.017* ≤.809 ≤.001** ≤.001** ≤.543
V20(%) ≤.006* ≤.251 ≤.100 ≤.112 ≤.247 ≤.007*
Dmean (cGy) ≤.001** ≤.003* ≤.197 ≤.009* ≤.076 ≤.390
NTCP (%) ≤.001** ≤.001** ≤.001** ≤.001** ≤.001** ≤.001**

Contralateral Lung V5(%) ≤.002* ≤.241 ≤.006* ≤.119 ≤.487 ≤.383
V20(%) ≤.001** ≤.045* ≤.001** ≤.001** ≤.001** ≤.017*
Dmean (cGy) ≤.110 ≤.685 ≤.046* ≤.133 ≤.836 ≤.088

Contralateral Breast V5(%) ≤.817 ≤.205 ≤.046* ≤.508 ≤.836 ≤.605
Dmean (cGy) ≤.024* ≤.081 ≤.059 ≤.001** ≤.334 ≤.018*
SCCP (%) ≤.024* ≤.081 ≤.059 ≤.024* ≤.340 ≤.185

MUs ≤.001** ≤.001** ≤.379 – – –

TD Time(s) ≤.001** ≤.001** ≤.873 – – –

MF ≤.001** ≤.001** ≤.388 – – –
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errors and covered a higher proportion of CTV after introducing
the positioning errors. This might immensely help to control the
local rate after breast cancer surgery. Thus, H-VMAT can be
used clinically in PMRT patients with internal mammary lymph
nodes to achieve target dose coverage; additionally, the OAR
dose and NTCP were found to be relatively well-balanced.

Among the limitations of the study, the intrafraction error of
the optical body surface images for each treatment field in SGRT
was not precise. Every patient was treated using a specific
treatment technique, it was impossible to obtain the three
intrafraction setup errors in one patient. Thus, we selected 10
patients per technique to estimate each intrafraction setup error
during treatment. To ensure greater accuracy, we only extracted
patient data from fields with the same angles. The interfraction
error of each time and the intrafraction error of each field were
only approximated to the actual error. CBCT-based image
registration is the most recognized method because anatomical
structures can be seen, and tumor changes within the target
volume are always visible. In this study, PMRT was used to treat
patients who had no tumor tissue in the planning target, and the
tumor location was close to the optical body surface, and thus,
the impact could be minimized. Implementing adaptive
radiotherapy (ART) might solve this problem (11).
Additionally, the rotation of the patient in two directions
(Pitch and Roll) were not accounted for. We wanted to
simulate the scenarios introduced by the isocenter to set
uncertainty, improve the accuracy of dosimetry, determine the
robustness and complexity of the plan, and calculate the
bioequivalent dose based on dosimetry. For the whole process,
an overall analysis from plan design and implementation to
prognosis was conducted. Moreover, the deep inspiration breath-
hold (DIBH) technology can significantly reduce the radiation
dose that the heart and lungs are exposed to during breast cancer
radiotherapy (34, 35). However, the treatment involving free
Frontiers in Oncology | www.frontiersin.org 10
breathing is still the conventional procedure for treating PMRT
patients at our center. Hence, the DIBH technique was not used
in this study. Future studies can combine various techniques with
the DIBH technique for PMRT (15, 36).
CONCLUSION

H-VMAT technique can provide an appropriate balance of target
coverage, OAR dose, complication probability, planning of
robustness, and delivery efficiency relative to IMRT and
VMAT techniques in PMRT patients with internal mammary
lymph nodes. We propose a method using SGRT to evaluate the
impact of different planning modalities on setup error, which
reflected the robustness of the plan in the plan design. In the
future, the robustness and complexity of the plan need to be
quantified, and the long-term clinical outcomes have to be
evaluated to assess its reliability.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS

ZZ conceived idea and wrote the manuscript. PY, ZP, and XL
helped with programming and DL analyzed data, XQ and WS
helped with statistical analysis. FP and ZT helped with editing
the manuscript. YL and YW checked results and critically revised
the manuscript. All authors contributed to the article and
approved the submitted version.
REFERENCES

1. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brønnum D,
et al. Risk of Ischemic Heart Disease in Women After Radiotherapy for Breast
Cancer. New Engl J Med (2013) 368(11):987–98. doi: 10.1056/nejmoa1209825

2. Quirk S, Grendarova P, Phan T, Conroy L, Burke B, Long K, et al. A
Retrospective Multi-Institutional Analysis to Define Dosimetric
Recommendations for the Left Anterior Descending Artery for Left-Sided
Breast Cancer Patients Treated With Radiotherapy. RadiotheR Oncol (2020).
doi: 10.1016/j.radonc.2020.04.022

3. Nilsson G, Holmberg L, Garmo H, Duvernoy O, Sjögren I, Lagerqvist B, et al.
Distribution of Coronary Artery Stenosis After Radiation for Breast Cancer. J
Clin Oncol (2012) 30:380–6. doi: 10.1200/JCO.2011.34.5900

4. Choi J, Kim YB, Shin KH, Ahn SJ, Lee HS, Park W, et al. Radiation
Pneumonitis in Association With Internal Mammary Node Irradiation in
Breast Cancer Patients: An Ancillary Result From the KROG 08-06 Study. J
Breast Canc (2016) 19(3):275–82. doi: 10.4048/jbc.2016.19.3.275

5. Gagliardi G, Bjohle J, Lax I, Ottolenghi A, Eriksson F, Liedberg A, et al.
Radiation Pneumonitis After Breast Cancer Irradiation: Analysis of the
Complication Probability Using the Relative Seriality Model. Int J Radiat
Oncol Biol Phys (2000) 46:373–81. doi: 10.1016/S0360-3016(99)00420-4
6. Fogliata A, De Rose F, Franceschini D, Stravato A, Seppälä J, Scorsetti M, et al.
Critical Appraisal of the Risk of Secondary Cancer Induction From Breast
Radiation Therapy With Volumetric Modulated Arc Therapy Relative to 3D
Conformal Therapy. Int J Radiat Oncol Biol Phys (2018) 100(3):785–93.
doi: 10.1016/j.ijrobp.2017.10.040

7. Edvardsson A, Nilsson MP, Amptoulach S, Ceberg S. Comparison of Doses
and NTCP to Risk Organs With Enhanced Inspiration Gating and Free
Breathing for Left-Sided Breast Cancer Radiotherapy Using the AAA
Algorithm. Radiat Oncol (2015) 10(1):1–8. doi: 10.1186/s13014-015-0375-y

8. Liu YC, Chang HM, Lin HH, Lu CC, Lai LH. Dosimetric Comparison of
Intensity-Modulated Radiotherapy, Volumetric Modulated Arc Therapy and
Hybrid Three-Dimensional Conformal Radiotherapy/Intensity-Modulated
Radiotherapy Techniques for Right Breast Cancer. J Clin Med (2020) 9
(12):3884. doi: 10.3390/jcm9123884

9. Zhang W, Li R, You D, Su Y, Dong W, Ma Z. Dosimetry and Feasibility
Studies of Volumetric Modulated Arc Therapy With Deep Inspiration
Breath-Hold Using Optical Surface Management System for Left-Sided
Breast Cancer Patients. Front Oncol (2020) 10:1711. doi: 10.3389/
fonc.2020.01711

10. Ding Z, Xiang X, Zeng Q, Ma J, Dai Z, Kang K, et al. Evaluation of Plan
Robustness on the Dosimetry of Volumetric Arc Radiotherapy (VMAT) With
July 2022 | Volume 12 | Article 907181

https://doi.org/10.1056/nejmoa1209825
https://doi.org/10.1016/j.radonc.2020.04.022
https://doi.org/10.1200/JCO.2011.34.5900
https://doi.org/10.4048/jbc.2016.19.3.275
https://doi.org/10.1016/S0360-3016(99)00420-4
https://doi.org/10.1016/j.ijrobp.2017.10.040
https://doi.org/10.1186/s13014-015-0375-y
https://doi.org/10.3390/jcm9123884
https://doi.org/10.3389/fonc.2020.01711
https://doi.org/10.3389/fonc.2020.01711
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. H-VMAT for PMRT-IMNs Using SGRT
Set - Up Uncertainty in Nasopharyngeal Carcinoma ( NPC ) Radiotherapy.
Radiat Oncol (2022), 1–10. doi: 10.1186/s13014-021-01970-8

