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Abstract

Purpose: To investigate the plan quality and doses to the heart, contralateral breast
(CB), ipsilateral lung (IL), and contralateral lung (CL) in tangential breast treatments
using the Halcyon linac with megavoltage setup fields.

Methods: Radiotherapy treatment plans with tangential beams from 25 breast
cancer patients previously treated on a C-arm linac were replanned for Halcyon.
Thirteen corresponded to right-sided breasts and 12 to left-sided breasts, all with
a dose prescription of 50 Gy in 25 fractions. Plans were created with the follow-
ing setup imaging techniques: low-dose (LD) MVCBCT, high-quality (HQ) MVCBCT,
LD-MV and HQ-MV pairs and the imaging dose was included in the plans. Plan
quality metric values for the lumpectomy cavity, whole-breast and doses to the
organs at risk (OARs) were measured and compared with those from the original
plans.

Results: No significant differences in plan quality were observed between the origi-
nal and Halcyon plans. An increase in the mean dose (Mean) for all the organs was
observed for the Halcyon plans. For right-sided plans, the accumulated Mean over
the 25 fractions in the C-arm plans was 0.4 +0.3, 0.2 +0.2, 54+ 1.3, and
0.1 £ 0.1 Gy for the heart, CB, IL, and CL, respectively, while values in the
MVCBCT-LD Halcyon plans were 1.2 £ 0.2, 0.6 + 0.1, 6.5 + 1.4, and 0.4 £ 0.1 Gy,
respectively. For left-sided treatments, Mean in the original plans was 0.9 + 0.2,
0.1 £0.0,4.2 + 1.2, and 0.0 = 0.0 Gy, while for the MVCBCT-LD Halcyon plans val-
ues were 1.9 £ 0.2, 0.6 + 0.2, 5.1 £ 1.2, and 0.5 + 0.2 Gy, respectively.
Conclusions: Plan quality for breast treatments using Halcyon is similar to the qual-
ity for a 6 MV, C-arm plan. For treatments using megavoltage setup fields, the dose
contribution to OARs from the imaging fields can be equal or higher than the dose

from treatment fields.
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1 | INTRODUCTION

1.A | Breast cancer

Breast cancer is the cancer with the highest incidence in women in
the US after skin cancer.! The American Cancer Society estimated
266 120 new cases in women in 2018, which was about 30% of the
new female cancer cases, excluding skin cancer.? During 2010-2014,
in the US, the median age at diagnosis for breast cancer patients
was 62 yr.2 Breast cancer treatment options depend on the stage of
the disease, and include mastectomy, breast conserving surgery
(BCS), chemotherapy, and radiation. For stages | and Il, approxi-
mately 60% of the treated patients undergo radiation therapy,®
which may be administered as external beam therapy, brachytherapy,
or a combination of them.

1.B | IGRT

For patients receiving radiation therapy, image-guided radiotherapy
(IGRT) is used to provide an accurate setup at the treatment
machine ensuring adequate coverage of the target volume. Different
imaging techniques have been used for IGRT, such as orthogonal
kilovoltage (kV) or megavoltage (MV) pairs, kV or MV cone beam
computed tomography (CBCT), ultrasound, surface-guided radiother-
apy (SGRT), or magnetic resonance imaging. For MV-based imaging
techniques, the dose from the imaging fields to organs at risk (OARs)
can be significant, and needs to be evaluated. The American Associa-
tion of Physicists in Medicine (AAPM) Task Group 75 recommended
that the total dose should be evaluated patient-by-patient, assessing
individual exposure risk and also recommended to optimize the
imaging protocols to decrease the dose to OARs.* For breast cancer
patients, reducing the dose to OARs from radiotherapy treatments is
important as the 10-year survival probability for diagnosed stage |
and |l patients treated with radiation after breast-conserving therapy
is higher than 60%.° Several studies have reported dose to the OARs
from the different modalities available for radiation delivery including

