
Abstract. Background/Aim: To evaluate the robustness of
radiotherapy treatment planning optimization for respiratory-
moving breast cancer using fixed-angle beams planning
TomoDirect™ intensity-modulated radiotherapy (IMRT).
Materials and Methods: A minimax optimisation algorithm
was applied to 10 breast cancer patients. Two sets of
treatment plans with or without robust techniques were
prepared considering anterior-posterior and head-tail
movements due to respiration. Parameters were compared
between treatment plans: 95% planned target volume (PTV)
dose, conformal index and homogeneity index (HI), and
organs at risk (OAR) parameters including the lung volume
receiving 20 Gy or more (V20) and 5 Gy (V5). Results:
Robust planning significantly improved parameters of 95%
PTV dose and HI, without deteriorating V20 or V5 in the
anterior-posterior movement, while it slightly improved 95%
PTV and slightly deteriorated V20 in the head-tail movement.
Conclusion: Robust treatment planning improves coverage of
targets moving because of respiration in the treatment of
breast cancer using TomoDirect; however, normal lung doses
should be cautiously evaluated on a case-by-case basis.

Helical intensity-modulated RT (IMRT), Radixact™ (Accuray
Co. Ltd, Sunnyvale, CA, USA), provides radiation beams
from any angle during gantry rotation with concomitant
movements of multi-leaf collimators and a treatment couch
(1). This is beneficial for the treatment of irregular-shaped

targets because the angle of the beam can be changed
according to the head-tail coordinates, unlike several radiation
ports that are used in standard linear accelerators. In addition,
TomoDirect™, consisting of non-rotational fixed beams, can
be employed with Radixact, based on treatment planning. In
this study, because of the target shape, we used TomoDirect™,
which allows seamless dose distributions, regardless of the
target shape or size. 

Radixact™ continuously releases radiation during respiratory
movement. When target volumes or organs at risk (OARs) move
due to respiration, the administered doses are actually different
from the planned ones (2). Recently, a software enabling the
creation of a robust plan using minimax optimisation methods
(3) has been implemented in the treatment planning machine
(RayStation, RaySearch Lab, Stockholm, Sweden) (4). The
minimax method optimises the worst-case scenario; it does not
minimise the worst of all possible scenarios, but minimize them
within some interval. The minimax optimisation methods can
provide robust target coverage in addition to satisfying several
constraints in each clinically relevant scenario (5). The target
volume of breast cancer, which moves according to respiration,
is relatively large and is close to the lung, also a critical organ.
To investigate the effectiveness of robust planning during
respiratory movements with TomoDirect™ IMRT, we explored
the robustness of treatment planning while dealing with
irregular-shaped large breast cancer targets (6). 

Materials and Methods

The appropriate institutional review board approved the study
(approval number: TGE01575-024). Written informed consent was
obtained from all the patients. Helical IMRT Radixact has a 6
megavolt (MV) linear accelerator, apertures, a set of multi-leaf
collimators, and an MV imager at the opposite side in a CT shaped
gantry (6). The piled collimators are made up of 64 collimators,
each of which is 5 cm long in the head-tail direction and 6.25 mm
wide. They independently repeat on and off actions at a very high
speed during gantry rotation according to IMRT planning. While
treating breast cancer, instead of the conventional rotational beams,

2655

This article is freely accessible online.

Correspondence to: Hideyuki Hongo, MSc, Department of Radiation
Oncology, Shonan Kamakura General Hospital, 1370-1 Okamoto,
Kamakura, Kanagawa 247-8533, Japan. Tel: +81 9080232000,
e-mail: hongo7777777@gmail.com

Key Words: Breast cancer, intensity-modulated radiotherapy, robust
treatment planning.

in vivo 35: 2655-2659 (2021)
doi:10.21873/invivo.12548

Robust Treatment Planning in Intrafraction Motion 
Using TomoDirect™ Intensity-modulated 
Radiotherapy for Breast Cancer 

HIDEYUKI HONGO1,2, KOICHI TOKUUE1, TAKEJI SAKAE3, MISATO MASE1 and MOTOKO OMURA1

1Department of Radiation Oncology, Shonan Kamakura General Hospital, Kanagawa, Japan; 
2Graduate School of Comprehensive Human Sciences, University of Tsukuba, Tsukuba, Japan;

3Proton Medical Research Center, Tsukuba, Japan 



we used TomoDirect™ planning to reduce the dose on the lungs
based on previous studies (7). 

