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Introduction

Radiation therapy (RT) in deep inspiration 
breath-hold (DIBH) is recommended for almost all 
left-sided breast cancer patients due to improved 
lung- and heart-sparing compared to free breath-
ing (FB) [1, 2]. In a recent study, also patients with 
right-sided locoregional breast cancer benefitted 
from the use of DIBH due to decreased doses to 
the lung and liver [3]. In DIBH, it is essential that 
the breath-hold level (BHL) is repeated accurately 

to achieve optimal reduction in the heart dose [4]. 
It is possible that external surrogates, such as mark-
er box with Real-Time Position Management 
(RPM™), guide the BHL to small systematic errors, 
and the BHL should be corrected at the beginning 
of the treatment when necessary [5]. There are var-
ious ways to accurately evaluate the actual BHL, 
such as measuring the distance between the spine 
and sternum [6, 7], the position of the diaphragm 
[8], or central lung distance (CLD) in relation to 
the treatment field [9]. 
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Background: In locoregional radiotherapy of breast cancer with deep inspiration breath hold (DIBH), setup accuracy may de-
pend on hospital protocol. At present, comparison between different positioning devices is challenging due to differing hos-
pital protocols. The aim of this study was to evaluate the setup accuracy obtained with surface-guided radiation therapy 
(SGRT; AlignRT®, Catalyst™) or with lasers and real-time position management (RPM™) in DIBH.

Materials and methods: A total of 1692 image pairs were analyzed in three groups: positioning using AlignRT® surface guid-
ance system (Group A, n = 45), Catalyst™ (Group C, n = 50) and conventional lasers and tattoos (Group L, n = 46). We evaluated 
residual errors for the bony chest wall, th1 and humeral head in kV images with laser- or SGRT-based setup with and without 
daily image-guided radiation therapy (IGRT). 
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With SGRT only, the smallest random rotation error was found in Group A (p = 0.01). With daily IGRT, only a small difference 
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The common matching location in orthogo-
nal images is a compromise between the sternum 
and ribs for optimal accuracy of the ribs in tangen-
tial image. In conventional tangential field arrange-
ment, the soft tissue must be inside the treatment 
field; and in modulated treatments, the position of 
the soft tissue is emphasized [10]. To achieve good 
accuracy in both the chest wall and soft tissue, sur-
face guided RT (SGRT) is a good tool [11].

Radiotherapy in DIBH of both patients follow-
ing mastectomy and patients with whole breast with 
locoregional lymph node irradiation is more com-
plex than standard whole breast (WB) RT with tan-
gential fields, with increased accuracy requirements 
for the bony structures, such as the humeral head 
or th1 [12]. In the literature, significant movement 
of the axillary lymph node levels has been observed 
during DIBH [13]. In addition, the image match-
ing based on the chest wall may not be optimal for 
lymph nodes if the bony structures in the cranial 
parts of PTV are misaligned. Therefore, added with 
large daily isocenter variation (up to 4.4 mm), daily 
IGRT is recommended in locoregional radiothera-
py of breast cancer with laser setup and RPM™ [7].

The advantage of SGRT setup over laser setup is 
that SGRT utilizes thousands of points on the pa-
tient’s body for monitoring, while conventional tat-
too-based setup relies typically on three or four tat-
toos. Therefore more accurate patient positioning 
and intrafractional monitoring is possible with 
SGRT than with lasers [14]. With both AlignRT® 
and Catalyst™, the shoulder area is visible on the ref-
erence surface and the arm can be positioned in 
a live view. With SGRT, the initial patient setup 
is performed with FB surfaces. After this, Align-
RT® and Catalyst™ have different methods to guide 
the patient to a correct BHL and isocenter. Catalyst™ 
relies on a BHL window with an individual vertical 
distance from the breathing baseline, similarly to 
RPM™, and a new BH surface is created for each frac-
tion. In AlignRT®, the BH window is a 6D BH refer-
ence surface relative to isocenter, and the CT-based 
surface can be used on multiple fractions; or a new 
surface can be created for single or multiple frac-
tions. Small automatic isocenter and rotation cor-
rections can be done during BH with AlignRT®.  
In phantom studies, both SGRT-systems represent 
sub-millimeter accuracy [15, 16]. 

In recent years, it has been reported that with 
SGRT, the accuracy of positioning is comparable or 

improved when compared to laser-based setup in 
both FB [11, 17, 18] and DIBH [19, 20]. Howev-
er, the setup accuracy of patients with locoregional 
radiotherapy of breast cancer is not yet widely re-
ported with SGRT. Based on Crop et al., time-con-
suming imaging increased the total treatment 
time and finally SGRT offers similar accuracy for 
the rigid residual errors (translation and rotations) 
compared to CBCT based setup in lymph node 
positive breast TomoTherapy treatments [21]. Re-
cently, DIBH has been shown to be accurate and re-
liable using AlignRT [22, 23]. However, daily IGRT 
is recommended [22, 24].

The aim of this study was to evaluate the setup 
accuracy and the influence of daily IGRT on the ac-
curacy of locoregional radiotherapy of breast can-
cer DIBH with either SGRT (AlignRT®, Catalyst™) 
or lasers and RPM™. The setup errors in isocenter 
and patient posture were measured using orthog-
onal and tangential kV-images, with SGRT/laser 
setup together with daily IGRT and with SGRT or 
laser setup only. 

Materials and methods

Patient selection and treatment planning 
The study consisted of 141 consecutive breast 

cancer patients treated with regional nodes irra-
diation [80 whole breast + lymph nodes (WBLN) 
and 61 patients following mastectomy (M)] receiv-
ing RT in DIBH following breast surgery. The imag-
es were analyzed retrospectively, and a permission 
for data collection was obtained from the hospital 
ethics committee.  46 patients (Group L, mean pa-
tient age 59 years, n = 26 WBLN, 20 M) were treat-
ed using conventional laser-based setup, 45 patients 
(Group A, mean age 60, n = 25 WBLN, 20 M) using 
AlignRT® and 50 patients (Group C, mean age 57, 
n = 29 WBLN, 21 M) using Catalyst™. Indexed Sa-
bella Flex Positioning System (CDR Systems, Can-
ada) with a 10° tilt and with a buttock stopper was 
used for patient immobilization (Fig. 1). Both arms 
were lifted above the head. 