three dimensional conformal therapy (3D-CRT),®” tomotherapy,®*3

10,12,14,15

static-field intensity-modulated radiation therapy (IMRT) and

volumetric arc therapy (VMAT)&10.15-18

1.C | Halcyon

The Halcyon™ system is a bore-enclosed, jawless linac using a
6 MV flattening-filter free (FFF) beam, where beam modulation is
achieved by means of a stacked and staggered dual-layer multi-leaf
collimator (MLC). Halcyon treatments are 100% image-guided, allow-
ing a faster turnaround due to its high efficiency while ensuring
accurate setup. Another distinctive feature of the Halcyon is that it
does not have light field, optical distance indicator or lasers at the
treatment isocenter. Instead, it has a virtual isocenter out of the
bore identifiable by external lasers. In a typical treatment, the patient
is setup using the virtual isocenter lasers, and then the couch is

moved into the bore to the treatment isocenter and patient setup is
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verified through imaging. For the version 1.0 of Halcyon, all the
imaging setup fields are taken using the same 6 MV FFF beam used
for treatment and the Digital Megavoltage Imaging (DMI) panel.
When a Halcyon plan is created the user has the option to select

among four different setup fields:

e MVCBCT HQ. High-quality megavoltage cone beam CT, delivering
10 monitor units (MUs) as the gantry rotates clockwise from 260°
to 100°.

e MVCBCT LD. Low-dose MVCBCT, delivering 5 MUs in a clock-
wise gantry rotation from 260° to 100°.

® MV-MV HQ. High-quality orthogonal MV radiograph pair, with
one image acquired with the gantry at 0° and the second one at
90°. Two MUs are delivered for each field.

e MV-MV LD. Low-dose MV orthogonal radiograph pair, delivering

one MU per image.

All the setup fields are delivered with the collimator fixed at 0°
and the imaging field size is set by the user. For the MVCBCT, the
size on the X axis is fixed to 28.0 cm and in the Y direction the field
size can go from 2.0 to 28.0 cm on 2.0 cm increments. For the MV-
MV fields, the aperture in the X axis can go from 2.0 to 28.0 cm in
0.1 cm increments, while for the Y axis, the aperture can take values
from 2.0 to 28.0 on 2.0 cm increments. Dose from the imaging setup
fields is accounted for during plan optimization and reported as part
of the total dose in the plan.

This work presents an evaluation of the plan quality and dose
metrics to OARs for left- and right-sided breast plans using Halcyon,
and compares the results with metrics obtained for plans created for
a C-arm linac. The relative contribution of imaging dose to OARs
was calculated, and dose reduction techniques are suggested.

2 | METHODS
2.A | Treatment planning
2.A.1 | Plan selection

This study was performed for 25 breast plans, 12 left-sided, and 13
right-sided, corresponding to patients with stages | and Il, without
nodal involvement, undergoing radiation after breast conservative
surgery. Patients had a chest wall separation of less than 22 cm so
that 6 MV beams were appropriate for planning. The dose prescrip-
tion was 50 Gy in 25 fractions using tangential 6 MV photon beams
and a boost of 10 Gy in 5 fractions with electron beams (6 or
9 MeV). Patients were treated with a Varian 21EX linac with a Mil-
lennium 120 MLC (Varian Medical Systems, Palo Alto, CA, USA). The
tangential photon plans were replanned for the Halcyon system to

compare plan quality and dose to OARs.

2.A.2 | Simulation and contouring

Patient simulation was performed with a GE CT scanner available at
our radiotherapy department. The slice thickness was 2.5 mm and

the scans covered from the mid-abdomen to the clavicle with the
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patients laying on a 10°-20° inclined breast board in the supine
position with both arms raised. The image series were imported into
the Eclipse treatment planning system (Varian Medical Systems, Palo
Alto, CA, USA) for contouring and planning. The physician contoured
the lumpectomy cavity and reviewed the contours for OARs: ipsilat-
eral lung (IL), contralateral lung (CL), and heart. For this study, treat-
ment breast and contralateral breast (CB) were also contoured
including all the palpable breast and setting the borders to exclude
the chest wall and 5 mm from the skin. The medial border was set
to the mid-sternum and the caudal limit to 2 cm below the infra-

mammary line.