11. Tamihardja J, Cirsi S, Kessler P, Razinskas G, Exner F, Richter A, et al. Cone
Beam CT - Based Dose Accumulation and Analysis of Delivered Dose to the
Dominant Intraprostatic Lesion in Primary Radiotherapy of Prostate Cancer.
Radiat Oncol (2021), 1–9. doi: 10.1186/s13014-021-01933-z

12. Kügele M, Edvardsson A, Berg L, Alkner S, Andersson Ljus C, Ceberg S.
Dosimetric Effects of Intrafractional Isocenter Variation During Deep
Inspiration Breath-Hold for Breast Cancer Patients Using Surface-Guided
Radiotherapy. J Appl ClinMed Phys (2018) 19(1):25–38. doi: 10.1002/acm2.12214

13. Liao X, Wu F, Wu J, Peng Q, Yao X, Kang S, et al. Impact of Positioning Errors
in the Dosimetry of VMAT Left-Sided Post Mastectomy Irradiation. Radiat
Oncol (2020) 15(1):1–7. doi: 10.1186/s13014-020-01556-w

14. Seppenwoolde Y, Lebesque JV, de Jaeger K, Belderbos JS, Boersma LJ, Schilstra
C, et al. Comparing Different NTCP Models That Predict the Incidence of
Radiation Pneumonitis. Normal Tissue Complication Probability. Int J Radiat
Oncol Biol Phys (2003) 55:724–35. doi: 10.1016/S0360-3016(02)03986-X

15. Mahmoudzadeh H, Lee J, Chan, et al. Robust Optimization Methods for
Cardiac Sparing in Tangential Breast IMRT. Med Phys (2015) 42(5):2212–22.
doi: 10.1118/1.4916092

16. Kwa SL, Theuws JC, Wagenaar A, Damen EM, Boersma LJ, Baas P, et al.
Evaluation of Two Dose Volume Histogram Reduction Models for the
Prediction of Radiation Pneumonitis. Radiother Oncol (1998) 48:61–9. doi:
10.1016/S0167-8140(98)00020-6

17. Wiant D, Wentworth S, Liu H, Sintay B. How Important Is a Reproducible
Breath Hold for Deep Inspiration Breath Hold Breast Radiation Therapy?
Radiat Oncol Biol (2015) 93(4):901–7. doi: 10.1016/j.ijrobp.2015.06.010

18. Mamounas EP, White JR, Bandos H, Bandos H. NSABP B-51/RTOG 1304:
Randomized Phase III Clinical Trial Evaluating the Role of Postmastectomy
Chest Wall and Regional Nodal XRT (CWRNRT) and Post-Lumpectomy
RNRT in Patients (Pts) With Documented Positive Axillary (Ax) Nodes
Before Neoadjuvant Chemotherapy (NC) Who Convert to Pathologically
Negative Ax Nodes After NC. J Clin Oncol 32(15_suppl). TPS1141; 2014 –
TPS1141. doi: 10.1200/jco.2014.32.15_suppl.tps1141

19. Van Herk M. Errors and Margins in Radiotherapy. Semin Radiat Oncol (2004)
14(1):52–64. doi: 10.1053/j.semradonc.2003.10.003

20. Giorgia N, Antonella F, Alessandro C, Eugenio V, Luca C. Planning Strategies
in Volumetric Modulated Arc Therapy for Breast. (2011) 38:4025–31.
doi: 10.1118/1.3598442

21. Gay HA, Niemierko A. A Free Program for Calculating EUD-Based NTCP
and TCP in External Beam Radiotherapy. Physica Med (2007) 23(3–4):115–
25. doi: 10.1016/j.ejmp.2007.07.001

22. Burman C, Kutcher GJ, Emami B, Goitein M. Fitting of Normal Tissue
Tolerance Data to an Analytic Function. Int J Radiat Oncol Biol Phys (1991) 21
(1):123–35. doi: 10.1016/0360-3016(91)90172-Z