Treatment planning was done with computed 
tomography (CT) imaging using Philips Brilliance 
Big Bore (Philips Medical Systems, Eindhoven, 
The Netherlands) scanner with 120 kVp and slice 
thickness of 3 mm. All patients were visually guid-
ed at the CT with RPM™ (Varian Medical Systems, 
Palo Alto, CA) with 3 mm BHL window. CT was 
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imaged in BH, no FB scan was acquired. The body 
outlines were created automatically in the Eclipse 
treatment planning system (TPS) (Varian Medical 
Systems, Palo Alto, CA) using values above -350 
Hounsfield Units (HU) for body contour detec-
tion. Patients were treated with TrueBeam (Groups 
A, C) or with CD2100 (Group L) (Varian Medical 
Systems, Palo Alto, CA) using the Field-in-Field or 
VMAT technique with 5–7 fields or partial 4–5 arcs 
to 40.05 Gy in 15 fractions. 

Setup protocol

Three first fractions
The three first fractions were used to find optimal 

SGRT surfaces and to acquire the vertical couch val-
ue for optimal isocenter accuracy for the following 
fractions. During the first fraction, the errors in pa-
tient isocenter position were aimed to correct with 
0 action level (AL) in all three groups, and FB setup 
surfaces were created with SGRT after IGRT. Cor-
rections were performed during the next two frac-
tions to gain optimal setup surfaces (FB in Group C 
and FB + BH in Group A) or setup settings (Group 
L) for the upcoming fractions with ALs 3 mm for 
isocenter, 1° for the rotation (th1–th 8/10), 3 mm 
for the BHL (distance between vertebrae and ster-
num) and 5 mm for the humeral head (th1 vs. hu-
meral head). In all the groups the couch vertical 

value was acquired based on the vertebrae match 
during the first fractions and this value was used 
daily in the setup. BHL was corrected based on 
vertebrae match with 3 mm AL on the sternum. In 
Groups C and L, BHL was corrected by raising or 
lowering the BHL window. In Group A, the BHL 
was corrected by asking the patient to inhale more 
or less air and by taking a new BH surface. Only 
the results after the SGRT setup surface update are 
given in this study, thus excluding fractions 1–3.

Setup process after first fractions for data 
collection

Group L: The patients were positioned to four 
tattoos with couch at zero laterally and rotationally. 
Three of the tattoos were at the level of the breasts: 
one was placed sternally (mid tattoo) and two on 
the lateral-dorsal side from the breast. The fourth 
tattoo was located on the sternum 10–15 cm cau-
dally from the mid tattoo to improve the straight-
ness. The middle tattoo was indexed with the fixa-
tion device. The couch was shifted automatically to 
the planned isocenter position, excluding the couch 
VRT, using Delta Couch function (Varian Medical 
Systems, Palo Alto, CA). RPM™ baseline was calcu-
lated after patient positioning, and during DIBH, 
3 mm (± 1.5 mm) BHL window was used. 

Groups A and C: Patients were positioned based 
on AlignRT® or Catalyst™ with FB SGRT surface. 

Figure 1. Indexed Sabella Flex Positioning System (CDR Systems, Canada) with 10° tilt and with buttock stopper was used for 
patient immobilization
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SGRT setup tolerance in FB was 1 mm for trans-
lations, 1° for ROLL/ROT and 2° for pitch in FB 
setup. When the rotations were inside thresholds, 

the SGRT send-to-couch function was used to shift 
the couch automatically to the SGRT-based iso-
center in the CC- and LAT directions; in the AP 

Figure 2. Three regions of interest (ROIs). A. Chest wall for patients following mastectomy and B. T-ROI for whole breast 
and lymph nodes in Group A and correspondingly C. and D. in Group C. E. In Group A, the arm position was verified with 
postural video during free breathing (FB); F. In Group C, the arm position was verified with the aid of FB surface

A B

C D

E F
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direction, the acquired couch VRT was used. Pa-
tients were asked to hold their breath with visu-
al BHL guidance. In group C, a new BH surface 
for the treatment was automatically generated 
in the Catalyst™ interface, whereas in Group A, 
the previously selected BH surface was used. In 
Group A, after the patient reached the BHL win-
dow (± 2 mm), the send-to-couch function was 
used to correct small isocenter errors (CC, LAT) 
and 0–1° in rotations. If the delta values exceeded 
4 mm or 1° at this point, FB setup was repeated or 
patient guidance was given for BH. The SGRT re-
gions of interest (ROIs) are shown in Figure 2AB to 
Group A and in Figure 2CD to Group C. 

Arm positioning 
In Group L, the arm position was mainly based on 

indexing of the fixation device and lateral tattoos. In 
addition, some patients had a setup note if kV-imag-
ing showed systematic errors. In Group A, the arm 
position was verified with postural video during FB 
and BH (Fig. 2E). In Group C, the arm position was 
verified with the aid of FB surface (Fig. 2F). 

IGRT protocol
Verification kV-images were acquired with True-

Beam system or with OBI (TrueBeam, CD2100 
Obi, Varian Medical Systems, Palo Alto, CA) at 
80 kV and 8–10.4 mAs for anterior images, at 95 

kV and 8–16 mAs for lateral images and at 70 kV 
and 2.2 mAs for the tangential images. The daily 
isocenter translational and rotational corrections 
were based on daily orthogonal setup images on 
the online isocenter match of bony landmarks at 
the chest wall, sternum and ribs (Fig. 3A) with 0 
AL. In Group A, errors in the vertical direction in 
the online match were corrected only if the ster-
num displacement was ≥ 3 mm. Daily tangential 
images were acquired after the couch corrections 
to verify the location of the chest wall and breast in 
the tangential treatment field (Fig. 3B).

Time used for imaging and treatment
The duration from the first image acquisition 

to the beginning of the treatment was evaluated 
at 8 fractions for each patient. The total treatment 
time from the first image acquisition to the end of 
the last treatment field was measured in all groups.

Offline image analysis
The orthogonal and tangential images (n = 5076) 

were matched retrospectively by an experienced 
radiotherapist (ML). Images were individual-
ly matched to the sternum, the ribs (chest wall), 
th1, humeral head, th8-10 in the AP-LAT imag-
es, and mid chest wall and breast in the tangential 
images (Fig. 3) to evaluate the residual errors after 
daily IGRT. The isocenter accuracy on the setup 

Figure 3. Evaluated landmarks were TH1 and th8/10, ribs and shoulder joint in the AP-image, th1 and th8/10, sternum in 
the LAT-image (A) and ribs and the soft tissue in the tangential image (B)

A B
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was defined based on the actual couch shifts after 
the online match. This shift was added to the re-
sidual errors of the landmarks after daily IGRT to 
evaluate residual errors in the potential case of 
SGRT/laser setup only. Finally, the positional er-
rors in the rotation (th1–th8/10), BHL (mid-verte-
bra-sternum) and arm position (th1-humeral head) 
(Fig. 3) were evaluated. The setup margins for po-
sitional errors were calculated using the van Herk’s 
formula (m = 2.5 Σ + 0.7 σ), where Σ is systematic 
error and σ is random error. Σ is defined as a stan-
dard deviation of average errors. σ is calculated 
as root-mean-square value over all displacements 
around the systematic setup errors [25]. The set-
up margin currently used at the hospital is 5 mm.