The system requires megavolt computed tomography (MVCT)
examination around the planned target volume (PTV) to adjust the
positioning to that of the original treatment plan before every
session. The set-up errors in the therapy are then minimised.
Regarding the uncertainties due to respiratory movements, no
adjustment tools are available. Hence, we hypothesised the
physiology of respiration involving two driving forces, chest wall
movement and diaphragmatic movement. Both movements were
simulated from the planning CT by deformable registration of the
installed software (8). 

To estimate the uncertainty due to respiration, the robustness of
planning was investigated. Breast cancer is the most common cancer
in women and the incidence of this disease is on the rise. Whole
breast Radiation Therapy (RT) is demonstrated to reduce recurrence
risk and eventually decrease death rates (4). However, RT affects a
wide area close to the moving target of the lungs; therefore, to
investigate RT for breast cancer is a good way to measure the
effectiveness of helical IMRT. To assess the method, 10 consecutive
patients with stage I or II breast cancer were enrolled (9). The
patients received whole breast RT following partial tumour resection
with or without sentinel lymph node resection. The characteristics

of the patients are summarised in Table I. In the 10 patients, the
clinical target volume was determined to be the whole breast. It was
delineated by two radiation oncologists, one of whom delineated the
target and the other approved it. As the breast is located within a
wide area and adjacent to the lungs, a considerable high treatment
volume is necessary (10). 

In the treatment planning, a prescribed dose of 50 Gy in 25
fractions or 42.56 Gy in 16 fractions was set to cover 50% of PTV,
and 95% of PVT (95% PTV) was desired for more than 95% of the
prescribed dose. The dose distribution and dose-volume histograms
(DVHs) were created to mathematically evaluate the effectiveness of
several sets of treatment planning. Next, several tumour parameters
such as 95% PTV, conformal index (CI), and homogeneity index (HI)
were calculated from DVHs as follows: the 95% isodose area was
calculated as a reference isodose volume (RIV), and the CI was
determined to be the RIV divided by PTV (10). Similarly, the HI was
defined to be a maximal dose in the PTV divided by the reference of
the prescribed dose. Factors related to OARs, such as percentage lung
volume of ≥20 Gy (V20) and ≥5 Gy (V5), were calculated. To
evaluate the treatment planning, parameters associated with the
tumour, such as 95% PTV, CI, and HI, and those associated with
OARs, such as V20 and V5, were used. The treatment parameters
used in the actual treatment are shown in Table II. 
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Table I. Patient characteristics. 

Case Age Path pT stage N stage Location Resection Total dose Fraction dose

1 57 IDC T1b 0 C Bp                       42.56                       2.66
2 80 IDC T1c 1a B Bp+SNB                  42.56                       2.66
3 56 IDC T1b 0 D Bp                       50                            2
4 51 IDC T1c 0 AC Bp+SNB                  42.56                       2.66
5 77 IDC T1c 0 D Bp+SNB                  50                            2
6 46 IDC T1c 0 C Bp+SNB                  42.56                       2.66
7 49 IDC T1b 0 CD Bp+SNB                  42.56                       2.66
8 64 IDC T2 0 A Bp+SNB                  42.56                       2.66
9 66 DCIS Tis 0 C Bp+SNB                  42.56                       2.66
10 70 DCIS Tis 0 D Bp                       50                            2

IDC: Invasive ductal carcinoma; DCIS: ductal carcinoma in situ; Bp: partial mastectomy; Bp+SNB: partial mastectomy+sentinel node biopsy.

Table II. Tumour characteristics and planning parameters.

