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Abstract

Background: To compare the dosimetric, normal tissue complication probability (NTCP), secondary cancer complica-
tion probabilities (SCCP), and excess absolute risk (EAR) differences of volumetric modulated arc therapy (VMAT) and
intensity-modulated radiation therapy (IMRT) for left-sided breast cancer after mastectomy.

Methods and materials: Thirty patients with left-sided breast cancer treated with post-mastectomy radiation
therapy (PMRT) were randomly enrolled in this study. Both IMRT and VMAT treatment plans were created for each
patient. Planning target volume (PTV) doses for the chest wall and internal mammary nodes, PTV1, and PTV of the
supraclavicular nodes, PTV2, of 50 Gy were prescribed in 25 fractions. The plans were evaluated based on PTV1 and
PTV2 coverage, homogeneity index (HI), conformity index, conformity number (CN), dose to organs at risk, NTCP, SCCP,
EAR, number of monitors units, and beam delivery time.

Results: VMAT resulted in more homogeneous chest wall coverage than did IMRT. The percent volume of PTV1 that
received the prescribed dose of VMRT and IMRT was 95.9 4 1.2% and 94.5 4= 1.6%, respectively (p < 0.001). The HI was
0.11+0.01 for VMAT and 0.12 £ 0.02 for IMRT, respectively (p=0.001). The VMAT plan had better conformity (CN:
0.8410.02 vs.0.78£0.04, p<0.001) in PTV compared with IMRT. As opposed to IMRT plans, VMAT delivered a lower
mean dose to the ipsilateral lung (11.5 Gy vs 12.6 Gy) and heart (5.2 Gy vs 6.0 Gy) and significantly reduced the Vs, V,,,
Vs, V30,and V,, of the ipsilateral lung and heart; only the differences in Vs of the ipsilateral lung did not reach statistical
significance (p=0.409). Although the volume of the ipsilateral lung and heart encompassed by the 2.5 Gy isodose line
(V,5) was increased by 6.7% and 7.7% (p < 0.001, p=0.002), the NTCP was decreased by 0.8% and 0.6%, and SCCP and
EAR were decreased by 1.9% and 0.1% for the ipsilateral lung. No significant differences were observed in the con-
tralateral lung/breastV, 5, Vs V;, V50, mean dose, SCCP, and EAR. Finally, VMAT reduced the number of monitor units by
31.5% and the treatment time by 71.4%, as compared with IMRT.

Conclusions: Compared with IMRT, VMAT is the optimal technique for PMRT patients with left-sided breast cancer
due to better target coverage, a lower dose delivered, NTCP, SCCP, and EAR to the ipsilateral lung and heart, similar
doses delivered to the contralateral lung and breast, fewer monitor units and a shorter delivery time.
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Background

Breast cancer is the most common cancer among
women. Although breast-conserving surgery for early
breast cancer has become the standard treatment in
European and American countries [1, 2], radical post-
mastectomy remains the most accepted surgical modal-
ity in many countries, such as developing areas on the
mainland of China [3]. Adjuvant post-mastectomy radi-
otherapy (PMRT) has been shown to effectively reduce
locoregional failure and mortality in breast cancer [4, 5].
However, PMRT often involves regional lymph nodes,
including for instance internal mammary nodes (IMN)
and supraclavicular nodes (SCN). The covering of these
lymph node regions often results in larger irradiation
fields and volumes. Accordingly, organs at risk (OARs)
must receive a considerable radiation dose, which
increases the risk of acute and late toxicity, especially the
risk of ischemic heart disease [6]. Therefore, it is espe-
cially important to adopt an appropriate radiotherapy
technology (RT) that not only ensures sufficient irra-
diation dose coverage to the target area but also reduces
the dose to the surrounding normal tissue as much as
possible.