Statistical analysis
Residual errors to evaluated landmarks with 

SGRT/laser setup only were individually compared 
within all three groups to residual errors with 
daily IGRT to estimate the impact of daily IGRT. 
The setup accuracy was compared between Groups 
A, C and L with SGRT/laser setup only and with 
SGRT/laser setup + daily IGRT. Statistical analysis 
was calculated with SPSS (v22, IBM corp., USA). 
Two-tailed F-test was applied for systematic errors 
(test for equality of variances). The Wilcoxon rank 
sum test was applied for the random errors (test for 
equality of means). A p-value ≤ 0.01 was consid-
ered statistically significant.

Results

Isocenter corrections in the online match
Table 1 shows the isocenter agreement between 

orthogonal kV-kV images and laser (Group L) or 
SGRT (Groups A, C) setup. The couch shifts in 
the AP direction were smaller in both systematic 
and random movements in Group A compared to 
Groups L and C. Random errors were smaller in 
Group A in the CC and LAT direction in compari-
son to Groups C and L, and smaller in Group C in 
comparison to Group L. 

Errors between the structures
In Table 1, random rotation error was slight-

ly smaller in Group A than Groups C and L with 
SGRT/laser setup only. The random rotation error 
was smaller with daily IGRT than with SGRT/laser 
setup in all groups. 

In the BHL, no difference was found be-
tween the groups. BHL errors exceeding 4 mm 
in the AP direction were 11%, 15% and 11% of 
the fractions in Groups A, C and L, respectively. 
The BHL errors exceeded 5 mm in the CC di-
rection in 9%, 21% and 12% of the fractions in 
Groups A, C and L, respectively. In the humer-
al head relative to th1, no difference was found 
between the groups. Errors between th1 and hu-
meral head exceeded 7 mm in the CC direction in 
Group A, C and L in 6%, 6% and 8% of the frac-
tions, respectively.  

Residual errors with daily IGRT
Table 2 shows the residual errors after dai-

ly IGRT. The systematic error to the sternum in 
the AP direction was smaller in Group L and C 
than in Group A. The required PTV-CTV mar-
gins are shown in Table 3. The errors in the ribs in 
the LAT direction were similar in all groups. These 
errors are reflected in the percentage of fractions 
exceeding given thresholds in Table 4.

Tables 2 and 4 also show the accuracy to struc-
tures close to the supraclavicular lymph nodes. 
The smallest random errors to the th1 (AP) were 
found in Group A. 

Table 1. Patient position as systematic and random errors 
(∑ ± σ) in mm after surface-guided radiation therapy 
(SGRT), based on orthogonal kV imaging

Position errors AlignRT Catalyst Laser

Isocenter

AP 0.5* ± 0.5* 1.5 ± 2.1 1.4† ± 2.1†

CC 1.4 ± 2.0* 1.7 ± 2.4¥ 1.7 ± 3.3†

LAT 1.4 ± 1.3* 1.3 ± 2.2¥ 1.6 ± 2.7†

Rotation Th1–Th8

AP 1.2 ± 1.1 1.0 ± 1.0 1.2 ± 1.1

LAT (SGRT) 1.8 ± 2.0* 2.0 ± 2.6 1.6 ± 2.7†

LAT (IGRT) 1.1‡ ± 1.2‡* 1.0‡ ± 1.5‡ 1.1 ± 1.6‡

BHL

AP 1.8 ± 1.4 2.0 ± 1.7 1.9 ± 1.6

CC 2.4 ± 1.8* 3.2 ± 2.3 2.6 ± 2.1

Th1-humeral head

CC 2.8 ± 2.5 2.3± 2.8 3.2 ± 2.9

LAT 2.2 ± 1.7 2.3 ± 1.8 2.2 ± 2.0

Statistical difference (p < 0.01) between *AlignRT and Catalyst, ¥Catalyst 
and laser and †laser and AlignRT; ‡Statistical difference (p < 0.01) between 
daily image-guided radiation therapy (IGRT) and SGRT or laser setup only 
within a setup machine. AP — anterior-posterior; CC — craniocaudal; 
LAT — lateral; BHL — breath-hold level 
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Residual errors with SGRT 
or laser setup only

Table 2 shows the residual errors also prior 
to IGRT. Random error to the sternum (AP, CC) 
was smaller in Group A than in Groups C and L. 

Random error in the ribs in the LAT direction was 
smaller in Group A than in Group C or L and the er-
ror in Group C was slightly smaller than in Group 
L. In the CC direction (ribs/sternum), in Group 
A the random error was smaller than in Groups C 

Table 2. Residual position errors as systematic and random errors (∑ ± σ) in mm, based on orthogonal and tangential kV 
imaging. The errors are presented for the overall position and for specific bony landmarks