2.A.3 | C-arm planning

For the original plans, using the 21EX linac, the tangential fields
were defined using the linac jaws. The superior limit was set to the
head of the clavicle and the inferior limit to 2 cm below the infra-
mammary line, the medial margin was set to the mid sternum, and
the anterior limit included a 2 cm flash from the contour of the
body. Gantry angles were set such that the posterior edges of the
opposing fields were coplanar and preventing the fields to extend
more than 2 cm into the lungs. Dose was calculated with a grid size
of 0.25 cm using the Anisotropic Analytical Algorithm (AAA), version
13.6. The irregular surface compensator tool was used for both
fields, and hot spots larger than 105% were cleared by using the flu-
ence editor available in Eclipse. For left-sided treatments, the heart
was spared by adding a heart block defined by the MLC.

2.A4 | Halcyon planning

Figure 1 shows the workflow we used to generate tangential breast
treatments with Halcyon. The planning process starts by selecting
one of the imaging techniques available and the field size for the
imaging beams. The dose contribution from these imaging fields will

be included in the total dose reported by the treatment planning

Check support structure

>

Create plan seth
with the et beam
desired imaging » » configuration
technique

Calculate dose and add
irregular surface

compensator and OARs

Incorporate flash '

Clear hotspots using
the fluence editor

Review plan*

« Contour lumpectomy*

system. The second step is to check and correct the positioning of
the couch. When a plan is created for Halcyon, the couch is posi-
tioned automatically by Eclipse but when the breast board is used,
the automatic positioning of the couch may be inaccurate. This task
is performed in the axial view and verified on the sagittal view using
a lung window leveling as seen in Fig. 1. The next step is to define
the isocenter, which can be moved directly on the axial view. A con-
straint for Halcyon is that the position of the isocenter is limited by
the lateral range of the couch inside of the bore. This poses a chal-
lenge when planning for larger patients, as the isocenter would need
to be displaced more laterally. If the position of the isocenter is such
that the couch collides with the bore, the bore will appear high-
lighted on the axial view and the system will not perform any dose
calculation. Once the isocenter is set without collisions, the beam
angle can be adjusted on the axial view and the collimator angle
value can be entered manually while checking it on the beam’s eye
view with the body contour turned on. The field sizes are adjusted
on the beam’s eye view, setting the superior limit to the head of the
clavicle and the inferior limit to 2 cm below the inframammary line,
the medial margin to the mid sternum, and the anterior limit includ-
ing a flash from the contour of the body. The skin flash will be
adjusted on a later step. A similar approach is done for the opposing
field, ensuring that gantry angles are set such that the posterior
edges of the opposing fields are coplanar and preventing the fields
to extend more than 2 cm into the lungs. At our clinic, the beam
configuration is checked and modified if needed by the radiation
oncologist to ensure appropriate coverage. The oncologist provides
the contouring for the lumpectomy and other OARs are contoured
as well. The first dose calculation is performed with the initial beam
configuration and then, the irregular surface compensator is inserted
for each beam with a penetration depth of 50%. At this point the
flash is incorporated, by measuring the transmission factor of a point
near the edge of the body contour and assigning that value (usually
between 0.75 and 0.90) to the surrounding area 2 cm beyond the

most anterior point of the body. Finally, the fluence editor is used to

Check for collisions

@

Review beam
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Fic. 1. Workflow for tangential whole
breast treatments in the Halcyon™
system, steps performed by the Radiation
Oncologist is indicated with an asterix.
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reduce hotspots larger than 105% of the prescription dose and the
plans are reviewed by the radiation oncologist, who checks the cov-
erage, normalization, and dose to OARs.

In this work, four Halcyon plans, one for every imaging technique
available were created for each patient.

The Halcyon plans had the same isocenter and beam configura-
tion as the C-arm plans and the tangential fields were defined using
the MLC with the same aperture as the C-arm plans. The field sizes
for the imaging fields were (14.0 x 10.0) cm? and (14.0 x 14.0) cm?
for the MVCBCT and MV pairs, respectively. Dose was calculated
with a grid size of 0.25 cm using the AAA, version 15.1. To
investigate the contribution to the total dose from the imaging fields,
each Halcyon plan was duplicated and the treatment fields were

erased.