Electron beam or arc irradiation [7, 8] and three-
dimensional conventional or conformal radiotherapy
(3D-CRT) with tangential fields [9, 10] have been used in
PMRT for more than 20 years. However, for patients with
left-sided breast cancer, if IMN is involved, it is a dosi-
metric challenge to deliver a uniform target dose with
those techniques. To achieve better target dose homo-
geneity and conformity results and decrease toxicity to
normal tissues, intensity-modulated radiation therapy
(IMRT) has been widely implemented in the clinic [11-
14]. Nevertheless, dose homogeneity and the degree of
conformity influenced by the target motion are increased
with the addition of treatment time for IMRT [15], and
the patient’s satisfaction and clinical effect also decrease
due to the prolonged treatment time.

In recent years, volumetric-modulated arc therapy
(VMAT) has been applied in PMRT to improve treat-
ment efficiency [16-26]. Almost all results thus far have
confirmed that VMAT achieves target coverage similar to
or better than that of IMRT, although most studies evalu-
ated the target of the chest wall (CW), IMN and SCN as
the whole planning target volume (PTV). As we know,
the PTV of CW and IMN usually has lower target cover-
age; therefore, it is necessary to evaluate it separately. For
the OARs, different results have been reported [16-25].

As a result of studies by Popescu [16], Zhang [17], Zhao
[18] and Hu [19], VMAT decreases the dose to the ipsi-
lateral lung, heart and contralateral breast/lung, relative
to IMRT.. However, the research of Ma [20], Xie [21]
and Wang [22] demonstrates that IMRT has dosimet-
ric advantages in the heart and left lung, compared with
VMAT plans. Furthermore, the mean dose to the heart
of VMAT plans in these studies is still relatively high
(>7.8 Gy)[16-26], even up to 15.2 Gy [24]. According to
Darby [6], the rates of major coronary events increase
linearly with the mean dose to the heart by 7.4% per gray;
therefore, it is important to further reduce the radiation
dose to the heart. In addition, VMAT increases low-
dose radiation to large volumes of normal tissues, which
will potentially enhance the estimated risk of secondary
tumor and radiation-induced pulmonary and cardiac tox-
icity [27-29]. Furthermore, radiobiological metrics such
as the normal tissue complication probability (NTCP)
of pneumonitis, secondary cancer complication prob-
abilities (SCCP) and excess absolute risk (EAR) can be
evaluated and compared and can provide a more robust
comparison of different radiotherapy techniques [21,-
26,30-31]. However, there are fewer related studies on
PMRT.

In this study, we used SmartArc optimization algo-
rithms, Equivalent Uniform Dose (EUD) optimization
parameters and virtual block to restrict the low-dose area
and explored the balance between the dose to the target
area and that to normal tissue in VMAT planning. We
then discussed dosimetric characteristics of the targets
of CW and IMN and the target of SCN, as well as the
dose to the ipsilateral lung, heart, contralateral breast/
lung in IMRT and VMAT plans of left-sided breast can-
cer PMRT. We further predicted treatment outcomes
focused on the lower irradiation dose of OARs (NTCP,
SCCP and EAR of the ipsilateral lung, heart and con-
tralateral breast/lung).

Methods and materials

Patients and target delineation

Thirty left-sided breast cancer patients after radi-
cal post-mastectomy with a clinical-stage above T3 or
N1-3 (average age: 47 years, range 25-65 years) were
randomly enrolled in this study. All patients were posi-
tioned supine on a commercially available breast tilt
board to render the sternum parallel to the table, with
both arms fully abducted (90° or greater) and exter-
nally rotated, and the head was secured. A planning
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CT scan at 5-mm intervals from the mastoid process
to 3 cm below the right breast fold was obtained for
each patient with a CT simulator (Siemens Medical
Systems).

The CTV (clinical target volume) was delineated
according to the breast cancer atlas for radiation ther-
apy planning consensus definitions of the Radiation
Therapy Oncology Group (available at http://www.
rtog.org/CoreLab/ContouringAtlases/BreastCancerAtl
as.aspx). CTV1 was defined as the ipsilateral chest
wall (CW) and IMN regions, and the SCN region was
regarded as CTV2. PTVs were obtained from CTVs
by expanding a 5-mm margin in three dimensions. An
additional bolus was applied on PTV1 only, and PTV2
was 4 mm from the skin surface, excluding the build-
up region. Mean volumes and standard deviation of
PTV1, PTV2 and whole PTV were 367.19 + 84.08 c¢m?
(range 238.19-537.88 cm?), 163.48431.09 cm?® (range
112.00-256.44 cm®) and 530.67+98.02 cm?® (range
376.94-757.45 cm?®), respectively. OARs, such as the
ipsilateral lung, heart, contralateral breast and lung,
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liver, spinal cord and trachea, were outlined on the
axial CT sections.