SGRT or laser setup only Daily IGRT 

Residual errors AlignRT Catalyst Laser AlignRT Catalyst Laser

Sternum

AP 1.8 ± 1.3* 1.6 ± 2.2 1.6 ± 2.1† 1.6* ± 1.2 0.7‡ ± 1.1‡ 0.7†‡ ± 1.2‡

CC 2.3 ± 2.1* 2.9 ± 2.6¥ 2.4 ± 3.4† 1.6 ± 1.7‡ 2.3 ± 1.9‡ 1.7 ± 1.9‡

Ribs

LAT 1.4 ± 1.4* 1.3 ± 2.3¥ 1.8 ± 2.8† 0.5‡ ±1.0‡ 0.5‡ ± 0.9‡ 0.5‡ ±1.0‡

Sternum/ribs

CC 1.9 ± 2.0* 1.9 ± 2.4¥ 1.9 ± 3.3† 1.2‡ ± 1.5‡ 0.9‡ ± 1.6‡ 0.8‡ ± 1.6‡

Humeral head

CC 2.6 ± 2.6 2.1 ± 2.6 2.4 ± 3.2† 2.3 ± 2.3 1.7 ± 2.4 2.3 ± 2.6‡

LAT 2.3 ± 1.8* 2.0 ± 2.4¥ 2.1 ± 3.2† 2.0 ± 1.7 1.9 ± 1.7‡ 1.8 ± 1.9‡

Th 1

AP 1.6 ± 1.4* 2.0 ± 2.1 2.5† ± 2.0† 1.5 ± 1.4* 2.0 ± 1.8 2.0 ± 1.7†

CC 2.2 ± 2.3 2.4 ± 2.6¥ 2.3 ± 3.5† 1.2‡ ± 1.5‡ 1.4‡ ± 1.7‡ 1.3‡ ± 1.6‡

LAT 1.9 ± 1.7* 1.6 ± 2.5 2.0 ± 3.0† 0.8‡ ± 1.1‡ 1.1‡ ± 1.3‡ 1.1‡ ± 1.4‡†

Ribs/tangential

AP/LAT 1.5 ± 1.8* 2.2 ± 3.2 2.4 ± 3.9† 0.8‡ ± 0.8‡* 0.8‡ ± 1.2‡ 0.5‡ ± 1.2‡†

CC 1.6 ± 2.0* 1.9 ± 2.5¥ 2.2 ± 3.3† 0.6‡± 0.6‡* 0.8‡ ± 1.0‡ 0.7‡† ± 1.2‡†

Skin/tangential

AP/LAT 1.6 ± 1.8* 2.6 ± 3.0 3.4† ± 3.8† 1.4 ± 1.2‡* 1.9 ± 1.6‡ 2.3† ± 1.9‡†

CC 1.9 ± 1.9* 1.4¥ ± 2.5¥ 2.7 ± 3.4† 1.4 ± 1.2‡* 1.4 ± 1.6‡ 1.4‡ ± 1.4‡

Statistical difference (p < 0.01) between *AlignRT and Catalyst, ¥Catalyst and laser and †laser and AlignRT; ‡Statistical difference (p < 0.01) between 
daily IGRT and SGRT or laser setup only within a setup machine. SGRT — surface-guided radiation therapy; IGRT — image-guided radiation therapy; 
AP — anterior‑posterior; CC — craniocaudal; LAT — lateral

Table 3. Planning target volume–clinical target volume (PTV-CTV) margins in mm before and after image-guided radiation 
therapy (IGRT)-based couch movements 

Residual errors
SGRT or laser setup only Daily IGRT 

AlignRT Catalyst Laser AlignRT Catalyst Laser

Orthogonal imaging

AP (Sternum) 5.4 5.6 5.5 5.0 2.5 2.6

CC (Sternum/ribs) 6.2 6.5 7.1 4.1 3.5 3.2

LAT (Ribs) 4.5 4.9 6.3 1.9 1.9 1.9

Tangential imaging

AP/LAT (Ribs) 5.1 7.5 8.3 2.5 2.8 3.1

CC (Ribs) 5.8 6.7 8.3 1.9 2.7 3.1

AP/LAT (Skin) 5.8 8.3 10.2 4.4 5.8 7.0

CC (Skin) 6.1 6.1 8.9 4.3 4.5 4.6
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and L, and the error in Group C was smaller than 
in Group L. 

Close to the lymph nodes, smaller system-
atic error to the th1 (AP) was found in Group 
A compared to Group L (Tab. 2). The random er-
rors were smaller in all translational directions in 
Group A compared to Groups C and L, except in 
(CC) to C. In the LAT directions, smaller random 
error was found in Group C than L. SGRT was bet-
ter than Group L in humeral head random error in 
the CC and LAT directions, and in the LAT direc-
tion, Group A was better than Group C. 

Tangential images
In the ribs, no difference was found between 

Groups in the systematic errors neither with nor 
without IGRT (Tab. 2). In the random errors, Group 
A was better than Group C and L, and Group C was 
better than L. The PTV-margins for tangential im-
ages are presented in Table 3 and the percentage of 
fractions exceeding given thresholds in Table 4. 

Time used for imaging and treatment
In Group L, it took on average 5.26 minutes to 

acquire and analyze the three images (AP, LAT, 
tangential) and 9.47 min for the entire treat-
ment. The corresponding values in Group C were 
4.13 min and 8.31 min and in Group A 4.01 min 
and 7.46 min. The average time to acquire and an-

alyze only the tangential image with SGRT was 55 
seconds.

Discussion

We have evaluated the accuracy of three different 
DIBH setup methods in locoregional radiotherapy 
of breast cancer with and without daily IGRT. To 
our knowledge, there is no previous study compar-
ing these three DIBH methods at the same hospi-
tal, thus minimizing workflow differences between 
the methods. The fixation method, workflow at 
the CT, BH training, protocols and tolerances for 
IGRT are similar. However, there are some dif-
ferences between the SGRT-systems concerning 
the patient positioning process or possibilities to 
create ROIs or manipulate SGRT tolerances. 

Tight ALs were used during the first three frac-
tions to gain adequate setup surfaces for the dai-
ly setup. Despite that, in all the groups there was 
an increase in the percentage of fractions with 
residual errors exceeding given thresholds 
with SGRT only when compared to daily IGRT 
(Tab. 4). This was due to the addition of systemat-
ic and random errors in the isocenter. This high-
lights the importance of daily orthogonal imag-
ing. The 5-mm setup margins currently used at 
our hospital are feasible only with daily imaging. 
If starting with SGRT only, the margins would 

Table 4. Residual errors exceeding given thresholds before and after image-guided radiation therapy (IGRT)-based couch 
movements

Residual errors
SGRT or laser setup only Daily IGRT 

AlignRT Catalyst Laser AlignRT Catalyst Laser

Sternum, 4/3 mm AP 12%/23% 12%/23% 10%/20% 9%/19% 1%/3% 2%/6%

Sternum/ribs, 5/4 mm CC 12%/21% 14%/24% 17%/26% 2%/6% 1%/5% 1%/2%

Ribs 4/3 mm LAT 4%/15% 13%/22% 15%/26% 0%/1% 0%/0% 0%/0%

Th 1, 5/4 mm

AP 4%/10% 11%/18% 11%/17% 3%/8% 12%/20% 6%/10%

CC 13%/21% 15%/24% 17%/26% 2%/7% 3%/9% 3%/6%

LAT 4%/11% 11%/18% 13%/19% 0%/1% 1%/3% 2%/3%

Humeral head, 7/5 mm
CC 6%/18% 4%/15% 6%/15% 3%/12% 2%/9% 3%/12%

LAT 3%/9% 3%/12% 5%/13% 1%/7% 2%/6% 1%/4%

Th1-Th10 (rotation) 5 mm LAT 8% 14% 12% 1% 2% 2%

Ribs/tangential 4/3 mm AP/LAT 11%/23% 28%/46% 43%/58% 0%/3% 2%/6% 2%/4%

5 mm CC 7% 13% 17% 0% 1% 2%

Skin /tangential 5/8 mm AP/LAT 7%/0% 25%/3% 28%/9% 2%/0% 7%/1% 6%/2%

5/8 mm CC 9%/1% 7%/1% 21%/8% 3%/0% 6%/1% 4%/0%

SGRT — surface-guided radiation therapy; AP — anterior-posterior; CC — craniocaudal; LAT — lateral
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need to be increased in locoregional radiotherapy 
of breast cancer.