Case CTV (ml) PTV (ml) 50% PTV (Gy) 95% PTV (Gy) CI HI V20 (%) V5 (%)

1                           410.0                  529.2 50                              48.3 0.94                     0.76 10.9 30.4
2                           368.7                  470.7 50                              47.1 0.78                     0.91 16.1 34.8
3                           925.1                1079.0 50                              47.2 0.69                     0.92 8.1 26.7
4                             99.6                  188.3 50                              47.5 0.60                     0.91 13.1 27.7
5                           546.6                  660.6 50                              48.3 0.58                     0.94 12.3 26.0
6                           252.4                  365.3 50                              46.4 0.67                     0.86 15.1 35.7
7                           315.0                  446.7 50                              46.9 0.67                     0.91 11.7 30.4
8                           350.4                  469.7 50                              46.8 0.82                     0.89 10.1 23.0
9                           252.5                  358.7 50                              45.1 0.77                     0.81 10.6 29.3
10                         323.1                  432.1 50                              46.6 0.71                     0.88 10.5 23.9
Mean                   384.3                  500.0 50                              47.0 0.72                     0.88 11.9 28.8

CTV: Clinical target volume; CI: conformal index; HI: homogeneity index; PTV: planned target volume; the lung volume receiving 20 Gy (V20) (V5).



Respiratory movements during breast cancer treatment occur
mainly in the anterior-posterior and head-tail directions (11). The
respiratory motion was simulated using biomechanical deformable
registration tools (RayStation) based on a model mesh deformable
image registration algorithm. In this method, the boundary
conditions were derived from the model-based segmentation point-
point surface correspondence. This method was previously validated
by clinical data from a large cohort (8). We calculated the dose
distributions when the chest wall moved up by 1.5 cm in the
anterior-posterior direction and the diaphragm moved in the head-
tail direction due to respiration. Then, calculation was performed
using the robustness software (minimax optimisation software)
under the same conditions. The plans were finally compared with
each other in terms of 95% PTV, CI, and HI as tumour factors and
V20 and V5 as OAR factors.

The paired t-test was used to compare the factors, and a p-value
≤0.05 was considered statistically significant. All analyses were
performed using STATA (STATA ver.16.0, StataCorp, TX, USA). 

Results

The 10 patients included in the study were successfully
treated following the original planning and showed no
treatment-related toxicities during follow-up. The tumour
factors of PTV coverage, HI and CI, and organ at risk
(OAR) factors of V20 and V5 in the planning were within

the acceptable range (Table II). When the chest wall was
simulated to move in the anterior-posterior direction, the
robust plan improved the tumour-associated parameters of
95% PTV (40.2-45.5 Gy) and homogeneity index (HI)
(0.74-0.86) compared to those following the non-robust plan
(p=0.0004 and p=0.0002, respectively). However, the OAR-
associated parameters of V20 and V5 were unchanged
(Table III). When the diaphragm was simulated to move in
the head-tail direction, the result of the robust plan was
slightly better than that of the non-robust plans in terms of
95% PTV (46.1-47.3 Gy), whereas it was slightly worse in
terms of V20 (10.7-12.4). The effects of robust planning
were different for the anterior-posterior and head-tail
respiratory movements.

Discussion
In this study, robust planning significantly improved the
tumour-associated parameters of 95% PTV and HI, while it
did not change the OAR parameters of V20 and V5 due to
chest wall movement in the anterior-posterior direction. As
for the diaphragm movement in the head-tail direction, 95%
PTV slightly improved, while D20 slightly deteriorated. As
respiration consists of chest wall movement and diaphragm
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Table III. Comparison of robustness plan dose and non-robustness plan dose.

Chest wall movement (anterior-posterior direction)

Mean Confidence interval

   Robustness plans Non-robustness plans Differences Lower Upper p-Value

Tumour factors
   95% PTV 45.5 40.2 5.3 44.5 46.5 0.0002
   CI 0.25 0.35 –0.10 0.19 0.31 1.00
   HI 0.86 0.74 0.12 0.81 0.92 0.0004
OAR factors
   V20 21.5 23.1 –1.7 18.7 24.1 0.97
   V5 37.7 36.9 0.8 32.7 42.7 0.30

Diaphragm movement (head-tail direction)

Mean Confidence interval

   Robustness plans Non-robustness plans Differences Lower Upper p-Value

Tumour factors
   95% PTV 47.3 46.1 1.2 46.8 47.8 0.0025
   CI 0.66 0.71 –0.06 0.57 0.74 0.99
   HI 0.87 0.88 –0.01 0.82 0.92 0.73
OAR factors
   V20 12.4 10.7 1.6 10.4 14.3 0.01
   V5 28.4 28.4 28.0 22.0 34.9 0.19