2.B | Plan quality evaluation

The total number of monitor units (MUs) was compared for C-arm
and Halcyon plans. Dose volume histogram (DVH) metrics naming
followed TG-263 guidelines!’ and were calculated using the visual
scripting tool in Eclipse. Coverage of the lumpectomy cavity and the
whole breast were evaluated by using the mean dose (Mean), and
D98%[%], the minimum dose received by the hottest 98% subvol-
ume. The homogeneity index was calculated according with the
ICRU83 recommendations:2°

_ D2[%] — D98[%]

HI D50[%]

and the prevalence of hot spots was evaluated measuring V105%
[%], the hottest subvolume receiving more than 105% of the pre-
scribed dose. Dose volume histogram metrics for the lumpectomy
and whole breast were compared grouping together right-sided and

left-sided treatments, while doses the OARs were assessed
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measuring volumes receiving relevant doses as well as point maxi-
mum doses (Max) and Mean. Organs at risks DVH parameters were
evaluated separately for right-sided and left-sided treatments.

Statistical analysis was performed with Origin 9.6.5 (OriginLab
Corporation, Northampton, MA, USA), comparing each parameter of
the C-arm and Halcyon plans using the nonparametric, two-sample
Kolmogorov-Smirnov test. Significant difference was considered for
P < 0.01.

3 | RESULTS

3.A | Plan quality

Halcyon plans showed an average 35% increase in the number of
monitor units per fraction as compared with the C-arm plans
(P < 0.001). This increase can be attributed to the use of the 6X FFF
beam in Halcyon as compared with the 6 MV flattened beam deliv-
ered by the C-arm linac. We observed that this increment was higher
in cases where the isocenter was not positioned at the center of the
breast. Table 1 shows the plan quality comparison of the C-arm and
Halcyon plans. For the lumpectomy, none of the DVH metrics inves-
tigation showed a significant difference (at the 0.01 level). For the
whole breast, no significant difference was found for Max, Mean,
and V105% [%)]. The values of D98%[Gy] and H.l. for the Halcyon
plans showed a statistically significant difference as compared with
the C-arm plans, however, given that those differences are less than
1%, we do not consider them of clinical relevance and could be
related with the planner’s skill when editing fluence.

3.B | Doses to organs at risk

Tables 2 and 3 show the OARs DVH metrics for right-sided and left-
sided treatments, respectively, including the P values from the

TasLe 1 Lumpectomy and whole breast DVH metrics comparison between C-arm and Halcyon plans Stated values indicate mean + SD and
statistical analysis was performed using the two-sample Kolmogorov-Smirnov test (at the 0.01 level).

HalcyonMVCBCT HQ

HalcyonMVCBCT LD

HalcyonMVMV HQ HalcyonMVMV LD

C-arm
Value Value P Value P Value P Value P
Lumpectomy
Max[Gy] 522 +04 522 +04 NS 522 +03 NS 521 +04 NS 521 +04 NS
Mean[Gy] 512+ 0.5 512 +0.5 NS 51.0 £ 0.5 NS 50.9 £ 0.5 NS 50.9 £ 0.5 NS
D98%[Gy] 490+ 3.0 49125 NS 49124 NS 489 +24 NS 48.7 £ 2.6 NS
V105%[%] 0.0 £ 0.0 0.0+00 NS 00+0.1 NS 0.0+0.0 NS 00+0.1 NS
H.I. 0.06 £ 0.06  0.06 £ 0.05 NS 0.06 + 0.05 NS 0.06 + 0.05 NS 0.06 + 0.05 NS
Breast
Max[Gy] 52.8 £+ 0.3 52.6 £ 0.1 NS 527 £+ 0.1 NS 52.7 £ 0.1 NS 52.6 £ 0.1 NS
Mean[Gy] 50.8 + 0.3 50.9 £ 0.5 NS 50.9 £ 0.3 NS 50.8 + 0.3 NS 50.8 + 0.4 NS
D98%[Gy] 479 + 0.6 483 £ 0.9 P <0.01 483 + 0.9 P < 0.01 482 +0.9 P < 0.01 483 £ 0.8 P <0.01
V105%[%] 0.1+0.2 00+0.1 NS 0.0 £ 0.0 NS 00+01 NS 00+0.1 NS
H.l. 0.09 + 0.01 0.08 + 0.02 P <0.01 0.08 + 0.02 P <0.01 0.08 £0.02 P<0.01 0.08 + 0.02 P <0.01
MUs 376 + 35 494 + 51 P < 0.001 507 + 54 P < 0.001 509 + 55 P < 0.001 520 + 62 P < 0.001