Chest wall accuracy 
On the chest wall, 1.4 - 2.9 mm isocenter ran-

dom error (SD) on WB RT has been reported with 
SGRT setup only [14, 19, 22, 26]. In the literature, 
the match is usually based on the whole PTV, in-
cluding soft tissue [26, 27], whereas in our study, 
where the supraclavicular lymph nodes are in-
cluded, the results of the bony structures and soft 
tissue are separated. In our study, the random iso-
center error in the orthogonal images on the bony 
chest wall varied between 1.3–2.0 mm (Group A) 
and 2.2–2.6 mm (Group C) with SGRT only; com-
pared to 2.1–3.4 mm with laser setup only (Group 
L). In accordance to previous literature [16, 18], 
the setup accuracy is thus improved with SGRT 
compared to laser setup prior to IGRT. With daily 
IGRT, the chest wall accuracy was on a high level in 
all the groups since the residual errors were around 
1 mm (AP, LAT) and 1.5 mm (CC), similarly with 
the literature [19, 22].

In the AP direction, Group A had the highest iso-
center repeatability. However, the sternum had sys-
tematic errors even with daily IGRT, since 0–3 mm 
errors were allowed in online match in Group A in 
the AP direction. With AlignRT®, we found it dif-
ficult to correct such small errors in the AP direc-
tion by shifting the couch while the patient was 
in BH. It was also challenging to correct sternum 
displacement (BHL) accurately by asking the pa-
tient to inhale more or less air into lungs. Adaptive 
thresholds could be useful for these corrections. 
Our setup workflow in the AP direction was simi-
lar between Groups C and L using only the planned 
couch vertical value and the errors were similar. 

On the chest wall in the LAT direction, Group 
A had less variance (SD 1.4 mm) with SGRT 
only than Group C (2.8 mm). Previous literature 
shows variance between these results, with 2 mm 
using Catalyst™ and AlignRT® in WB DIBH [19], 
or 2.2 mm with AlignRT® for patients undergo-
ing locoregional radiotherapy of breast cancer in 
DIBH [22]. The ROI with AlignRT® was not cov-
ering the lateral parts of the deforming breast, 
and the possibility to create ROI to the rigid area 
of the chest seems useful. In the CC direction, SD 
errors of 1.5–2.9 mm are found with AlignRT® [14, 
19, 22, 26] and 2.1 with Catalyst™ [19] with SGRT 

only. Our SGRT results are closely similar. With 
laser setup, the random errors were larger than 
with SGRT, but the systematic errors were similar. 
In general, the send-to-couch function during BH 
was found practical for correcting small transla-
tional and rotational errors before image guidance. 

Lymph node accuracy
To the best of our knowledge, this is the first 

study to investigate the accuracy of setup with 
locoregional radiotherapy of breast cancer in 
DIBH with all Catalyst™, AlignRT® and RPM™ in 
one clinic. In these treatments, with laser setup 
and RPM™, reports suggest daily IGRT, mainly due 
to large isocenter variation [5, 7, 12]. Similarly, in 
our latest paper handling patients undergoing lo-
coregional radiotherapy of breast cancer, we sug-
gest daily IGRT with AlignRT®, even though with 
well-planned SGRT workflow it brings only slight 
improvements to systematic accuracy [22]. Here, 
we agree with the earlier literature, since with dai-
ly IGRT, improvement was shown in all evaluated 
sub-regions in Tables 2–4. 

In the accuracy of TH1, accurate BHL and small 
pitch and ROT are essential. Then, the needs 
to make compromises when selecting matching 
location between the lymph nodes and chest wall 
are minor. With daily IGRT, errors in TH1 LAT can 
be diminished effectively in the online match with 
couch shifts and rotations.

The residual errors to the humeral head were 
acceptable with daily IGRT in all the groups. 
Only moderate improvements were found if daily 
IGRT was used. The primary matching location in 
the images is not the shoulder joint and its loca-
tion varies independently from other structures, 
which may lead to either increasing or decreasing 
the error after IGRT [7, 22]. 

Errors between the structures
The minimal residual rotation of the vertebrae is 

important, because besides PTV, it affects the dose 
to the heart and lung and even to the medulla if 
those rotate towards treatment field. We suggest 
daily rotation correction for patients with locore-
gional radiotherapy of breast cancer. Without 
IGRT, the random error in rotation was the small-
est in Group A (2.0 mm). With AlignRT®, worse 
reproducibility in patient rotations has been seen 
with breast ROI [26, 27] than with the ROI cover-
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ing a portion of breast tissue, sternum and the belt 
of the ribs caudally from breasts [11, 28]. 

Catalyst™ showed discrepancies between rota-
tion values and the visual surface rotation, lead-
ing to different positioning workflows between 
the RTTs when correcting the rotation, and finally 
leading to larger random errors in vertebrae rota-
tion in the images with SGRT only workflow when 
compared to Group A. When IGRT was used, all 
groups, including the laser setup, were almost sim-
ilar. The errors in BHL (AP) were acceptable in all 
the groups. BHL verification and possible correc-
tion during the first fractions is an effective method 
to optimize the systematic position of the heart [5]. 
Training the BHs before CT could be useful [29]. 
Also baseline drift during FB needs to be taken into 
account in the workflows [30]. At the CT, the breath-
ing baseline may be calculated several times before 
scanning, and with both RPM™ and Catalyst™ both 
during setup, and possibly after IGRT. It is import-
ant to coach the patient to always keep the same 
baseline in FB with the aid of visual guidance. In 
the CC direction, the further the sternum moves 
from its correct location, the larger is the risk 
for misalignment in locoregional lymph nodes [7]. 
Lowering the BHL window at the CT-simulation 
from the maximum inhale could improve the BH 
repeatability and decrease the possibility that pa-
tients lift their back during BH, while still improv-
ing the heart dose in comparison to FB [31].  

Time used for imaging and treatment
In breast RT with SGRT, the addition of sur-

face-based monitoring did not prolong the clini-
cal workflow or treatment time [32]. In our study, 
the time used for imaging and treatment was even 
slightly shorter with the addition of SGRT. 

Tangential image accuracy
Orthogonal imaging and couch shifts bene-

fit tangential image accuracy remarkably in all 
the groups, the most in Group L and the least in 
Group A. This was shown especially in the percent-
ages of fractions exceeding given thresholds. After 
daily IGRT, differences between the groups are clin-
ically insignificant and residual errors are minor.

