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Abstract
Background This study aimed to evaluate the dosimetric consequences of respiratory movement in
postmastectomy radiation therapy (PMRT) including internal mammary nodes (IMNs) between
volumetric modulated arc therapy (VMAT) and three-dimensional conformal radiation therapy (3D-CRT).

Methods An anthropomorphic phantom was used to mimic the chest anatomy of a patient who had
undergone mastectomy. Two types of absorbed dose measurements were adopted; a radiochromic �lm
was inserted into a gap between phantom slices at the level of the second IMN and three glass rod
dosimeters were placed at the �rst IMN (IM), chest wall (CW), and left anterior descending (LAD) artery.
Respiratory movements with amplitudes of 5 mm (R05) and 10 mm (R10) were simulated using a
dynamic platform combined with a motorized jack. To evaluate dose errors caused by respiratory
movement, the measured data in the presence and absence of respiratory movement were compared.

Results At IM, dose errors were − 2.8% (R05) and − 6.2% (R10) for 3D-CRT and − 4.9% (R05) and − 8.5%
(R10) for VMAT. The dose errors in CW were − 0.5% (R05) and − 6.0% (R10) for 3D-CRT and − 1.9% (R05)
and − 5.3% (R10) for VMAT. The LAD doses showed very small absolute values. According to �lm
measurements, dose errors of IMN were similar between 3D-CRT and VMAT, but the dose error of the lung
was higher in 3D-CRT. The gamma pass rates of VMAT (97% at R05; 88% at R10) were higher than those
of 3D-CRT (74% at R05; 59% at R10).

Conclusions If the patient maintained shallow to normal breathing, PMRT including IMNs could be
implemented with acceptable accuracy. In particular, it was possible to maintain the advantages of VMAT,
which enabled high-target coverage and normal organ protection.

Background
Radiation therapy (RT) after mastectomy plays an important role in the management of locally advanced
breast cancer. By reducing the risk of recurrence, postmastectomy RT (PMRT) offers an incremental
improvement in breast cancer mortality and overall survival (1–3). Moreover, since recent evidence
supported that PMRT in stage II breast cancer patients yielded improved locoregional control and 20-year
breast cancer survival, a signi�cant increase in the administration of PMRT has been reported (1, 4).
PMRT in these studies was delivered to the chest wall and lymphatic drainage regions, including the
axilla, supraclavicular fossa, and internal mammary nodes (IMNs). However, irradiation of IMN increases
radiation exposure to the heart, which is directly related to the development of ischemic heart disease (5,
6). One of the treatment planning techniques to reduce cardiac dose is volumetric modulated arc therapy
(VMAT). The VMAT involves continuous gantry rotation during the delivery of typically coplanar beams
with variable shapes and intensities in a single gantry rotation (7, 8). Compared to conventional intensity-
modulated RT (IMRT), the VMAT technique has been shown to signi�cantly improve sparing of the heart
and lungs while generating conformal and homogeneous dose distributions to the target in breast cancer
patients (9).
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Although it has been proven to be excellent in dosimetry, monitor unit, and treatment time, whether VMAT
will be implemented well in vivo as well needs further investigation. Obtaining adequate dose coverage of
the IMN is challenging owing to the continuous target movement in respiration. Moreover, the IMN is
surrounded by complex anatomical structures such as muscles, bones, and lungs in proximity. These
could cause signi�cant errors in the treatment dose delivery.

This study aimed to evaluate the dosimetric consequence of respiratory movements by simulating the
PMRT in the presence of respiratory movement. For this purpose, an anthropomorphic phantom and a
dynamic platform with a motorized jack were used. We focused on the comparison between conventional
three-dimensional conformal RT (3D-CRT) and VMAT.

Methods
Target de�nition and treatment planning

An anthropomorphic phantom (Alderson Radiation Therapy Phantom, RSD, CA) was used to mimic the
chest anatomy of a patient who had undergone mastectomy. The phantom was scanned with a 5 mm
slice thickness on computed tomography (LightSpeed RT 16, GE, USA). The planning target volume (PTV)
for the chest wall was delineated within the following six anatomical borders: (1) cranial: the caudal
border of the clavicle head; (2) Caudal: presumed inframammary fold; (3) anterior: 3 mm under the skin
surface; (4) posterior: rib-pleural interface; (5) lateral: mid-axillary line; and (6) medial sternal-rib junction.
The PTV for the IMN was also delineated within the following borders: (1) cranial: superior aspect of the
medial �rst rib and (2) caudal: cranial aspect of the fourth rib. A lateral thickness of 2 cm was applied to
the clinical target volume (CTV) for the IMN to encompass the IMN vessels.

