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ABSTRACT

Background: The most common secondary cancer is contralateral breast (CLB) cancer after whole breast irradiation (WBI).
The aim of this study was to quantify the reduction of CLB dose in tangential intensity modulated radiotherapy (t-IMRT) for
WBI using flattening-filter-free (FFF) beams.

Materials and methods: We generated automated planning of 20 young breast cancer patients with limited user interaction.
Dose-volume histograms of the planning target volume (PTV), ipsilateral lung, heart, and CLB were calculated. The dose of PTV,
the most medial CLB point, and the CLB point below the nipple was measured using an ionization chamber inserted in a slab
phantom. We compared the two t-IMRT plans generated by FFF beams and flattening-filter (FF) beams.

Results: All plans were clinically acceptable. There was no difference in the conformal index, the homogeneity for FFF was
significantly worse. For the ipsilateral lung, the maximum dose (D,,..,) was significantly higher; however, V,, showed a tendency
to be lower in the FFF plan. No differences were found in the D, and V5, to the heart of the left breast cancer. FF planning
showed significantly lower D, and mean dose to the CLB. In contrast to the calculation results, the measured dose of the
most medial CLB point and the CLB point below the nipple were significantly lower in FFF mode than in FF mode, with mean
reductions of 21.1% and 20%, respectively.

Conclusions: T-IMRT planning using FFF reduced the measured out-of-field dose of the most medial CLB point and the CLB
point below the nipple.

Key words: young breast cancer; contralateral breast; whole breast irradiation; tangential intensity modulated radiotherapy;
flattening-filter-free
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Introduction breast (CLB) cancer. Several studies found the risk

of CLB cancer to be evident among young women

Whole breast irradiation (WBI) after breast-con- (age < 45 years) treated with radiotherapy and fol-
serving surgery is the standard treatment for ear- lowed for > 5 years [1, 2]. Stovall et al. [3] found
ly-stage breast cancer. In patients treated with WBI, that a significantly higher proportion of CLB can-
the most common secondary cancer is contralateral cers were located in the inner and central quadrants
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for irradiated women. Women aged < 40 years with
higher CLB radiation dose exposure had a threefold
greater risk than no or lower-dose-exposed women
at follow-up periods > 5 years.

An out-of-field dose to the CLB is not desirable
in WBI. The out-of-field dose consists of three main
components: head leakage, internal scatter, and col-
limator scatter [4]. While head leakage is reduced
by flattening-filter-free (FFF) beams [4, 5], studies
reporting the CLB dose of FFF beams in WBI are
limited [6].

Most reports regarding CLB cancer risk were
conducted using commercial treatment planning
systems (TPS) [7, 8]. However, commercial TPS
are not recommended for accurate out-of-field dose
assessment [9]. Previous studies used CLB doses
measured in a phantom to estimate the risk of sub-
sequent breast cancer. This method involves the
dose corresponding to head leakage [10, 12].

The aim of this study was to quantify the reduc-
tion of CLB dose from tangential intensity modu-
lated radiotherapy (t-IMRT) for WBI using FFF
beams. We generated an automated planning pro-
cess with limited user interaction, and compared
the results with those of flattening-filter (FF) beams
by means of TPS calculations and Farmer ioniza-
tion chamber (IC) measurements.

Materials and methods

Patients and treatment planning

Planning computed tomography (CT) datasets
of ten right and ten left breast cancer female pa-
tients were used for this study. All patients were
aged < 40 years (range, 28-39 years) and had WBI
after breast-conserving surgery between 2013 and
2019. These 20 patients were retrospectively re-
planned with limited user interaction in the treat-
ment planning process. The institutional review
board (approval number: B180500020) approved
the study protocol, which was carried out in accor-
dance with the declaration of Helsinki of 1975 (as
revised in 2008).

The CT datasets were acquired on a four-slice CT
scanner (Lightspeed; GE Medical System, Wauke-
sha, WI, USA) with a 2.5-mm slice thickness. Ra-
dio-opaque wire was placed around the palpable
breast tissue at the time of CT simulation to identify
the superior, inferior, medial and lateral markers
that covered the peripheral breast tissue. Treatment

planning was conducted using the Pinnacle’ TPS (v.
9.14; Philips Radiation Oncology Systems, Fitch-
burg, WI). Dose calculations of the treatment plans
were performed using the superposition algorithm
with a grid resolution of 3 mm.