In the tangential images with Catalyst™ setup 
only, 1.2–1.6 mm SD for CLD is reported [33]. Here, 
3.2 mm SD was found in Group C for CLD with 
SGRT only, due to larger uncertainties in the AP 

and LAT isocenter. In Group A 1.8 mm SD for CLD 
is similar with the literature [22]. With daily IGRT 
in Group A the matching location in the AP direc-
tion was systematically less weighted on the ster-
num. This led to only slightly larger systematic error 
in the AP/LAT direction in the tangential images, 
indicating that tangential image underestimates 
the errors in the sternum (AP). Thus, improve-
ments may be more desirable with VMAT than with 
the tangential field RT technique. In general, after 
daily orthogonal imaging, the residual margins (up 
to 3 mm) on the chest wall in the tangential images 
were excellent in this study in all the groups, similar 
with earlier publications [18, 19, 2].

For soft tissue deformations, 8 mm optimiz-
ing bolus in VMAT is suggested [34, 35]. Here, 
the 4.3–7.0 mm margins for the soft tissue in 
the tangential images were within the optimization 
bolus thickness with daily IGRT in all the groups. 
With SGRT only, skin margins below 8 mm were 
found only in Group A. In Group L, the possibility 
to detect breast position and posture errors, such as 
deformation or swelling with laser setup is limited 
to kV or MV imaging, and even after IGRT, near-
ly 10% of fractions had misalignment of the breast 
outline larger than 8 mm.

Conclusion

Setup errors were evaluated with SGRT and with 
laser setup using RPM™. Using AlignRT® as primary 
setup tool, smaller variances in isocenter and rota-
tions were found compared to Catalyst™ and partic-
ularly to conventional laser-based setup. Daily IGRT 
reduces the number of fractions with large misalign-
ment in all groups. With daily IGRT, differences in 
setup errors between groups were mostly clinically in-
significant. Daily IGRT is recommendable due to gen-
erally improved accuracy on whole PTV and to re-
tain the 5-mm CTV-PTV margins with SGRT. Time 
used for the imaging and treatment was even slightly 
longer in DIBH with RPM™ than with SGRT, which 
strengthens the idea that SGRT can be considered as 
a better future solution over laser setup and RPM™.

Conflict of interest
None declared.

Funding
None declared.



Marko Laaksomaa et al.  AlignRT®, Catalyst™ and RPM™ in locoregional RT of breast cancer with DIBH

807https://journals.viamedica.pl/rpor

References

1.	 Duma MN, Baumann R, Budach W, et al. Breast Cancer 
Expert Panel of the German Society of Radiation Oncol-
ogy (DEGRO). Heart-sparing radiotherapy techniques in 
breast cancer patients: a recommendation of the breast 
cancer expert panel of the German society of radiation 
oncology (DEGRO). Strahlenther Onkol. 2019; 195(10): 
861–871, doi: 10.1007/s00066-019-01495-w, indexed in 
Pubmed: 31321461.

2.	 Simonetto C, Eidemüller M, Gaasch A, et al. Does 
deep inspiration breath-hold prolong life? Individual 
risk estimates of ischaemic heart disease after breast 
cancer radiotherapy. Radiother Oncol. 2019; 131: 
202–207, doi: 10.1016/j.radonc.2018.07.024, indexed in 
Pubmed: 30097250.

3.	 Peters GW, Gao SJ, Knowlton C, et al. Benefit of Deep Inspi-
ratory Breath Hold for Right Breast Cancer When Regional 
Lymph Nodes Are Irradiated. Pract Radiat Oncol. 2022; 
12(1): e7–ee12, doi: 10.1016/j.prro.2021.08.010, indexed 
in Pubmed: 34508890.

4.	 Wikström K, Isacsson U, Nilsson K, et al. Reproducibility of 
heart and thoracic wall position in repeated deep inspi-
ration breath holds for radiotherapy of left-sided breast 
cancer patients. Acta Oncol. 2018; 57(10): 1318–1324, 
doi:  10.1080/0284186X.2018.1490027, indexed in 
Pubmed: 30074438.

5.	 Skyttä T, Kapanen M, Laaksomaa M, et al. Improving the re-
producibility of voluntary deep inspiration breath hold 
technique during adjuvant left-sided breast cancer radio-
therapy. Acta Oncol. 2016; 55(8): 970–975, doi: 10.3109/0
284186X.2016.1161823, indexed in Pubmed: 27070120.

6.	 McIntosh A, Shoushtari AN, Benedict SH, et al. Quantifying 
the reproducibility of heart position during treatment 
and corresponding delivered heart dose in voluntary 
deep inhalation breath hold for left breast cancer patients 
treated with external beam radiotherapy. Int J Radiat 
Oncol Biol Phys. 2011; 81(4): e569–e576, doi: 10.1016/j.
ijrobp.2011.01.044, indexed in Pubmed: 21531087.

7.	 Laaksomaa M, Kapanen M, Haltamo M, et al. Determina-
tion of the optimal matching position for setup images 
and minimal setup margins in adjuvant radiotherapy of 
breast and lymph nodes treated in voluntary deep inhala-
tion breath-hold. Radiat Oncol. 2015; 10: 76, doi: 10.1186/
s13014-015-0383-y, indexed in Pubmed: 25885270.

8.	 Koivumäki T, Tujunen J, Virén T, et al. Geometrical uncer-
tainty of heart position in deep-inspiration breath-hold 
radiotherapy of left-sided breast cancer patients. Acta 
Oncol. 2017; 56(6): 879–883, doi: 10.1080/0284186X.201
7.1298836, indexed in Pubmed: 28281859.

9.	 Neal AJ, Yarnold JR. Estimating the volume of lung irradi-
ated during tangential breast irradiation using the central 
lung distance. Br J Radiol. 1995; 68(813): 1004–1008, 
doi:  10.1259/0007-1285-68-813-1004, indexed in 
Pubmed: 7496680.

10.	 Rossi M, Boman E, Skyttä T, et al. Dosimetric effects 
of anatomical deformations and positioning errors in 
VMAT breast radiotherapy. J Appl Clin Med Phys. 2018; 
19(5): 506–516, doi:  10.1002/acm2.12409, indexed in 
Pubmed: 29978548.

11.	 Laaksomaa M, Moser T, Kritz J, et al. Comparison of three 
differently shaped ROIs in free breathing breast radiother-

apy setup using surface guidance with AlignRT. Rep Pract 
Oncol Radiother. 2021; 26(4): 545–552, doi: 10.5603/RPOR.
a2021.0062, indexed in Pubmed: 34434570.

12.	 Laaksomaa M, Kapanen M, Skyttä T, et al. Estimation of 
optimal matching position for orthogonal kV setup im-
ages and minimal setup margins in radiotherapy of whole 
breast and lymph node areas. Rep Pract Oncol Radiother. 
2014; 19(6): 369–375, doi:  10.1016/j.rpor.2014.05.001, 
indexed in Pubmed: 25337409.