We made two radiation treatment plans (RTP) using 3D-CRT and VMAT. As a comparable conventional
forward-planning technique, the 3D-CRT plan comprised two opposite tangential treatment �elds that
consisted of two segments each using an RTP platform (Eclipse™, Varian Medical Systems, CA). The
treatment dose was delivered using a linear accelerator (Clinac iX, Varian Medical Systems, CA).
Meanwhile, the VMAT was designed and subsequently optimized to minimize the de�ned cost functions
using a dedicated RTP platform (Monaco™, Elekta, Sweden). The treatment dose was delivered using a
linear accelerator (Versa HD, Elekta, Sweden). The detailed plan parameters are summarized in Table 1,
and the �eld geometries are described in Fig. 1.
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Table 1
Comparison of radiation treatment planning conditions

Technique 3D-CRT VMAT

RTP platform Eclipse (v8.6.23) Monaco (v5.11.02)

Calculation algorithm AAA (v8.9.17) XVMC

Prescription 50 Gy (25 fx) at 95% of CTV

X-ray energy 15 MV 6 MV

Gantry angle (MU) 128 (106), 308 (113) Half arc (844)

Machine Clinac iX, Varian Versa HD, Elekta

Experimental setup

A two-dimensional dynamic platform was fabricated by combining a motorized jack system (in-house)
and a commercial one-dimensional moving system (Model 008PL, CIRS, USA) to simulate the anterior-
posterior and superior-inferior respiratory movements, respectively. The lateral movement was ignored
because it was relatively small. Two-dimensional respiratory movement was successfully realized by
synchronizing the time periods between the two systems. The time period was �xed at 3 s. The overall
experimental setup is presented in Fig. 2. To evaluate the in�uence of the magnitude of respiratory
motion on the perturbation of dose distribution, the planned dose was repeatedly delivered three times
while the anthropomorphic phantom was reciprocating at �xed intervals of 0 mm (R00), 5 mm (R05), and
10 mm (R10) for 3D-CRT and VMAT. Using two orthogonal kV imaging �elds, the phantom was precisely
located at the central position prior to the reciprocating motion.

Measurements

Two types of absorbed dose measurements were adopted to evaluate the delivered dose values in this
study. First, a radiochromic �lm patch (EBT3, Ashland, USA) was inserted into a gap between two
consecutive phantom slices to measure the absorbed dose distribution covering the second internal
mammary chain and the neighboring chest wall (CW) area. The �lm measurement results were visualized
and analyzed using the gamma evaluation method with the criteria of 3% dose and 3 mm distance (10).
The minimum dose threshold for gamma evaluation was 10%. In addition, we set two square regions of
interest at the IMN (DIMN) in the PTV and lung (Dlung) near the PTV, as shown in Fig. 4a and Fig. 4b,
respectively. The average doses of DIMN and Dlung were acquired for the evaluation of target and organ at
risk (OAR) doses.

Second, three glass rod dosimeters (GRDs) (GD-302M, Asahi Techno glass, Japan) were placed to
measure the delivered point doses—one at the �rst internal mammary chain (IM), one at the CW, and one
at the left anterior descending artery (LAD). Both the IM and CW points were located inside the PTV, and
the CW was also laid at the center of the presumed pectoralis muscle above the ribs. The LAD was
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located at the apex of the left ventricle. To avoid the measurement error caused by the inter-element
deviation, the same GRD element was repeatedly used for the same position in the phantom during three
irradiation rounds with three different reciprocating intervals. All GRD elements were scanned �ve times,
and the averaged values were adopted.

Because this study focused on the impact of respiratory motion on the absorbed dose error, both �lm and
GRD measurements under R05 and R10 conditions were compared with those under the R00 condition.