MVCBCT HQ, High-quality megavoltage cone beam CT; MVCBCT LD, Low-dose MVCBCT.
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TaBLE 2 Dose to organs at risk in C-arm plans and Halcyon plans for right-sided treatments. Stated values indicate mean + SD and statistical
analysis was performed using the two-sample Kolmogorov-Smirnov test (at the 0.01 level).

HalcyonMVCBCT HQ

HalcyonMVCBCT LD

HalcyonMVMV HQ HalcyonMVMV LD

C-arm
Value Value P Value P Value P Value P
Breast_L (contralateral)
Max[Gy] 1.5+ 04 33+04 P < 0.001 21+£04 P < 0.001 1.6 +0.2 NS 14 +0.2 NS
Mean[Gy] 02+0.2 1.1+£02 P < 0.001 0.6 +0.1 P < 0.001 07 +0.1 P < 0.001 04 +0.1 P < 0.001
V2Gy(cc] 0.1+0.2 68.6 + 35.8 P < 0.001 0.6 +14 NS 0.0 + 0.0 NS 0.0 £ 0.0 NS
DO0.1cc[Gy] 1.3+0.3 29 +£0.6 P < 0.001 1.9+03 P < 0.001 1.5+0.3 P <0.01 1.2+02 NS
Heart
Max[Gy] 30+10 53+0.7 P < 0.001 42+0.7 P <0.01 44 +08 NS 3.6+0.8 NS
Mean|[Gy] 04 +0.3 20+03 P < 0.001 1.2 +0.2 P < 0.001 1.0+0.1 P < 0.001 0.8 +0.1 P < 0.001
V5Gy [%] 0.0 +£0.0 0.1+0.2 NS 0.0+ 0.0 NS 0.0+0.0 NS 0.0+0.0 NS
Lung_R (ipsilateral)
Mean[Gy] 54+13 71+13 P < 0.001 65+ 14 P < 0.001 72+12 P <001 62+14 NS
V5Gy [%] 19.2 £45 289 +4.7 P < 0.001 232+ 4.2 P < 0.001 243+ 34 NS 21.0+43 NS
V10Gy [%] 11.6 £+ 34 135 +35 NS 12.7 £ 35 NS 149 £ 2.7 NS 123 £35 NS
V20Gy [%] 83+29 9.0+31 NS 89 +31 NS 111+ 24 NS 89 +3.1 NS
Lung_L (contralateral)
Mean[Gy] 0.1+01 08 +0.2 P < 0.001 04 +0.1 P < 0.001 03+0.1 P < 0.001 02+0.1 P < 0.001

MUs, monitor units; MVCBCT HQ, High-quality megavoltage cone beam CT; MVCBCT LD, Low-dose MVCBCT.

TaBLe 3 Dose to organs at risk in C-arm plans and Halcyon plans for left-sided treatments. Stated values indicate mean + SD and statistical

analysis was performed using the two-sample Kolmogorov-Smirnov test (at the 0.01 level).

C-arm

Breast_R (contralateral)