13.	 Pazos M, Fiorentino A, Gaasch A, et al. Dose variability 
in different lymph node levels during locoregional 
breast cancer irradiation: the impact of deep-inspi-
ration breath hold. Strahlenther Onkol. 2019; 195(1): 
13–20, doi:  10.1007/s00066-018-1350-y, indexed in 
Pubmed: 30143814.

14.	 Hamming VC, Visser C, Batin E, et al. Evaluation of a 3D 
surface imaging system for deep inspiration breath-hold 
patient positioning and intra-fraction monitoring. Radiat 
Oncol. 2019; 14(1): 125, doi: 10.1186/s13014-019-1329-6, 
indexed in Pubmed: 31296245.

15.	 Mhatre V. Quality assurance for clinical implementation of 
an Optical Surface monitoring system. IOSR J Appl Phys. 
2017; 9(6): 15–22, doi: 10.9790/4861-0906021522.

16.	 Pallotta S, Marrazzo L, Ceroti M, et al. A phantom evalua-
tion of Sentinel(™), a commercial laser/camera surface im-
aging system for patient setup verification in radiotherapy. 
Med Phys. 2012; 39(2): 706–712, doi: 10.1118/1.3675973, 
indexed in Pubmed: 22320780.

17.	 Kügele M, Mannerberg A, Nørring Bekke S, et al. Surface 
guided radiotherapy (SGRT) improves breast cancer 
patient setup accuracy. J Appl Clin Med Phys. 2019; 
20(9): 61–68, doi:  10.1002/acm2.12700, indexed in 
Pubmed: 31478615.

18.	 Wei X, Liu M, Ding Y, et al. Setup errors and effectiveness 
of Optical Laser 3D Surface imaging system (Sentinel) in 
postoperative radiotherapy of breast cancer. Sci Rep. 2018; 
8(1): 7270, doi: 10.1038/s41598-018-25644-w, indexed in 
Pubmed: 29740104.

19.	 Laaksomaa M, Sarudis S, Rossi M, et al. AlignRT and Cat-
alyst™ in whole-breast radiotherapy with DIBH: Is IGRT 
still needed? J Appl Clin Med Phys. 2019; 20(3): 97–104, 
doi: 10.1002/acm2.12553, indexed in Pubmed: 30861276.

20.	 Steffal C, Schratter-Sehn A, Brinda-Raitmayr K, et al. 5 years 
of experience with DIBH (Deep inspiration breath-hold) 
combined with SGRT (Surface-Guided Radiation Therapy) 
in left-sided breast cancer. Senologie — Zeitschrift für 
Mammadiagnostik und therapie. 2020; 17(01): 14–23, 
doi: 10.1055/a-0849-0524.

21.	 Crop F, Pasquier D, Baczkiewic A, et al. Surface imaging, 
laser positioning or volumetric imaging for breast cancer 
with nodal involvement treated by helical TomoTherapy. 
J Appl Clin Med Phys. 2016; 17(5): 200–211, doi: 10.1120/
jacmp.v17i5.6041, indexed in Pubmed: 27685103.

22.	 Rossi M, Laaksomaa M, Aula A. Patient setup accuracy 
in DIBH radiotherapy of breast cancer with lymph node 
inclusion using surface tracking and image guidance. 
Med Dosim. 2022; 47(2): 146–150, doi:  10.1016/j.med-
dos.2021.12.003, indexed in Pubmed: 35039223.

23.	 Li G, Lu W, O’Grady K, et al. A uniform and versatile sur-
face-guided radiotherapy procedure and workflow for 
high-quality breast deep-inspiration breath-hold treat-
ment in a multi-center institution. J Appl Clin Med Phys. 

http://dx.doi.org/10.1007/s00066-019-01495-w
https://www.ncbi.nlm.nih.gov/pubmed/31321461
http://dx.doi.org/10.1016/j.radonc.2018.07.024
https://www.ncbi.nlm.nih.gov/pubmed/30097250
http://dx.doi.org/10.1016/j.prro.2021.08.010
https://www.ncbi.nlm.nih.gov/pubmed/34508890
http://dx.doi.org/10.1080/0284186X.2018.1490027
https://www.ncbi.nlm.nih.gov/pubmed/30074438
http://dx.doi.org/10.3109/0284186X.2016.1161823
http://dx.doi.org/10.3109/0284186X.2016.1161823
https://www.ncbi.nlm.nih.gov/pubmed/27070120
http://dx.doi.org/10.1016/j.ijrobp.2011.01.044
http://dx.doi.org/10.1016/j.ijrobp.2011.01.044
https://www.ncbi.nlm.nih.gov/pubmed/21531087
http://dx.doi.org/10.1186/s13014-015-0383-y
http://dx.doi.org/10.1186/s13014-015-0383-y
https://www.ncbi.nlm.nih.gov/pubmed/25885270
http://dx.doi.org/10.1080/0284186X.2017.1298836
http://dx.doi.org/10.1080/0284186X.2017.1298836
https://www.ncbi.nlm.nih.gov/pubmed/28281859
http://dx.doi.org/10.1259/0007-1285-68-813-1004
https://www.ncbi.nlm.nih.gov/pubmed/7496680
http://dx.doi.org/10.1002/acm2.12409
https://www.ncbi.nlm.nih.gov/pubmed/29978548
http://dx.doi.org/10.5603/RPOR.a2021.0062
http://dx.doi.org/10.5603/RPOR.a2021.0062
https://www.ncbi.nlm.nih.gov/pubmed/34434570
http://dx.doi.org/10.1016/j.rpor.2014.05.001
https://www.ncbi.nlm.nih.gov/pubmed/25337409
http://dx.doi.org/10.1007/s00066-018-1350-y
https://www.ncbi.nlm.nih.gov/pubmed/30143814
http://dx.doi.org/10.1186/s13014-019-1329-6
https://www.ncbi.nlm.nih.gov/pubmed/31296245
http://dx.doi.org/10.9790/4861-0906021522
http://dx.doi.org/10.1118/1.3675973
https://www.ncbi.nlm.nih.gov/pubmed/22320780
http://dx.doi.org/10.1002/acm2.12700
https://www.ncbi.nlm.nih.gov/pubmed/31478615
http://dx.doi.org/10.1038/s41598-018-25644-w
https://www.ncbi.nlm.nih.gov/pubmed/29740104
http://dx.doi.org/10.1002/acm2.12553
https://www.ncbi.nlm.nih.gov/pubmed/30861276
http://dx.doi.org/10.1055/a-0849-0524
http://dx.doi.org/10.1120/jacmp.v17i5.6041
http://dx.doi.org/10.1120/jacmp.v17i5.6041
https://www.ncbi.nlm.nih.gov/pubmed/27685103
http://dx.doi.org/10.1016/j.meddos.2021.12.003
http://dx.doi.org/10.1016/j.meddos.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/35039223


Reports of Practical Oncology and Radiotherapy 2022, vol. 27, no. 5

https://journals.viamedica.pl/rpor808

2022; 23(3): e13511, doi: 10.1002/acm2.13511, indexed 
in Pubmed: 35049108.