Results
All measured data in IM, CW, and LAD using GRDs, and DIMN and Dlung using �lms are tabulated in
Table 2, and the GRD readings are plotted in Fig. 3. The �lm measurements and gamma analysis are
presented in Fig. 4.

Target dose

All measured point doses of IM inside the PTV were less than the corresponding planned doses. The error
of the measured point doses for 3D-CRT was − 2.8% and − 6.2% for R05 and R10, respectively, and those
for VMAT were − 4.9% and − 8.5%, respectively. The average dose error caused by respiratory movement
in VMAT was larger than that of 3D-CRT by a factor of 1.4. In both 3D-CRT and VMAT, the dose error
increased by a factor of 2.2 and 1.7, respectively, as the respiratory movement was doubled from R05 to
R10. In the case of DIMN, a similar trend of dose difference was observed between R05 and R10, but the
difference between 3D-CRT and VMAT was negligible, as shown in Table 2.
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Table 2
Absorbed point dose values measured using GRD elements

Site 3D-CRT VMAT

R00 R05 R10 R00 R05 R10

Dose Dose Error Dose Error Dose Dose Error Dose Error

GRD (point dose)

IM 1.78 1.73 -2.8% 1.67 -6.2% 2.24 2.13 -4.9% 2.05 -8.5%

CW 2.01 2.00 -0.5% 1.89 -6.0% 2.09 2.05 -1.9% 1.98 -5.3%

LAD 0.10 0.10 0.0% 0.11 10.0% 0.75 0.57 -24.0% 0.86 14.7%

Film (averaged dose)

DIMN 1.98 1.93 -2.5% 1.90 -4.0% 2.04 1.98 -2.9% 1.96 -3.9%

Dlung 1.88 1.82 -3.2% 1.82 -3.2% 0.75 0.75 0.0% 0.76 1.3%

* All dose values are expressed in Gy.

* All errors were calculated as deviations relative to the R00 doses.

All measured point doses of CW were also less than the corresponding planned doses. The error of the
measured point doses for 3D-CRT was − 0.5% and − 6.0% for R05 and R10, respectively, and those for
VMAT were − 1.9% and − 5.3%, respectively. Under the R05 condition, the CW dose error of VMAT was
much higher than that of 3D-CRT by a factor of 3.8. However, the dose error of 3D-CRT became slightly
higher under the R10 condition. In both 3D-CRT and VMAT, the CW dose error signi�cantly increased as
the respiratory movement became larger, as shown in Fig. 3b.

In the gamma evaluation of measured �lm patches covering both IMN and CW, gamma pass rates of 3D-
CRT were 73.8% (R05) and 58.8% (R10) and the gamma failing points (see red points shown in Figs. 4c
and 4e) tended to be evenly distributed within the beam path. The gamma failing points of VMAT were
concentrated in several areas that have irregular dose distributions, as shown in Figs. 4d and 4 f. The
gamma pass rates of VMAT were 97.0% (R05) and 87.5% (R10). In both 3D-CRT and VMAT, gamma pass
rates decreased as respiratory movements increased. The overall gamma pass rates are plotted in Fig. 5.

OAR dose

At Dlung, the dose errors of 3D-CRT were 3.2% at both R05 and R10 conditions, and VMAT showed no
dose error at R05 and 1.3% at R10. The dose error of 3D-CRT was higher than that of VMAT in both R05
and R10, as shown in Table 2. The measured dose value of 3D-CRT under the R00 condition as a
reference dose was very small (~ 0.1 Gy) at LAD because the measured position was far from the
treatment beam path; therefore, the analysis of this dose error was not signi�cant. In the case of VMAT,
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the reference dose was 0.75 Gy and the dose errors were − 24.0% and 14.7% for the R05 and R10
conditions, respectively.

Discussion
Li et al. reported that the maximum point dose error due to respiration in intensity-modulated RT (IMRT)
was estimated to be up to 6.2% based on RT plans, assuming a patient breathing cycle of 8 seconds (11).
In our results, for IM, dose errors due to respiration in 3D-CRT were 2.8% and 6.2% for R05 and R10,
respectively, while those in VMAT were slightly larger, 4.9% and 8.5%, respectively. For CW, they were − 
0.5% and − 6.0% in 3D-CRT for R05 and R10, respectively, and those in VMAT were − 1.9% and − 5.3%,
respectively. Therefore, it could be assumed that the experimental design with the anthropomorphic
phantom used in this study re�ected the clinical situation to some extent.