The treatment planning process was based on
a previous report, and mostly followed the guide-
lines [13]. Medial and lateral tangential treatment
beams with half-beam block were created. A me-
dial marker was positioned 1.0 cm medial to the
radio-opaque wire. Lateral, superior, and inferior
markers were located 1.5 cm posterolateral, su-
perior, and inferior to the wire, respectively. The
superior and inferior edges of the tangent beams
intersected the superior and inferior markers with
the cranio-caudally symmetric beam. The posterior
edges of the tangent beams intersected the medial
and lateral markers. The anterior borders with skin
flash were 2 cm from the nipple. The beam isocenter
was located at the midpoint of the medial and lateral
markers (Fig. 1A). User interaction was limited to
these anatomic landmarks identified on CT simula-
tion and the collimator angle which were set as the
posterior edge of the beam parallel to the chest wall.

Delineation of the lungs and heart was performed
automatically using the Pinnacle’ Auto-Segmenta-
tion function. The CLB was delineated by a single
radiation oncologist (DS) using the atlas proposed
by the Radiation Therapy Oncology Group [14]. To
define the treatment volume of ipsilateral breast, the
55% isodose level irradiated by the tangent beams
was initially contoured. After excluding organs at
risk (OAR) from the 55% isodose level contour,
the planning target volume (PTV) for optimization
was generated with the volume contracted by 5 mm
in the axial plane and 10 mm in the cranio-caudal
direction [13].

For each of the 20 patients, treatment plans were
created with both conventional FF and FFF 6-MV
photon beams of TrueBeam (Varian Medical Sys-
tems, Palo Alto, CA, USA). FFF beams provide
higher dose rates (1400 monitor units [MU]/min)
than FF beams (600 MU/min). With a prescription
of 200 cGy per fraction for a total of 25 fractions,
80% of the dose was delivered by the opposed open
beams calculated at the breast point (Fig. 1A), and
20% was delivered by two opposed step-and-shoot
IMRT beams with gantry angle, collimator angle,
and beam isocenter constant. Optimization param-
eters, the minimum segment area, and maximum
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Figure 1. Representative axial CT image of a right breast cancer patient; A. Medial marker (purple), lateral marker (light blue),
isocenter (red), and breast point (green): 2 cm from isocenter perpendicular to the posterior edge of the tangent beams;

B. markers for the center of the phantom surface (purple), planning target volume (PTV) point (yellow), the most medial
contralateral breast (CLB) point (brown), and CLB below the nipple point (orange) for the phantoms

number of segments were automatically deter-
mined based on the volume of PTV, in accordance
with the guidelines [13].

Direct machine parameter optimization and the
auto-planning module of the Pinnacle’ TPS were
used for calculations. The auto-planning settings
were not changed in this study. The target optimi-
zation goal was 5000 cGy for PTV. Priorities of the
OAR were all set to “medium” with compromise in
the following optimization presets: ipsilateral lung
(ILL) V< 15%, where V,, was defined as the per-
centage of the volume receiving at least 2000 cGy;
CLB maximum dose (D,,,,) 100 cGy; and heart for
left breast cancer D,,,, 4000 cGy. Subsequently, the
plans were normalized to result in a mean PTV
dose of 5000cGy by proportionally changing the
MU of both open and IMRT beams.

Dose measurement (PTV and inner
and central quadrants of CLB)

All treatment plans were recalculated on a phan-
tom composed of a stack of ten solid water-equiv-
alent slabs with dimensions of 30 x 30 x 2 cm’
(Fig. 1B). Measurements were performed using
a 0.6 cm’ PTW Farmer-type IC (TN30013, PTW
Freiburg GmbH, Germany). The IC was inserted
at a depth of 1 cm in the slab, located 1 to 12 cm
lateral to the center. The posterior edge of the tan-
gent beams intersected the surface of the midline
phantom, with constant jaw positions and gantry
angle. The collimator angle was adjusted to 0 or
180 degrees. The beam isocenter was located 7.5 cm
lateral to the center of the phantom. The number of
MU used in the original treatment plan was used
to deliver the dose. The IC for the target volume

was placed in a region of uniform prescribed dose
calculated in the PTV. ICs were also placed at the
most medial CLB point which is the nearest to the
medial CLB tissue and the CLB point below the
nipple which is the nearest to nipple of CLB. These
positions were replicated using the medial markers
of the patients from planning CT (Fig. 1B, Fig. 2).
These points represented the highest doses in the
inner and center quadrants of CLB, and were moni-
tored by ICs at a depth of 1 cm from the surface. To-
tal treatment session time and actual beam-on time
were also monitored. Mean dose (D,,...), minimal
dose (D,,in), and D,., to the IC volume contoured in
the phantom were calculated by the TPS.