Treatment planning

For each patient, VMAT as well as step-and-shoot IMRT
plans were created using a three-dimensional treatment
planning system (Philips Pinnacle version 9.8). A Var-
ian TrueBeam linear accelerator with a 6-MV photon
energy beam was used. SmartArc and DMPO optimiza-
tion types were used to optimize the VMAT and IMRT
plans, respectively, and dose calculation was performed
with a collapsed cone convolution algorithm. To ensure
sufficient skin dose coverage, a virtual 5-mm bolus was
applied to the CW of each patient before optimiza-
tion and dose calculation. VMAT treatment plans were
generated by two partial arcs starting from 295° to 145°
clockwise and inverse, with one control point every 4°. To
reduce the low dose to the normal organs, EUD and an
artificially drawn block were used to limit the lower dose
during plan optimization. Seven beams were used in the
IMRT plan. The prescription dose was 50 Gy in 25 frac-
tions, and the 95% PTV received 50 Gy. The aim, starting

Table 1 Planning parameter, weight, and aims for VMAT and IMRT optimization

Structures Type Dose (Gy) Volume (%) Weight Aim
PTV1 Min dose 498 - 90 V5o Gy > 95%,
Va5 Gy < 1%
Min DVH 503 100 90
Max dose 520 - 50
Uniform dose 50.5 - 10
PTV2 Min dose 495 - 90
Min DVH 50.0 100 90
Max dose 520 - 50
Uniform dose 50.0 - 10
Ipsilateral lung Max DVH 40 38 3 Vs Gy < 50%,
Voo Gy < 25%
Mean dose < 15 Gy
Max DVH 10.0 28 3
Max DVH 18.0 18 5
Max DVH 280 8 3
Max DVH 40.0 1 10
Max EUD (a=1) 11.0 3 3
Heart Max DVH 50 15 3 V30Gy < 5%
Mean dose <8 Gy
Max DVH 10.0 8 10
Max EUD (a=1) 50 -
Contralateral lung Max DVH 5.0 1 1 Vs Gy < 5%\
Mean dose <3 Gy
Max EUD (a=1) 1.5 - 3
Contralateral breast Max DVH 5.0 3 1 Mean dose <3 Gy
Max EUD (a=1) 2.0 - 3
Spinal cord Max Dose 25.0 - 10 Dmax <30 Gy
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objective and constraints of planning optimization for
the VMAT and IMRT plans are specified in Table 1, and
the screenshot of planning tools and setting are shown
Fig. 1. To objectively distinguish the dosimetric and
radiobiological metrics differences between VMAT and
IMRT techniques and not the respective expertise of the
planner or settings of the optimizer, all plans were com-
pleted by the same planner, the same initial optimization
parameters were set to the two technologies and the opti-
mization parameters were adjusted according to the dosi-
metric results and objective value.

Plan evaluation and statistical tools

For dosimetric analysis, the following indices extracted
from dose-volume histograms (DVHs) were used: (1)
Dyg> Dogy (dose received by 2% and 98% of PTV, near-
maximum dose and minimum dose), D,.,, (mean dose
of PTV), Vose, Vigow Viers and Vijgy (percent volume
receiving greater than 95% to 110% of the prescribed
dose) and the dose homogeneity index (HI), conform-
ity index (CI) and conformity number (CN) for PTV.
The HI was calculated according to ICRU 83 [32]:
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HI=(Dyy—Dygy)/Dspy. CI and CN were proposed by
Paddick et al. [33]. CI=V;,/VPTV and CN=(VPTV,/
VPTV)*(VPTVy,/Vs,), where VPTV is the target vol-
ume, Vg, is the volume of prescribed isodose value and
VPTV;, is the volume of the target that is covered by the
prescribed isodose value. Smaller CI and larger CN rep-
resent better dose conformity. (2) For OARs, the mean
doses and a set of appropriate V, g, values to the ipsilat-
eral lung, heart, contralateral breast and lung and normal
tissue were analyzed.