CI: Conformal index; HI: homogeneity index; OAR: organs at risk; PTV: planned target volume.



movement, the former contributes to the anterior-posterior
movement and the latter to the head-tail movement. In the
simulation study, the anterior-posterior movement appears
to have a bigger effect on reducing the coverage of the
target, than that in the head-tail direction. Therefore,
immobilisation should be performed to minimise
movements in the anterior-posterior direction when the
target of treatment is the breast. Hence, training patients in
abdominal respiration is recommended during treatment to
reduce the chest wall movement.

A major concern for radiotherapy, especially sophisticated
radiotherapy such as IMRT, has been how to make robust
treatment planning. Although helical IMRT is an ideal
concept that makes whole-body IMRT possible, no
equipment is available to control respiratory movement.
Thus, we investigated whether robust treatment planning can
assist to improve tumour coverage without increasing OAR
irradiation exposure. In this study, the robust treatment
planning improved the dose distributions when the chest wall
moved in the anterior-posterior direction. 

Breast cancer is the most common cancer in women
according to the National Cancer registry in Japan in 2017,
and the fifth most common cause of cancer-related deaths in
2018. In the treatment of breast cancer, RT plays an
important role in reducing the recurrent risk and eventually
prolongs survival (9). Several studies, including randomised
clinical studies and meta-analyses, have shown that RT is the
standard treatment modality after breast-conserving therapy
and mastectomy (12). The main target volume of breast
cancer is the entire breast, which is close to the lungs and
moves within a wide area due to respiration. 

In the treatment of breast cancer, several methods, such as
field-in-field technique (13, 14) and IMRT (15), are used to
provide homogenous radiation dose to target tissues. Helical
IMRT is a rotational IMRT dedicated machine that is
available for whole-body IMRT. The combination of gantry
rotations and simultaneous treatment couch movements
realise seamless IMRT dose distributions for relatively large
tumours. In this study, we used TomoDirect™ planning,
which provides seamless dose distributions, to reduce the
dose delivered to the lungs (7). This machine does not
require joints between treatment volumes, which often makes
hot and/or cold spots in the radiation volumes, causing
complications and/or recurrences (16). 

In the treatment of helical IMRT, MVCT was employed
to ensure negligible set-up errors before every treatment
session, so set-up errors are considered to be minimal. In
contrast, it has no mechanism to avoid the effect of
respiratory movements. Respiratory movement is the main
cause for the differences between actual treatment and
planning. For these reasons, we attempted to reduce the
effects of respiratory movement, which is a potential
problem that needs to be addressed. 

The quality of RT actually depends on concentrating the
radiation to the target. RT planning is basically designed to
provide an adequate dose to the target so as to avoid excess
radiations to OARs or other unnecessary radiation exposure
to non-OAR tissues. Robustness focuses on the uncertainties
between the planned and actual dose distributions (4). In the
era of IMRT, dose distributions are significantly improved
using inverse planning methods that comprise the summation
of many small beams arranged by specially programmed
computers. This type of therapy does not account for internal
movement of the body through respiration(intrafraction)
uncertainties such as respiratory movements. Therefore, we
devised a simplified respiration model to investigate the
effects of robust planning. 

The limitation of this study is that the deformable
registration image, which is deformed according to the
surrounding structures, was used instead of 4D-CT, although
respiratory movement is sometimes complicated. If
deformable images are replaced by actual 4D images, more
reliable data could be generated. Since TomoDirect™ IMRT
has no mechanism to eliminate respiratory movement, robust
planning of RT will be increasing important. The mechanism
of TomoDirect™ IMRT is different from that of standard
treatment machines; thus, the influences of set-up errors and
respiratory movements are different. Further investigation is
warranted for the treatment of patients with moving targets,
using TomoDirect™ IMRT (15, 16).

In conclusion, robust planning using TomoDirect™ IMRT
for breast cancer (17) may be useful to deliver adequate
target doses while avoiding unnecessary radiation exposure
to the surrounding healthy tissues.
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