Data analysis
The homogeneity index (HI) and conformal in-
dex (CI) of the target region were compared be-
tween the two techniques [15].
HI is calculated using the following formula:

HI= (DZ%_D98%)/D50% (1)

where D,y, Dygy, and Dsy, are the minimum doses
covering by 2%, 98%, and 50%, respectively, of the
PTV volume calculated on the dose-volume histo-
gram. The HI formula shows that lower HI values
indicate a more homogeneous target dose. HI = 0
(zero) is the ideal value.

Cl is calculated using the following formula:

CI = (V95 pppp »)2/ (‘/PT\'X VQS%) (2)

where V.. is the PTV volume covered by 95%
of the prescription dose, Vs, is the body volume
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Figure 2. Measurement points in the phantom; A. planning target volume (PTV) point; B. The most medial contralateral
breast (CLB) point; C. CLB below the nipple point

receiving 95% of the prescription dose, and V., is
the target volume. CI takes into account radiation
delivery to the target volume and normal tissues.
CI = 1 is the ideal value.

For OAR, the values of D,,,, and D,,,, for CLB,
and D,,.,and V,, for ILL were evaluated and com-
pared in all patients. D,,, and V;, for the heart were
investigated in left breast cancer patients.

We defined the plans as acceptable from a clini-
cal perspective when D,,, was below 5350 cGy and
Dy, was above 4500 cGy.

Analysis was performed to compare FF and FFF
modes. Quantitative data of 20 patients were ex-
pressed as mean + standard deviation. The results
were compared for the two sets of plans with the
paired Student’s ¢-test. Factors with p-values < 0.05
were considered significant. All analyses were per-
formed with SPSS version 25.0 (IBM, Armonk, NY,
USA).

Results

Patient dose-volume histograms

The PTV and breast separation between the tan-
gent entry points ranged from 105.2 to 1005.9 cm’
(485.3 + 287) and 14.1 to 20.8 cm (17.9 £ 2), re-
spectively.

The mean dose-volume histograms used to eval-
uate the different dose distributions for the FF and
FFF techniques are shown in Figure 3. All plans
were clinically acceptable as D,,, ranged from 5090
to 5241 cGy for FF and from 5147 to 5321 cGy for
FFE. Dyg, ranged from 4664 to 4829 cGy for FF and
4512 to 4759 cGy for FFE HI, CI, and PTV (Dyg,
Dss> Diaw Dinin) 0f the target regions in the FF and
FFF plans are shown in Table 1. The two types of
IMRT plans showed no significant difference in CI
of the target region. Although the average dose dif-

ferences of Dy, and D,,, were clinically small (159.9
cGy, 59.9 cGy, respectively), significant differences
in HI and PTV doses (Dgo;, Dogs Dinaxs Dimin) T€SUlted
in worse dose homogeneity within the target vol-
ume for FFF (p < 0.001).

Dosimetry of OAR within the field and out of the
field are presented in Table 1. For the ILL of all 20
patients, D,,,, was significantly higher (p < 0.001)
but there was a tendency for V,, to be lower
(p = 0.051) in FFF planning. No significant differ-
ences were found in the D,,,, and V;, to the heart
of the ten left breast cancer patients. FF planning
showed significantly lower D,,,, and D,,.,, of CLB
compared with FFF planning (p < 0.001).

IC dose calculation

For PTV points in the phantom, D, calculated
across the IC was 5.5% lower in one case; however,
others were within 5% of the mean IC doses. All
D,... values calculated across the IC were within
3% of the mean IC doses. For the most medial
CLB point and the CLB below the nipple point,
D.,... and D, calculated across the IC were not
within the 5% difference of the mean IC dose. The
calculated average dose of the most medial CLB
point and the CLB point below the nipple by the
TPS were significantly higher in the FFF mode
than in the FF mode (8.5 + 2.5 cGy vs. 7 + 2.1 cGy,
p < 0.001 and 2.2 £ 0.6 cGy vs. 1.6 £ 0.5 cGy,
p < 0.001, respectively).