Currently, elective regional nodal irradiation after mastectomy for breast cancer has been used
increasingly, based on the two large randomized clinical trials. The �rst trail, the European Organization
for Research and Treatment of Cancer 22922/10925, showed a signi�cant reduction in breast cancer
mortality and breast cancer recurrence by IMN and medial supraclavicular lymph node irradiation in stage
I–III breast cancer (12). The second trial, the NCIC Clinical Trials Group MA.20 study, showed that the
addition of regional nodal irradiation to the whole-breast irradiation in patients with node-positive or high-
risk node-negative breast cancer reduced the recurrence rate of breast cancer (3). In a population-based
cohort study from the Danish Breast Cancer Cooperative Group, RT to IMN showed an increase in overall
survival in patients with early stage node-positive breast cancer (13). To take the advantage of elective
nodal irradiation after mastectomy in breast cancer, precise lesion targeting and avoidance of normal
tissue irradiation are important. In a systematic review of radiation dosimetry of 13,000 women in 14
trials by the Early Breast Cancer Trialists Collaborative Group, nodal RT showed reduced breast cancer
recurrence, breast cancer mortality, and overall mortality. However, the bene�t was only achieved when
the target nodal dose was > 85% and the mean heart dose was lower than 8 Gy (14).

One way to improve the coverage of CTV is using arc-therapy techniques such as VMAT. Previous dose-
comparison studies showed that arc-therapy offered improved coverage of CTV compared to that of �eld-
based RT (15, 16). However, in case of postmastectomy radiation, it has not been proven whether the
bene�t of VMAT would be achieved because the width of CW after mastectomy may be very narrow and
respiratory movement existed. In our study, for example, the mean dose error of both IM and CW
increased by a factor of 7.1 and 2.3 in 3D-CRT and VMAT, respectively, as the respiratory amplitude was
doubled. However, the absolute value of the dose error of VMAT was higher than that of 3D-CRT in all
cases. In addition, the dose errors of both 3D-CRT and VMAT were less than 5% under the shallow
breathing of R05.

Meanwhile, from the viewpoint of overall dose errors due to breathing, dose distributions of VMAT were
more accurate and robust than those of 3D-CRT in both R05 and R10, as shown in Fig. 4. A relatively high
gamma passing rate of VMAT may be expected, since the VMAT could paint the prescribed dose evenly
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on the target while suppressing the absorbed dose to the surroundings by precise beam modulation,
whereas the dose distribution of 3D-CRT was only dependent on the beam characteristics of the percent
depth dose. However, it should be noted that dose errors could be concentrated on the spot, such as nodal
lesions where the beam modulation is highly applied, as shown in Fig. 4f, when the respiratory movement
is enlarged. Therefore, it is important to keep the patient’s breathing shallow during VMAT.

Pedersen et al. reviewed 16 CT scans of adjuvant RT plans for breast cancer and found that the mean
chest wall excursion at the position of the xiphoid process was 2.5 mm (range: 1–4 mm) during free-
breathing (17). Lowanichkiattikul et al. also reported the respiratory movement of CW using data from 38
patients. They placed radio-opaque markers at four anatomical landmark points and checked the width
of maximal CW movement. Although the respiratory movement of CW in the anterior-posterior direction
was the largest among the three directions in general, the movement only ranged from 4.2. to 5.4 mm at
all points (18). Thus, we expected that the R05 condition would be generally achievable by patients and
that VMAT could be implemented with su�cient accuracy.

The Dlung value of VMAT was only 39.9% of that of 3D-CRT, as expected, and we also noted that the
difference in dose errors between R05 and R10 was negligible in both 3D-CRT and VMAT, as shown in
Fig. 6. In VMAT, the effect of respiratory movement on the surrounding doses seems to be limited
because VMAT intends to suppress the surrounding dose. However, in the case of 3D-CRT, various
planning conditions such as beam geometry and patient anatomy should also be examined.