23. Gagliardi G, Lax I, Ottolenghi A, Rutqvist LE. Long-Term Cardiac Mortality
After Radiotherapy of Breast Cancer–Application of the Relative Seriality
Model. Br J Radiol (1996) 69(825):839–46. doi: 10.1259/0007-1285-69-825-
839

24. Schneider U, Kaser-hotz B. A Simple Dose-Response Relationship for
Modeling Secondary Cancer Incidence After Radiotherapy. Z Med Phys
(2005) 15(1):31–7. doi: 10.1078/0939-3889-00242

25. Hernandez V, Rønn C, Widesott L, Bäck A, Canters R, Fusella M, et al. What
is Plan Quality in Radiotherapy? The Importance of Evaluating Dose Metrics,
Complexity, and Robustness of Treatment Plans. RadiotheR Oncol (2020)
153:26–33. doi: 10.1016/j.radonc.2020.09.038

26. Rankine LJ, Wang Z, Kelsey CR, Ms EB, Driehuys B, Marks LB, et al.
Hyperpolarized 129Xe Magnetic Resonance Imaging for Functional
Avoidance Treatment Planning in Thoracic Radiation Therapy: A
Comparison of Ventilation- and Gas-Exchange-Guided Treatment Plans.
Frontiers in Oncology | www.frontiersin.org 11
Int J Radiat Oncol Biol Physics. (2021) 111(4):1044–57. doi: 10.1016/
j.ijrobp.2021.07.002

27. Cui G, Housley DJ, Chen F, Mehta VK, Shepard DM. Delivery Efficiency of an
Elekta Linac Under Gated Operation. J Appl Clin Med Phys (2014) 15(5):2–11.
doi: 10.1120/jacmp.v15i5.4713

28. Macfarlane MJ, Jiang K, Mundis M, Nichols E, Gopal A, Chen S, et al.
Comparison of the Dosimetric Accuracy of Proton Breast Treatment Plans
Delivered With SGRT and CBCT Setups. (2021) 22(9):153–8. doi: 10.1002/
acm2.13357

29. Sarudis S, Karlsson A, Bäck A. Surface Guided Frameless Positioning for Lung
Stereotactic Body Radiation Therapy. (2021) 22(9):215–26. doi: 10.1002/
acm2.13370

30. Jacobse JN, Duane FK, Boekel NB, Schaapveld M, Hauptmann M, Hooning
MJ, et al. Radiation Dose-Response for Risk of Myocardial Infarction in Breast
Cancer Survivors. Radiat Oncol Biol (2019) 103(3):595–604. doi: 10.1016/
j.ijrobp.2018.10.025

31. Ma J, Li J, Xie J, Chen J, Zhu C, Cai G, et al. Post Mastectomy Linac IMRT
Irradiation of Chest Wall and Regional Nodes: Dosimetry Data and Acute
Toxicities. Radiat Oncol (2013) 8(1):81. doi: 10.1186/1748-717X-8-81

32. Stovall M, Smith SA, Langholz BM, et al. Women's Environmental, Cancer,
and Radiation Epidemiology Study Collaborative Group. Dose to the
Contralateral Breast From Radiotherapy and Risk of Second Primary Breast
Cancer in the WECARE Study. Int J Radiat Oncol Biol 72(4):1021–30.
doi: 10.1016/j.ijrobp.2008.02.040

33. McDuff SGR, Bellon JR, Shannon KM, Gadd MA, Dunn S, Rosenstein BS ,
et al. ATM Variants in Breast Cancer: Implications for Breast Radiotherapy
Treatment Recommendations. Int J Radiat Oncol Biol Phys (2021).
doi: 10.1016/j.ijrobp.2021.01.045. S0360-3016(21)00119-X.

34. Zhang J, Huang L, Wu F, Wang G, Wu L, Huang B, et al. Tailoring PTV
Expansion to Improve the Dosimetry of Post Modified Radical Mastectomy
Intensity-Modulated Radiotherapy for Left-Sided Breast Cancer Patients by
Using 4D CT CombinedWith Cone Beam CT. J Appl Clin Med Phys (2021) 22
(5):139–46. doi: 10.1002/acm2.13244
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