IC dose measurement
Measured parameters comparing t-IMRT in
the FF and FFF modes are listed in Table 2. Deliv-
ery time and treatment time were lower for FFF,
but the mean time reductions were only 6.1 and
7.6 seconds, respectively. The measured dose of
the most medial CLB point and the CLB point
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Figure 3. Mean dose-volume histograms for the planning target volume (PTV) (A); ipsilateral lung (ILL) (B), and contralateral
breast (CLB) (C) for all patients and heart for left breast cancer patients (D)

Table 1. Comparison of calculated parameters (mean * standard deviation) between two tangential intensity modulated

radiotherapy (IMRT) plans
Parameter Flattening-filter Flattening-filter-free Difference* p-value
HI 0.1+0.01 0.1+0.02 -0.04 £0.02 (-52.8) <0.001
cl 0.8+0.1 0.8+0.1 0+0.1(-0.5) 0.841
PTV Dggy, [cGy] 4761.7 =40 4601.8 =74 159.9 £66.1 (3.4) <0.001
PTV D,y [cGy] 5174.2+39.8 5234.1 £54.2 -59.9+34.4(-1.2) <0.001
PTV D, [cGy] 5337.5+£933 53859+ 115.1 -48.4 +£93.1 (-0.9) 0.031
PTV D, [cGy] 4320.1 £145.5 4184 +138.3 136.2+ 107.7 (3.2) <0.001
ILL Doy [Gy] 49175+ 143 5001.1+138 -83.7+£63.1(-1.7) <0.001
ILL V5, (%) 14.1£53 13.9+55 0.2+0.4(1.3) 0.051
Heart D, [cGy]" 4402.3+1031.3 4455.2 +1074.6 -52.9+105.9(-1.2) 0.149
Heart V5, (%)" 1.9+23 1.7+1.6 02+14(-11.7) 0.631
CLB D, [cGy] 278.6+219 320.3 + 266.1 -41.7 £55.8 (-15) 0.003
CLB Dyyean [€GY] 414 +£13.7 554+17.4 -14+4(-33.8) <0.001

*Difference between with filter and without filter; t ten left breast cancer patients; Hl — homogeneity index; CIl — conformal index; PTV — planning target
volume; ILL — ipsilateral lung; CLB — contralateral breast

below the nipple were significantly lower in the
FFF mode than in FF mode (5.7 + 1.2 c¢Gy vs.
7.2+1.6cGy,p<0.00land2.3 £0.3 vs.2.9£0.3,
p < 0.001, respectively). FFF showed lower per-

https://journals.viamedica.pl/rpor

centages of out-of-field dose than FF in both the
most medial CLB point and the CLB point below
the nipple (range, 14.8-26.3% vs. 11.2-22.8%, re-
spectively).
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Table 2. Comparison of phantom measured parameters (mean =+ standard deviation) between two tangential intensity
modulated radiotherapy (IMRT) plans

Parameter Flattening-filter Flattening-filter-free Difference* (%)

Monitor Units 2684+ 11 3425+21.7 -74.1 + 184 (-27.6) < 0.001
Delivery time (second) 498 +5.5 437+74 6.1+7.1(12.2) 0.001

Treatment time (second) 138.8+12.8 131.2+10.1 7.6+11(5.5) 0.006
Measured dose

PTV [cGy] 208.7 +5.9 2128+7.3 -4.1+24(-2) <0.001
Medial CLB [cGy] 72+16 57%1.2 1.5+04(21.1) <0.001
CLB below nipple [cGy] 29+03 23+03 0.6 + 0.1 (20) <0.001
Out of dose ratio

Medial CLB/PTV (%) 34+0.7 2.7%0.5 0.8+£0.2(22.6) <0.001
CLB below nipple/PTV (%) 14+0.1 1.1£0.1 0.3+0.1(21.5) <0.001

*Difference between with filter and without filter; PTV — planning target volume; CLB — contralateral breast; Medial CLB/PTV — dose ratios in points of medial
CLB to PTV; CLB below nipple/PTV — dose ratios in points below nipple of CLB to PTV

Discussion

As second breast cancer represents almost a half
of all second cancers reported in women with a di-
agnosis of breast cancer [16], we focused on the
assessment of the delivered low radiation dose to
the CLB for young women. Many WBI studies
have compared fixed-field IMRT plans and volu-
metric modulated arc therapy (VMAT) plans by
irradiated dose distribution of the target region,
irradiated dose in nearby normal tissues, or irra-
diated doses to the CLB [8, 17, 18]. Most of these
studies compared plans using the excess absolute
risk (EAR), which is a mathematical formula for
assessing the risk of a second breast malignancy
[19]. EAR is calculated from the organ equivalent
dose based on commercial TPS data of the entire
CLB dose-volume histogram. Most TPS consider
changes in lateral electron transport but do not
adequately account for head scatter, which typically
contributes more than 40% of the mean out-of-field
dose [9]. Comparative planning studies of different
treatment techniques using these commercial TPS
may not be valid for the assessment of out-of-field
low doses to the CLB.