The NTCP for radiation-induced pneumonitis was
computed for the lung using the Lyman-Kutcher-Ber-
man model using the following values: D50=30.80 Gy,
n=0.98 and m=0.37 [30]. NTCP for radiation-induced
mortality for the heart was calculated using the relative
seriality model using the following values: D50=52.4 Gy,
s=1.0 and y=1.3 [34]. The EAR was calculated using
the following equations: Bx*exp(y, (age,—30)+7v,) [31],
where B is a dose-response initial slope (B,,,=7.5,
Brreast=9-2), the age modifying factors ye and ya (ye,
Lung=0.002, ya, Lung=4.23, ye, Breast= —0.037, ya,
Breast=1.7) were taken from Schneider et al. [31]. The

Fan-down

Fig. 1 The auxiliary structure (a, b) and optimization parameters (c) of VMAT planning
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age, is the patient’s age at the time of radiation therapy,
and the age, is the attained age. An attained age of 75
yrs was used for cancer risk assessments. OED is organ
equivalent dose and was calculated using the linear
model for the contralateral breast, ipsilateral and con-
tralateral lungs, and whole lungs [35] V/ is the total organ
volume, and V; is the volume receiving dose D, SCCP
was calculated using the product of the OED and the
organ-specific absolute cancer incidence rate in percent
per gray (In,,,) [36], and the Inorlg for the lungs and con-
tralateral breast were 1.68% Gy ' and 0.78% Gy ™! from a
previous publication [37].

Statistical analyses were performed to compare the two
different techniques using a paired t-test, a P-value <0.05
was considered the threshold for statistical significance.

Results

Target coverage and homogeneity

Figure 2 shows one patient’s transversal, coronal and
sagittal dose distributions. The average dose-volume
histogram (DVH) of 30 patients for PTVs and OARs
with IMRT and VMAT plans are shown in Fig. 3. More
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and OARs with IMRT and VMAT plans. (Solid line is IMRT and dot line
is VMAT)

dosimetric parameters of PTV1, PTV2 and PTV of
IMRT and VMAT plans with all patients are presented in
Table 2. It was evident that the VMAT plan provided bet-
ter coverage of PTV. For PTV2, no substantial differences
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Table 2 PTV dose parameters of IMRT and VMAT

Parameters IMRT VMAT P-value
PTV1 Vosg, (%) 99.04+0.5 993403 0.001
V000 (%) 945+16 959+1.2 <0.001
V4070 (%) 221+79 209482 0.548
V100 (%) 03+0.2 02+0.1 0018
Dy (Gy) 545403 543402 0.011
Dogy (GY) 483406 487403 0.003
Drean (GY) 524402 526402 0.014
HI 0.12+0.02 0.11+£0.01 0.001
PTV2 Vosss (%) 99.940.1 99.940.1 0374
V3000 (%) 98.8+06 99.0+06 0.173
V070, (%) 136473 155498 0.264
V109 () 0.140.1 01401 0638
D,y (GY) 541+£04 540+£04 0.233
Dogy, (GY) 502403 50.3+04 0.207
Dinean (GY) 525+03 526104 0.055
HI 0.08+0.01 0.07+£0.01 0.075
PTV a 1.1740.05 1.10+£0.03 <0.001
CN 0.78+0.04 0.84+0.02 <0.001

were observed between IMRT and VMAT, while VMAT
plans showed superiority compared with IMRT in PTV1
in most dosimetric parameters, except the parameters of
V1079 The average percent volume of PTV1 receiving the
prescribed dose for IMRT and VMAT was 94.5+1.6%
and 95.9+£1.2% (p<0.001), that receiving 110% of the
prescription dose was 0.3+ 0.2% for IMRT and 0.2+0.1%
for VMAT (p=0.018), the near-maximum dose and
minimum dose were 54.5+0.3 Gy and 48.3+£0.6 Gy for
IMRT and 54.3£0.2 Gy and 48.7£0.3 Gy for VMAT
(»p=0.011, 0.003) and the HI was 0.12+0.02 for IMRT
and 0.114+0.01 for VMAT (p=0.001). For the whole
PTV, VMAT plans showed superiority over IMRT with
respect to conformity, in which the average CI and CN
were 1.10 and 0.84 for the VMAT plans and 1.17 and 0.78
for the IMRT plans, respectively.