HalcyonMVCBCT HQ

HalcyonMVCBCT LD

HalcyonMVMV HQ

HalcyonMVMV LD

Max[Gy] 1.3+04 28 £ 04 P < 0.001 1.8+0.3 P <0.01 0.9 +0.1 NS 1.0+0.2 NS
Mean[Gy] 0.1+0.0 1.0+03 P < 0.001 0.6 +0.2 P < 0.001 03+0.1 P < 0.001 02+0.1 P <0.01
V2Gy/cc] 0.0 +£ 0.0 21.5 + 245 P < 0.001 0.1+01 NS 0.0 + 0.0 NS 0.0 £ 0.0 NS
DO0.1cc[Gy] 1.0+0.3 27 £04 P < 0.001 1.7 0.2 P < 0.001 09 +0.1 NS 0.9 +0.2 NS
Heart
Max[Gy] 111 +£47 115+ 41 NS 10.5 £ 4.0 NS 10.8 £ 6.2 NS 9.7 £40 NS
Mean[Gy] 0.9 £0.2 2.7 +0.3 P < 0.001 1.9 +0.2 P < 0.001 14 +03 P < 0.001 1.3+0.2 P < 0.001
V5Gy[%] 0.7 £0.5 35+16 P < 0.001 1.2+07 NS 1.0+ 1.0 NS 0.7 +£0.5 NS
Lung_L (ipsilateral)
Mean[Gy] 42+12 5712 NS 51+12 NS 49 £ 1.7 NS 47 £1.2 NS
V5Gy[%] 154 £ 44 23644 P < 0.001 19.1 £ 4.2 NS 18.7 £ 5.8 NS 17.0 £ 43 NS
V10Gy[%] 88+ 3.6 10.3 £ 3.7 NS 9.5+3.6 NS 9.6 £50 NS 9.1+£35 NS
V20Gy[%] 6.0+28 63+28 NS 62 +28 NS 6.2+ 39 NS 6.1+27 NS
Lung_R (contralateral)
Mean[Gy] 0.0 £ 0.0 0.8+0.2 P < 0.001 0.5+0.2 P < 0.001 0.2 +0.0 P < 0.001 0.2 +0.0 P < 0.001

MVCBCT HQ, High-quality megavoltage cone beam CT; MVCBCT LD, Low-dose MVCBCT.

Kolmogorov-Smirnov test. Significant differences in Mean were
observed for the CB, heart, and CL when comparing C-arm and Hal-
cyon plans regardless the imaging technique used and the highest
increases were observed for the MVCBCT HQ plans.

For the CB, the Mean increased from 0.1 +0.0 Gy and
0.2 £ 0.2 Gy on the C-arm plans to 1.0 + 0.3 Gy and 1.0 + 0.3 Gy

for right-sided and left-sided plans when the MVCBCT HQ was used
(P < 0.001). The Max to the CB also had a significant increase for
the MVCBCT HQ and MVCBT LD plans one both, right- and left-
sided treatments. Mean to the CB was 2.5 times higher for right-
sided lesions as compared with left-sided lesions when the MV/MV

technique was used. This can be explained considering that the
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gantry is fixed at 90° for the lateral MV regardless of the treatment
side, irradiating the left side of the patient. Max to the heart was
not significant different for left-sided treatments regardless the imag-
ing technique. For right-sided treatments, significant differences
were observed in heart Max for the MVCBCT HQ and LD plans.

Heart Mean increased significantly for all the Halcyon plans at the
P < 0.001 level. For the Mean IL, no significant differences were
observed when comparing C-arm and Halcyon plans for left-sided
treatments. For right-sided treatments, a significant increase in IL
Mean was observed for the MVCBCT HQ, MVCBCT LD and MV/
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(a) Low-dose region of the cumulative DVH of (Body-Breast) over 25 fractions for the C-arm and Halcyon plans. (b) Box plot

showing the (Body-Breast) V1.0Gy [cc], significant differences were observed when comparing C-arm and Halcyon plans.

MVCBCT HQ

Fic. 3.

MVCBCT LD
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E& 250 cGy

Dose distributions produced by the imaging fields on Halcyon for 25 fractions on a typical right-sided breast treatment.
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MV HQ plans but not for the MV/MV LD plan. CL Mean also increased
significantly, at the P < 0.001 level, for all the Halcyon plans.