For LAD, all measured dose values were very low because the point was far from the PTV; hence, the dose
errors caused by respiratory movement were not signi�cant. However, we noted that the measured LAD
dose of VMAT was higher than that of 3D-CRT by a factor of 7.5. Therefore, in spite of the prominent
target coverage of VMAT, planned doses of organs at risk should be carefully monitored (16). According
to a systematic review of heart doses for breast RTs published between 2003 and 2013, the mean heart
dose was 4.2 Gy when no IMN was included, but it increased to 8 Gy with IMN (19).

For sparing the heart and eliminating the effect of respiratory movement during left breast RT, the deep
inspiration breath-hold (DIBH) technique could be combined with VMAT. Nissen et al. reported that the
mean heart dose was reduced by 48% (from 5.2 Gy to 2.7 Gy) using both DIBH and IMRT (20). Hayden et
al. also reported that the DIBH showed a signi�cant reduction in heart and LAD doses in IMRT compared
to free breathing technique (21). Although the DIBH is optimal to avoid the dose error caused by
respiratory movement, it could not be available in a variety of situations, such as long treatment time or in
certain patient’s clinical conditions. The overall dosimetric impact caused by respiratory movement
seemed to be relatively small in VMAT according to gamma evaluation results, as shown in Fig. 4. The
gamma pass rate of VMAT under the R10 condition was even higher than that of 3D-CRT under the R05
condition. In particular, the gamma pass rate of VMAT reached 97.0% under R05 conditions. Therefore,
we expect that the su�cient accuracy of VMAT could be maintained if the patient maintained shallow
breathing during the treatment. Nevertheless, it may be necessary to evaluate PTV coverage in the case of
complex target shapes owing to the concerns about possible underdose delivery.
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This study has three limitations that come from our phantom-based experimental design. First, although
the exact respiratory movement should be simulated using three-dimensional movements, we ignored the
medial-lateral (M-L) movement due to the limitation of our experimental apparatus. It was also
considered that the M-L movement was the smallest among the three-dimensional breathing motions
(22). Second, although the anatomical geometry of the chest wall may be highly dependent on the
individual patient, the analysis of dose errors implemented in this study was only based on the given
anthropomorphic phantom. Nevertheless, we expected that our study could provide an overview of the
dosimetric impact of respiratory movement on 3D-CRT and VMAT techniques, respectively. Third, we
evaluated the relationship between respiratory movement and the corresponding dose errors measured
from single fractionation. The dose errors arising from all the fractionations could be partially summed
up or canceled out. The quality assurance of dose per fractionation is still important.

Conclusions
If the patient maintained shallow to normal breathing, PMRT including IMNs could be implemented with
acceptable accuracy. In particular, it was possible to maintain the advantages of VMAT, which enabled
high-target coverage and OAR protection.
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PMRT post-mastectomy radiation therapy

IMN     internal mammary node
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VMAT volumetric modulated arc therapy

3D-CRT three-dimensional conformal radiation therapy

CW      chest wall

LAD,    left anterior descending

RT       Radiation therapy

PTV     planning target volume

RTP     radiation treatment plans

OAR    organ at risk

GRD    glass rod dosimeters

IMRT   intensity-modulated RT

DIBH   deep inspiration breath-hold

M-L     medial-lateral

Figures

Figure 1
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Field geometry of (a) 3D-CRT and (b) VMAT plans. The �lm patches were laid on a white dotted area for
the measurement of dose distribution. 3D-CRT, three-dimensional conformal radiation therapy; VMAT,
volumetric modulated arc therapy

Figure 2

The experimental setup of the two-dimensional dynamic platform

Figure 3
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Absorbed dose errors with respect to the respiration amplitude and dose delivery techniques in (a) internal
mammary nodes, (b) chest wall, and (c) left anterior descending artery. All errors are presented as
absolute values.

Figure 4

Measured dose distributions (multiplied by 25 fractionations) using �lm patches (a) 3D-CRT and (b)
VMAT under R00 condition, and gamma evaluation results of 3D-CRT (c, e) and VMAT (d, f) under R05
and R10 conditions, respectively. DIMN and Dlung (dotted white squares) indicate the location of the IMN
(inside the PTV) and lung (outside the PTV), respectively.
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Figure 5

Gamma passing rates with respect of respiratory movements and treatment techniques

Figure 6

Comparison of the averaged dose values between 3D-CRT and VMAT in the lungs