Dose, NTCP and EAR analysis of OARs

As shown in Fig. 3, the VMAT plans provided superior
ipsilateral tissue (ipsilateral lung and heart) and normal
tissue (body-PTV) sparing and not only reduced the
region in the medium to high doses but also had lower
volumes in low-dose regions. Table 3 presents the results
of DVH numerical analysis of the OARs: ipsilateral lung,
heart, contralateral lung and breast and all normal tis-
sue (body-PTV). Compared with IMRT plans, VMAT
plans typically decreased Vg, Vi, Voo, V3o and Vg, of the
ipsilateral lung and heart. Only the differences in V; of
the ipsilateral lung did not reach statistical significance
(p=0.409). Ipsilateral lungs that received 10, 20, 30 and
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40 Gy were reduced by 2.8%, 3.3%, 3.4% and 3.0% in
VMAT plans. Hearts that received more than 5, 10, 20,
30, and 40 Gy were reduced by 7.0%, 3.1%, 2.8%, 2.2%
and 1.3% in VMAT plans, respectively. The average mean
doses to the ipsilateral lung and heart were reduced by
1.1 and 0.8 Gy, respectively. Whereas VM AT would result
in larger volumes of the ipsilateral lung and heart receiv-
ing low doses, the average volume percentage receiving
the 2.5 Gy dose increased by 6.7% and 7.7%, respectively
(»<0.001, p=0.002). Moreover, the V;, V,, and D, of
body-PTV decreased in VMAT plans. For the contralat-
eral lung and breast, the differences between VMAT and
IMRT plans did not reach statistical significance.

The SCCP and EARs of the ipsilateral lung, whole lung,
contralateral lung and breast, and the NTCP of the ipsi-
lateral lung and heart for the investigated breast radio-
therapy techniques are shown in Table 4. The EAR of
the ipsilateral lung and whole lung for VMAT plans were
decreased by an average of 9% and 6%, compared with
that of IMRT. For the contralateral lung and breast, the
differences in EAR value for VMAT and IMRT plans did
not reach statistical significance. VMAT plans to exhibit
the minimum NTCP values for the ipsilateral lung and
the heart, compared with IMRT plans.

MU and beam delivery time

Table 5 summarizes the results for all treatment plans
about the number of monitor units (MU), beam-on time
(BOT), and treatment time. The total MUs for VMAT
plans were decreased by an average of 31.5% compared
with IMRT. BOT was similar for each technique, while
the treatment time was shorter for VMAT, an average
decrease of 71.4%, compared with that for IMRT.