24.	 Penninkhof J, Fremeijer K, Offereins-van Harten K, et 
al. Evaluation of image-guided and surface-guided 
radiotherapy for breast cancer patients treated in deep 
inspiration breath-hold: A single institution experience. 
Tech Innov Patient Support Radiat Oncol. 2022; 21: 
51–57, doi:  10.1016/j.tipsro.2022.02.001, indexed in 
Pubmed: 35243045.

25.	 van Herk M, Remeijer P, Rasch C, et al. The probability of 
correct target dosage: dose-population histograms for 
deriving treatment margins in radiotherapy. Int J Radiat 
Oncol Biol Phys. 2000; 47(4): 1121–1135, doi:  10.1016/
s0360-3016(00)00518-6, indexed in Pubmed: 10863086.

26.	 Alderliesten T, Sonke JJ, Betgen A, et al. Accuracy 
evaluation of a 3-dimensional surface imaging system 
for guidance in deep-inspiration breath-hold radia-
tion therapy. Int J Radiat Oncol Biol Phys. 2013; 85(2): 
536–542, doi:  10.1016/j.ijrobp.2012.04.004, indexed in 
Pubmed: 22652107.

27.	 Cravo Sá A, Fermento A, Neves D, et al. Radiotherapy 
setup displacements in breast cancer patients: 3D surface 
imaging experience. Rep Pract Oncol Radiother. 2018; 
23(1): 61–67, doi: 10.1016/j.rpor.2017.12.007, indexed in 
Pubmed: 29379398.

28.	 Sauer TO, Ott OJ, Lahmer G, et al. Region of interest op-
timization for radiation therapy of breast cancer. J Appl 
Clin Med Phys. 2021; 22(10): 152–160, doi:  10.1002/
acm2.13410, indexed in Pubmed: 34543500.

29.	 Oonsiri P, Wisetrinthong M, Chitnok M, et al. An effective 
patient training for deep inspiration breath hold tech-
nique of left-sided breast on computed tomography sim-

ulation procedure at King Chulalongkorn Memorial Hos-
pital. Radiat Oncol J. 2019; 37(3): 201–206, doi: 10.3857/
roj.2019.00290, indexed in Pubmed: 31591868.

30.	 Jensen CA, Acosta Roa AM, Lund JÅ, et al. Intrafractional 
baseline drift during free breathing breast cancer radiation 
therapy. Acta Oncol. 2017; 56(6): 867–873, doi: 10.1080/0
284186X.2017.1288924, indexed in Pubmed: 28464748.

31.	 Wiant D, Wentworth S, Liu H, et al. How Important Is a Re-
producible Breath Hold for Deep Inspiration Breath Hold 
Breast Radiation Therapy? Int J Radiat Oncol Biol Phys. 
2015; 93(4): 901–907, doi:  10.1016/j.ijrobp.2015.06.010, 
indexed in Pubmed: 26530760.

32.	 Kost S, Guo B, Xia P, et al. Assessment of Setup Accuracy 
Using Anatomical Landmarks for Breast and Chest Wall 
Irradiation With Surface Guided Radiation Therapy. 
Pract Radiat Oncol. 2019; 9(4): 239–247, doi:  10.1016/j.
prro.2019.03.002, indexed in Pubmed: 30914270.

33.	 Schönecker S, Walter F, Freislederer P, et al. Treatment plan-
ning and evaluation of gated radiotherapy in left-sided 
breast cancer patients using the Catalyst/Sentinel system 
for deep inspiration breath-hold (DIBH). Radiat Oncol. 
2016; 11(1): 143, doi: 10.1186/s13014-016-0716-5, indexed 
in Pubmed: 27784326.

34.	 Rossi M, Boman E, Kapanen M. Optimal selection of 
optimization bolus thickness in planning of VMAT 
breast radiotherapy treatments. Med Dosim. 2019; 44(3): 
266–273, doi: 10.1016/j.meddos.2018.10.001, indexed in 
Pubmed: 30389413.

35.	 Seppälä J, Vuolukka K, Virén T, et al. Breast deformation 
during the course of radiotherapy: The need for an addi-
tional outer margin. Phys Med. 2019; 65: 1–5, doi: 10.1016/j.
ejmp.2019.07.021, indexed in Pubmed: 31430580.

http://dx.doi.org/10.1002/acm2.13511
https://www.ncbi.nlm.nih.gov/pubmed/35049108
http://dx.doi.org/10.1016/j.tipsro.2022.02.001
https://www.ncbi.nlm.nih.gov/pubmed/35243045
http://dx.doi.org/10.1016/s0360-3016(00)00518-6
http://dx.doi.org/10.1016/s0360-3016(00)00518-6
https://www.ncbi.nlm.nih.gov/pubmed/10863086
http://dx.doi.org/10.1016/j.ijrobp.2012.04.004
https://www.ncbi.nlm.nih.gov/pubmed/22652107
http://dx.doi.org/10.1016/j.rpor.2017.12.007
https://www.ncbi.nlm.nih.gov/pubmed/29379398
http://dx.doi.org/10.1002/acm2.13410
http://dx.doi.org/10.1002/acm2.13410
https://www.ncbi.nlm.nih.gov/pubmed/34543500
http://dx.doi.org/10.3857/roj.2019.00290
http://dx.doi.org/10.3857/roj.2019.00290
https://www.ncbi.nlm.nih.gov/pubmed/31591868
http://dx.doi.org/10.1080/0284186X.2017.1288924
http://dx.doi.org/10.1080/0284186X.2017.1288924
https://www.ncbi.nlm.nih.gov/pubmed/28464748
http://dx.doi.org/10.1016/j.ijrobp.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26530760
http://dx.doi.org/10.1016/j.prro.2019.03.002
http://dx.doi.org/10.1016/j.prro.2019.03.002
https://www.ncbi.nlm.nih.gov/pubmed/30914270
http://dx.doi.org/10.1186/s13014-016-0716-5
https://www.ncbi.nlm.nih.gov/pubmed/27784326
http://dx.doi.org/10.1016/j.meddos.2018.10.001
https://www.ncbi.nlm.nih.gov/pubmed/30389413
http://dx.doi.org/10.1016/j.ejmp.2019.07.021
http://dx.doi.org/10.1016/j.ejmp.2019.07.021
https://www.ncbi.nlm.nih.gov/pubmed/31430580