3.C | Dose from imaging fields

Figure 2(a) shows a representative cumulative DVH histogram for
the (Body-Breast) contour on the C-arm and Halcyon plans over 25
fractions. The integral dose increases in Halcyon plans due to the
imaging fields, with the dose difference being higher for the
MVCBCT HQ plans. The subvolume of (Body-Breast) receiving
1.0Gy or 3746 + 984 cc, 7718 £ 1016 cc,
6023 + 1105 cc, 4954 + 1117 cc, and 4605 + 1133 cc for the C-
arm, MVCBCT HQ, MVCBCT LD, MVMV HQ, and MVMV LD plans,
respectively [Fig. 2(b)].

more were

Figure 3 shows a typical dose distribution from each of the setup
fields for 25 fractions on a right-sided breast patient. For both
MVCBCT fields, the OARs receiving more imaging dose were the CL
and heart, while for the MV-MV pairs, the IL and CB received the
highest doses.
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Figure 4 shows the Mean for the OARs separating the contribu-
tion from the imaging fields and the contribution from the treatment
fields. For the CB, the imaging fields are the dominating contribution
to Mean regardless of the imaging technique and treatment side. For
the heart, the dose from the MVCBCT HQ field is also higher than
the dose associated with the treatment fields and the increase in
Mean is approximately 1.5 Gy for left and right sided plans. For left-
sided lesions, the dose from the MV-MV pairs is less than a half as
compared with the dose for plans with right-sided lesions. In con-
trast, the dominating contribution to the IL Mean is the treatment
fields and the increase due to the imaging fields is less than 30% for

any imaging technique.

4 | DISCUSSION

4.A | Plan quality

Two factors may affect the plan quality between the C-arm plans
and the Halcyon plans: the MLCs and the difference on beam
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Fic. 4. Organs at risks Mean for treatments using the C-arm and Halcyon. The shaded area indicates the contribution to Mean from the
treatment fields and the solid area indicates the contribution from the imaging fields.
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and Halcyon. The labels on the Halcyon plans indicate the imaging
technique used for setup: MVCBCT HD (a), MVCBCT LD (b), MV/
MV HQ (c), and MV/MV LD (d). CB, contralateral breast.

quality. Although the leaf width at isocenter is comparable, Halcyon'’s
MLC and the Millennium 120 MLC are different in terms of trans-
mission, leaf speed, and dosimetric leaf gap as reported by Lim
et al.?! Furthermore, Halcyon uses a FFF beam with different photon
spectra than the flattened beam used for the C-arm plans. The mean
energy for photons at the central part of the flattened beam is
higher as compared with FFF beams,?? and, as a result, small statisti-
cal differences on plan quality between FF and FFF beams have
been reported.?>?* However, for the plans investigated in this work,
no significant differences were observed on the plan quality metrics

between the C-arm and Halcyon plans.

4B | Setup fields

One limitation of the planning process is the unavailability of custom
gantry angles for the MV images in Halcyon, where MV radiographs
are taken at the predefined gantry angles of 0° and 90° without the
possibility of the user to change that value. MV orthogonal pairs are

Fic. 6. Dose distribution for a left-sided
target from a pair of rectangular MV fields
at the treatment angles and delivering

2 MUs each. Angled MV ports are a widely
used setup technique for C-arm linacs as
the breast is visible for alignment and the
dose to the heart and CB are minimized.
CB, contralateral breast; MUs, monitor
units; MV, megavoltage.

WILEY—-%

unsuitable for setting up right-sided patients, as the lateral beam
provides the image of the opposite site of the patient. For this rea-
son, the MVCBCT LD imaging technique is the most suitable for

patients treated on Halcyon linacs without kV capabilities.

4.C | Dose to OARs

Halcyon plans had higher dose values to the OARs than C-arm plans
for most of the metrics evaluated in this work. In particular higher
doses to the CB are a concern as it has been reported that for
women more than 40 yr old, mean doses to the CB higher than
1.0 Gy have a 2.5-fold higher risk of developing a secondary cancer®,
and this value is exceed only if the MVCBCT HQ technique is used.
The mean dose to the CB is especially important for patients
younger than 40 yr old or with mutations in the breast cancer sus-
ceptibility gene, BRCA2, as they represent the population with
higher risk for secondary breast cancers. If the MVCBCT LD tech-
nique is used, as proposed in this work, the CB mean dose is
0.6 £ 0.1 Gy, which is within the range of values published in the lit-
erature for fixed tangential fields®10121318 (from 0.3 to 1.0 Gy). For
Halcyon plans, the mean dose to the CB is comparable or lower than
other external beam modalities currently used in the clinical practice,
such as TomoDirect'®*® (from 0.3 to 0.6 Gy), Tomotherapy'®?
(from 0.6 to 3.6 Gy), IMRT'®'21318 (from 0.3 to 3.2 Gy), or
VMAT0111517.18 (from 0.6 to 4.6 Gy), as shown in Fig. 5.