Discussion

IMRT and VMAT can shape the dose to the concave tar-
get in the CW and IMN in breast cancer radiotherapy.
In this study, we systematically compared the dosimet-
ric parameters of two techniques, IMRT and VMAT, at
our institute for 30 cases of post-mastectomy left-sided
breast cancer patients. The results of our study indicated
that both IMRT and VMAT provided good coverage of
the target, while VM AT showed, with statistical signifi-
cance, more conformity and more dose homogeneity in
the target area of CW and IMN, compared with those of
IMRT, by avoiding areas of under-dose, and at the same
time eliminating areas of relative overdose. Our VMAT
significantly reduced the near-maximum dose of the
PTV of CW and IMN, which was 54.3+0.2 Gy, as com-
pared with 55.44 1.7 Gy from a study by Zhang [17], and
56.64+0.63 Gy from a study by Hu [19], 54.93 £0.87 Gy
from a study by Ma [20]. Furthermore, the increase in
the near-minimum doses, Vs, and Vo, were higher in
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Structure Parameters IMRT VMAT VMAT-IMRT
Ipsilateral lung V, 5 (%) 68.7 8.1 754470 6.7 <0001
Vs (%) 465432 46.1+£29 —04 0.409
Vio (%) 336+17 308+1.8 —28 <0.001
Vs, (%) 235+17 202415 —33 <0.001
V34 (%) 175£14 141£13 —34 <0.001
V0 (%) 11.3£13 83+12 -30 <0.001
Dinean (GY) 126+0.7 11.5+07 -1 <0.001
Heart V5 (%) 61.0+£14.1 687+£116 7.7 0.002
Vs (%) 279479 209478 —7.0 <0.001
Vio (%) 122438 91434 —31 <0.001
Vs, (%) 744126 46+1.7 —28 <0.001
V34 (%) 45+£1.7 23410 —2.2 <0.001
Vo (%) 2011 0.74£05 —-13 <0.001
Drnean (GY) 604 1.1 52409 —08 <0.001
Contralateral breast Vs 5 (%) 2814100 280+£11.8 —0.1 0.987
V5(%) 135£53 116+£52 —-19 0.109
Vi (%) 37422 40+£25 0.3 0.504
Vs, (%) 1.0£1.0 09409 —0.1 0.179
Dinean (GY) 25+£06 25+£08 0.0 0.677
Contralateral lung V5 (%) 169+115 1934100 24 0.199
Vs (%) 23+£20 28427 05 0.114
Vio (%) 0.1+£0.1 01403 0.0 0.709
Direan (GY) 15405 16404 0.1 0.087
Body-PTV V5 (%) 419+£74 40.7£5.7 —1.2 0314
Vs (%) 27.7+46 249433 —28 <0.001
Vig (%) 174+£25 155+18 —-19 <0.001
Vo (%) 103+13 83+10 —-20 <0.001
V34 (%) 6.14+09 47106 —14 <0.001
Vo (%) 33405 25403 —-08 <0.001
Dinean (GY) 63408 57406 —06 <0.001
Lung-All V5 (%) 40.3+9.3 446+82 43 0.002
Vs (%) 223+24 224427 0.1 0.806
Vi (%) 152+11 140+£1.1 —1.2 <0.001
V50 (%) 10.6+£09 9.1+08 —15 <0.001
V34 (%) 79407 64+0.7 —15 <0.001
Vo (%) 51406 37405 —14 <0.001
Drnean (GY) 65405 6.1406 —04 <0.001

the VMAT plans than in the IMRT plans: 48.7 0.3 Gy,
as compared with 48.54+2.2 Gy from a study by Zhang
[17], and 48.84+0.41 Gy from a study by Hu [19] and
47.77 +£0.35 Gy from a study by Ma [20]. The values of HI
and CN in our study signify that slightly better homoge-
neity and conformality of target coverage were attained
in VMAT plans than in IMRT plans. These results were
also better than those reported by other studies [17-21,
26]. Improving the homogeneity of irradiation is vital for
PMRT in locally advanced breast cancers because it may

reduce the acute complication rate, as well as the occur-
rence of long-term fibrosis [38]. We also found that, with
IMRT plans, it was difficult to achieve dose coverage for
targets with CW and IMN of large curvature, while the
VMAT plan was easier to achieve, in close agreement
with the results of Zhang [17].

In the optimization of VMAT and IMRT, the heart,
ipsilateral lung and contralateral breast were consid-
ered the three most important OARs due to their large
volumes. These OARs were protected by adjusting the
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Table 4 NTCP and EAR comparison of ipsilateral lung, contralateral lung, double lung, heart, and breast of VMAT and IMRT
Structure Parameter IMRT (%) VMAT (%) VMAT/IMRT P
Ipsilateral lung NTCP 41405 33+05 0.79+£0.05 <0.001
SCCP 211412 192412 09140.03 <0.001
EAR 130£7.09 118874721 0.91+0.03 <0.001
Lung-All NTCP 1.32+0.13 1.18+0.13 0.89+004 <0.001
SCCP 109+£09 102+0.9 0.94+0.04 <0.001
EAR 674+£56 63.1£5.6 0.94£0.04 <0.001
Contralateral Lung SCcp 25408 27407 1.12+£0.24 0.087
EAR 15647 169+44 1.12+£024 0.089
Contralateral Breast SCccp 19405 20406 1.04+£0.24 0677
EAR 14014473 14.554+6.02 1.04£0.24 0.399
Heart NTCP 0.86+0.50 0.344+0.22 0444028 <0.001