Monte Carlo (MC) simulation is recommended
for out-of-field doses when testing new radiother-
apy techniques [11]. The MC model is significantly
more accurate than other TPS as collimator scatter,
leakage through the collimators (including interleaf
leakage), and electron contamination are modeled
[9]. We used ten solid water equivalent slabs, which
is a common methodology for dose measurement.

This enabled us to measure points related to the in-
ner and central quadrants of the CLB where higher
incidences of CLB cancer have been noted [3]. FF
planning showed significantly lower D, ,, and D, ...,
of the CLB in patient dose-volume histograms than
FFF planning. Although the most medial CLB point
and the CLB below the nipple point were not in the
region of uniform dose within the field, and calcu-
lations were thus inaccurate, we also found a lower
calculated dose of the most medial CLB point and
the CLB point below the nipple for FF by the TPS.
In contrast, by dose measurement, the FFF mode
delivered significantly lower out-of-field dose in
both the most medial CLB point and the CLB point
below the nipple than FFE. This was caused by in-
adequate consideration of head scatter by the TPS.

Pignol et al. [12] reported that t-IMRT and the
virtual wedge technique yielded smaller doses than
physical wedge compensation to neighboring sol-
id organs, including the CLB for WBI. They used
MC simulation with a realistic anthropomorphic
phantom based on patient anatomy. Several articles
have reported lower CLB doses with t-IMRT or
with a field-in-field technique than with multibeam
IMRT and partial-arcs VMAT for WBI [8, 17, 18,
20]. We selected t-IMRT in this study as, when
secondary cancer risk is a major concern, t-IMRT
is the preferred treatment option for WBI.

An FF beam profile is not required for varying
radiation intensity of each beam because of the su-
perposition of multiple intensity patterns for IMRT.
Reduced treatment head leakage by the use of FFF
beams leading to reduced peripheral dose has been
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reported [4-6]. Kragl et al. [5] used a Farmer-type
IC placed in a solid water slab phantom to assess
IMRT treatment plans. They compared FF and FFF
beams, and found average reductions of peripheral
dose in FFF of 16% for the prostate at 18 cm dis-
tant from the field edge and of 18% for the head
and neck at 20 cm distant from the field edge. Our
measured dose of the most medial CLB point and
the CLB point below the nipple were significantly
lower in the FFF mode than in the FF mode, with
mean reductions of 21.1% and 20%, respectively,
and were similar to Kragl et al’s results [5].

Auto-planning algorithms offer “one click plan-
ning” by automatically generating additional struc-
tures, optimization of parameter setup, and final
inverse optimization. The auto-planning technique
was compared with manual planning for WBI us-
ing t-IMRT, and it was found that auto-planning
improved planning efficiency and plan quality [21].
In our study, we excluded planner dependence by
using auto-planning.

Since the American Society for Radiation On-
cology recommended against the routine use of
IMRT (vs. three-dimensional conformal radiother-
apy) in breast cancer patients in 2013, the use of
IMRT has decreased in hospital-based clinics [22].
There is no obvious evidence that using IMRT and
VMAT decreases CLB cancer risk compared with
t-IMRT or field-in-field three-dimensional con-
formal radiotherapy. We found that t-IMRT using
FFF decreased low-dose irradiation to the CLB, as
measured by solid water-equivalent slab phantoms.
Using this method, several different treatment plans
that resemble clinical situations are available to ana-
lyze in hospital-based clinics with low cost. This
method can also be used to assess new radiotherapy
techniques for WBL

Limitations
Our study had some limitations. First, we used
water-equivalent phantoms, which did not consider
tissue heterogeneities such as the lungs. Second,
we chose solid water-equivalent slab phantoms;
these were similar in size to the patients, but unlike
anthropomorphic phantoms, the shapes were not
based on realistic patient anatomy. Third, we could
not use the model for assessing EAR, as we could
not acquire the accurate organ equivalent dose of
the entire CLB. Finally, we evaluated only the CLB

and not other out-of-field OARs.

Conclusions

We compared the FF and FFF modes of auto-
mated tangential IMRT planning for young breast
cancer patients. All plans were clinically acceptable.
There was less dose homogeneity within the target
volume for the FFF mode, but there was no differ-
ence in conformity between the two IMRT plans.
In contrast to the calculation results by the TPS,
FFF reduced the measured out-of-field dose of the
most medial CLB point and the CLB point below
the nipple. Using our method, several different WBI
plans that resemble clinical situations are available
to analyze the selected CLB points without MC
simulation.
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