In the case of the heart, the probability of major coronary events
increase linearly with the mean dose to the heart by 7.4% per Gy.2°
Taylor et al,?® performed a systematic review of published doses to
the heart from breast cancer radiation therapy and reported that for
treatments that did not included the internal mammary nodes, the
mean dose to the heart was 3.4 + 0.2 Gy and 5.6 + 0.4 Gy for tan-
gential treatments and IMRT, respectively. In this study, for Halcyon
plans using MVCBCT LD fields, the mean dose to the heart was
1.3 £ 0.1 Gy and 1.8 + 0.3 Gy, for right-sided and left-sided targets,
respectively. These values are also lower than the 4.0 Gy limit rec-

ommended in clinical trials such as the one performed by the Radia-
tion Threapy Oncoloy Group (RTOG) 1005.2”
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4.D | Dose reduction options

As recommended by TG-75 and following the ALARA principle, it is
important to evaluate dose reduction techniques for IGRT. Some of
the strategies can be implemented in the clinic by the physicist and
some other will require modifications in the Halcyon workflow from

the manufacturer. For example:

4.D.1 | Optimized imaging scheduling

To ensure that the setup of the patients is adequate and at the same
time minimize the dose to OARs from the imaging fields, it is a com-
mon practice in many institutions, including ours, to have imaging
schedules where port films are taken only once a week. This
approach is not possible for Halcyon, as the imaging fields cannot be
skipped at any fraction. An alternative to balance an adequate setup
and also reduce the contribution of imaging dose, would be generat-
ing two plans, one including an MVCBCT LD and a second plan
using MV-MV ports. The proposed schedule consists on delivering
the MVCBCT once a week and the MV/MV LD ports the rest of the
fractions.

4.D.2 | Use of nonionizing imaging techniques

SGRT has been successfully used to setup and monitor linac-based
stereotactic radiosurgery and deep inspiration breath-hold treat-
ments.25%° At our institution SGRT has been successfully imple-
mented for setting up patients treated on the brain area with the
Halcyon linac, reducing the residual rotational errors before the IGRT
fields and the total treatment time.3! Surface-guided radiotherapy
could be used for breast patients in Halcyon for daily setup. To fully
take advantage of this approach, the user should have the option to
skip the imaging fields, however, this would require a site-specific

modification in the workflow by the manufacturer.

4.D.3 | Angled MV ports

Dose from the imaging fields may also be reduced with site-specific
modifications by the manufacturer, such as MV images at arbitrary
angles. Tangential images at the treatment angles are part of the
setup technique at our clinic using the C-arm linac for breast
patients as they allow the visualization of the breast and minimize
the dose to the OARs, Fig. 6 shows the dose distribution for two
rectangular MV fields delivering 2 MUs each. For 25 fractions the
mean dose to the heart and CB associated with the imaging fields
are 4.1 and 0.1 cGy, respectively.

5 | CONCLUSION

This work is relevant for clinics with Halcyon linacs without the
kVCBCT capability. For some of these clinics, Halcyon may be the
only machine used for treatment and the performance for every

treatment site needs to be investigated. Our work has shown
that the Halcyon linac is suitable for treating breast patients with
separations less than 22 cm, using the whole-breast tangential beam
technique, however, doses to OARs need to be considered when
choosing the setup imaging technique. Geometry and beam related
limitations should also be evaluated prior to treatment. Mean doses
to OARs in Halcyon treatments using the MVCBCT LD technique
are lower than mean doses reported from other techniques such as
VMAT or IMRT, and can be further decreased by implementing
imaging dose reduction techniques via optimized schedules or
changing the workflow in Halcyon. Further research is necessary to
investigate alternatives to tangential breast fields to treat patients
with larger separations, boost the lumpectomy cavity and to imple-
ment the deep inspiration breath-hold technique for left-sided

patients.
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