Table 5 The Number of Monitor Units (MU), Beam-on Time
(BOT), and Treatment time with IMRT and VMAT plans

Parameter IMRT VMAT Difference P

MU 893+142 611+54 —282 <0.001
Beam-on time (min) 1494024 146+006 —0.03 0.440
Treatment time (min)  7.00+£0.62 2004+0.04 —5.00 <0.001

priority values to reduce the maximum percent dose and
scatter dose. Compared with our IMRT plans and other
studies of VMAT plans, the mean dose to the heart was
comparably lower in our VMAT plans, 5.2+ 0.9 Gy, while
it was 13.5+5.0 Gy according to Zhang [17], 7.2+2.3 Gy
according to Zhao [18], 9.31 £1.62 Gy according to Hu
[19], 11.94+£5.06 Gy according to Ma [20], 7.7 £1.1 Gy
according to Xie [21] and 7.4 £ 1.4 Gy according to Wang
[22],15.2+2.2 Gy according to Nobnop [24], 9.3+ 1.1 Gy
according to Zhang [26]. The low and medium doses
received by the heart were also significantly lower with
the VMAT technique than with the IMRT technique,
except for V, .. In our study, the volume of heart received
more than 2.5 Gy (lower dose) was increased by 8.80%,
whereas the value in VMAT was also clinically accept-
able. In addition, our NCTP values based on the rela-
tive seriality model further verified that the VMAT plans
provide better protection for the heart (0.34% vs 0.86%).
This result differs from those of Wang et al. [22], in which
the mean dose, Vs, Vi, Vy, and Vj, of the heart are the
highest for VMAT out of these techniques. For the ipsi-
lateral lung and whole-lung, both mean dose and vol-
ume received more than 5 Gy, 10 Gy, 20 Gy and 30 Gy
were lower in VMAT plans; only the differences in the V,
were not statistically significant. Although the V,. was
increased in VMAT plans, the risks of pulmonary toxic-
ity, SCCP and EAR were not increased. Compared with

previous studies of VMAT plans for PMRT patients [16—
24], the low-dose exposure volume of the ipsilateral lung
and heart were lower, and the values of the ipsilateral
lung and heart V; of VMAT plans were also lower, 46.1%
and 20.9%. These values were 83.0% and 70.2% accord-
ing to Popescu [16], 61.1% and 78.0% according to Zhang
[17], 53.91% and 61.52% according to Hu [19], 70.36%
and 42.33% according to Ma [20], 35.7% (whole lung) and
48.6% according to Xie [21] 48.9% and 25.5% according to
Wang [22] and. 43.5% (whole lung) and 66.9% according
to Zhang [26].

Except for acute and late radiation damage to the heart
and ipsilateral lung, the delivery of low-dose irradiation
to healthy tissue, especially to the contralateral breast
and lung, has been estimated to double the risk of subse-
quent malignancy, and this risk is enhanced with increas-
ing dose [27]. Based on our study, it was demonstrated
that VMAT would not significantly increase the dose
to the contralateral tissue compared with IMRT plans
(»<0.05), which is contradictory to the reports of Wang
et al. [22] and can be explained by differences in field set-
ups.The tangential fields were used in IMRT plans, allow-
ing full avoidance of the contralateral breast and lung. On
the other hand, with fully modulated multibeam IMRT
techniques, such as sever beam with gantry angles of
300°, 320°, 340°, 20°, 100°, 115° and 130°, a larger volume
of normal tissue is exposed to a ‘low-dose bath! How-
ever, there are potential advantages for special anatomi-
cal situations in the presence of proximity of the heart
to the inner side of the CW or when irradiation of the
internal mammary lymph-node chain is indicated. And
IMRT planning with two or four tangential photon beam
arrangements in PMRT patients can be challenging. As
reported by Zhang et al. [26], the CN of the target area
of the CW was only 0.51 in 2-tangent fields IMRT plans
and 0.68 in 4-tangent fields IMRT plans. In a dosimetric
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analysis of 85 patients using multi-fields (6—12 fields)
[13], the homogeneity and conformity were improved, in
which the HI and CI of PTV could reach 0.13 and 1.41.

These results show that VMAT is the optimal tech-
nique for all PMRT patients, especially considering the
complexity of the target and patient geometry. In our
study, to find the balance between the dose to the tar-
get area and normal tissue in VMAT plans, it is possible
to reduce the low-dose radiation to normal tissue while
the target coverage and conformality reach the level of
IMRT plans. We adopted the following in VMAT plan-
ning. (1) EUD parameters were used to control the dose
of OARs during optimization, the EUD has more advan-
tages in controlling the mean dose of OARs [39]. (2) Vir-
tual block was used to restrict the low-dose area, so the
MU of VMAT was small when the gantry angle was ver-
tical with the PTV of CW and IMN using virtual block,
it only improved the PTV distribution without increas-
ing the dose of OARs. (3) Optimization parameters were
set for target areas separately and additional optimization
parameters added to targets areas where it was difficult to
reach the prescribed dose. In the above ways, our VMAT
plans achieved the initial goal, the V5 of OARs was well
controlled, such as<50% in the ipsilateral lung, <25% in
the heart, <3% in the contralateral lung, <12% in the con-
tralateral breast and<25% in all normal tissues. These
results are similar to those of other groups planned with
tangent field IMRT [21, 26]. Lai et al. proposed [23] that
the low-dose regions could be further reduced by using
modified VMAT plans with the half-field technique and
flattening filter-free beams, which lower the dose to the
heart even lower than that in 3D-CRT. We will perform
further research on this topic in the future.

Another clinical advantage of the use of VMAT is
that it generally takes fewer MUs and improves the effi-
ciency of plan delivery, compared with IMRT plans. Our
results showed that the total MUs for VMAT plans were
decreased by an average of 31.5%, and the treatment time
was decreased by an average of 71.4%, compared with
that of IMRT, consistent with other studies [17, 18].

Finally, we acknowledge that the impact of respiratory
movement on the CW was not considered in this study,
which is the major drawback for this work. Deep inspira-
tion breath-hold (DIBH) during breast treatment radia-
tion had been demonstrated to not only eliminate the
effects of breathing, but also to reduce considerably the
dose to the heart [40—44]. For left breast-conserving sur-
gery without regional lymph node, Karpf [40] indicated
that the mean heart dose was 4.02 Gy in combination of
VMAT and DIBH. And Osman [41] showed the mean
heart dose was reduced from 5.8 Gy ( free breathing) to
4.1 Gy for radiation therapy including regional lymph
nodes. The lower mean heart dose (2.6 Gy) for including
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the internal mammary chain was achieved by Ranger
in 40 Gy/15 fractions [42]. Dumane [43] found that the
mean heart dose to the heart was reduced on average
by 2.9 Gy (8.2 to 5.3 Gy) with the addition of DIBH to
VMAT in breast cancer patients with implant recon-
struction receiving regional nodal irradiation. Thereby,
the German society of radiation oncology breast cancer
expert panel recommends the use of DIBH as the best
heart-sparing technique, and a combination of DIBH
and IMRT or VMAT may be used for IMN radiotherapy
[44]. Furthermore, the DIBH may also play an important
role in the robustness of the VMAT treatment delivery,
since it reduces the respiratory-induced movement of the
target. Therefore, further research is needed to address
these issues.

Conclusions

The VMAT and IMRT techniques were evaluated for
PMRT with the left-sided breast cancer patients in this
study. Our dosimetric analyses demonstrate that VMAT
plans confer advantages in terms of the PTV of CW dose
coverage and homogeneity, reduce the mean dose and
volumes both in the low- and medium-dose regions of
the lung and heart and decrease MU and treatment time,
as compared with IMRT plans. Based on estimated risks
for OARs, VMAT was the appropriate PMRT technique
for PMRT patients who are prone to developing radio-
genic side effects. Overall, the VMAT plan is superior to
the IMRT plan.
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