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Abstract. Background/Aim: The use of intensity-modulated
radiation therapy (IMRT) in the treatment of breast cancer is
increasing worldwide. Despite clear benefits concerning
normal tissue sparing and dose homogeneity, the effects of
breathing motion and setup error during breast IMRT should
be considered. This study aimed to assess the dosimetric
impact of respiratory motion on breast IMRT using four-
dimensional (4D) dose calculations. Patients and Methods:
Multiple computed tomography datasets acquired in three
representative respiratory amplitudes, were retrospectively re-
planned. Based on the reference dose distribution (RDD),
motion-adjusted dose distributions (MDD) were recalculated.
All 4D dose distributions were calculated by the voxel-based
accumulation of RDD and MDD using five temporal
probabilities. The dosimetric parameters of the 4D plans were
compared to those of RDD. Results: The dosimetric parameters
of the planning target volume (PTV) were not significantly
different between the RDD and 4D plans. Of the parameters of
tumor bed (TB) simultaneous-integrated boost (SIB), the mean
dose and Vysq, for the 4D plans were significantly reduced
compared to those of RDD, and the percentage difference in
the TB Vgsq, ranged from —I1.1% to —57% (p<0.05).
Conclusion: The breast IMRT plan was robust against
respiratory motion during tidal breathing. However, special
considerations should be made when designing the TB SIB.
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Breast cancer is a heterogeneous disease with different
molecular subtypes. Advanced genomic technologies have
allowed precision medicine through accurate patient
stratification, thereby avoiding unnecessary treatment such
as cytotoxic chemotherapy in selected cases of hormone-
receptor-positive early breast cancer (1-3). Even in the era
of genomic profiling, radiotherapy is an essential component
of breast cancer treatment.

Postoperative whole-breast irradiation (WBI) has
traditionally been delivered using the conventional tangential
field (cTF) technique. However, this technique usually
involves incidental irradiation of the heart and lungs, which
implies an increased risk of late toxicity (4, 5). Therefore,
various normal tissue sparing radiotherapy techniques have
been introduced, and intensity-modulated radiation therapy
(IMRT) is a widely accepted alternative, especially when
treating nodal regions. Breast IMRT allows for the radiation
dose to conform more precisely to the breast tissue while
limiting the irradiation of normal tissue. Moreover, a more
homogeneous dose distribution can be achieved compared to
the conventional technique (6).

Despite clear benefits concerning normal tissue sparing and
dose homogeneity, the effects of breathing motion and setup
error during breast IMRT should be considered (7-12). Inter-
fractional setup errors can be reduced by using setup
verification and correction techniques, for example, the
electric portal imaging device (EPID) and cone-beam
computed tomography (CBCT) (7). However, such techniques
applied to breast IMRT cannot promise to minimize
respiration-induced organ movement and target deformation,
which may result in significant dose blurring and differences
between the planned and delivered dose distributions (9-12).
An approach using four-dimensional (4D) dose calculations
was introduced to simulate actual delivered dose distribution
throughout the course of the treatment. It can be understood
as a weighted summation of dose distributions that correspond
to each phase or amplitude of the respiratory cycle (13-15).
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The radiotherapy process starts with the acquisition of a
computed tomography (CT) image set in the treatment
position. This provides a three-dimensional model on which a
treatment plan can be generated. Due to respiration-induced
changes in organ position, size or shape, the treatment plan
based on a single snapshot CT model does not guarantee the
actual delivered dose distribution during the treatment session.
Multiple CT image datasets should be acquired using 4D CT
scanning or respiration-hold technique to account for complete
changes during a respiration cycle. The acquired datasets are
then reconstructed to generate three-dimensional CT (3D CT)
datasets for each respiratory phase or amplitude using the
phase-sorting or amplitude-sorting method (14, 16, 17).

The first step in the 4D dose calculation is the generation
of a treatment plan for a reference 3D CT dataset as a
reference dose distribution (RDD). The RDD is usually
generated for the end-expiratory CT dataset. Second, the
dose distribution for each 3D CT dataset is recalculated
using the same planning parameters used in the RDD and is
deformed to a motion-adjusted dose distribution (MDD)
using deformable image registration (DIR). Finally, the 4D
dose distribution can be calculated by summing the MDDs
according to the corresponding temporal probabilities.
Temporal probability is defined as the fraction of time spent
in each respiratory phase or amplitude (13-15).

In our Institution, a deep-inspiration breath-hold (DIBH)
technique is currently used as a standard treatment protocol for
left-sided breast cancer patients at risk of cardiac exposure,
estimated by the cardiac risk index (18, 19). Participants in this
protocol underwent three CT scans, acquired at end-expiration
(EE), end-inspiration (EI), and deep-inspiration (DI). In this
study, each of these CT datasets was used to compute the 3D
dose distributions that correspond to each amplitude of the
respiratory cycle (EE, EI, and DI). First, we investigated the
differences in dosimetric uncertainty between the cTF
technique and IMRT using these 3D dose distributions. Next,
the 4D dose distributions were calculated by summing the 3D
dose distributions using various temporal probabilities. This
study aimed to simulate the actual delivered dose distribution
throughout the course of radiation treatment using 4D dose
calculations and evaluate the dosimetric impact of respiratory
motion on breast IMRT.

Patients and Methods

The data analyzed in this study were based on CT datasets for ten
consecutive patients with left-sided breast cancer treated according
to our Institutional DIBH protocol. These CT datasets were used to
generate treatment plans using the ¢TF and IMRT technique for this
study, retrospectively.

Institutional DIBH protocol and CT acquisition. In our previous

studies, we reported the application of the DIBH protocol that was
designed to minimize the risk of cardiac mortality and facilitate the
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selective use of heart-sparing RT technique (18). Briefly, selecting
candidates for DIBH treatment involves two main processes: CT
acquisition and estimation of the risk of cardiac mortality. Patients who
had been referred to adjuvant radiation therapy after breast-conserving
surgery for early-stage left-sided breast cancer underwent a free-
breathing (FB) CT scan in the treatment position. Immediately after
the CT scan, the risk of cardiac mortality was estimated by the CRI, a
directly measurable surrogate from the CT images (19). Selected
patients for the DIBH protocol were introduced and trained for Real-
time Position Management (RPM; Varian, Palo Alto, CA, USA) and
in-house self-respiration monitoring (SRM) systems (18). After
completing about 15 min of training, each patient underwent three
consecutive CT scans with a slice thickness of 3 mm. Using the RPM
system, multiple CT scans were performed in distinct amplitudes of
the respiratory cycle, including EE, EI, and DI, respectively.

Delineation and DIR of anatomical structures. Anatomical
structures were delineated using the Eclipse treatment planning
system (version 13.0; Varian, Palo Alto, CA, USA), as described in
our previous study (18). For each of the multiple CT scans, normal
structures were delineated. For each patient, we delineated breast
target volumes (TVs) only on the EE-CT dataset. The TVs
delineated on the EE-CT were deformably registered to the EI-CT
and DI-CT datasets for consistency across multiple CT scans
(Figure la and b). The tumor bed (TB) was defined by surgical clips
and/or an associated seroma. The planning target volume (PTV) was
delineated to encompass the visible breast tissue and the TB, being
limited by the outer contour of the ribs and 5 mm from the skin
contour. The anatomic landmarks of the midline (medial), anterior
border of the serratus anterior (lateral), inferior border of the
clavicle (superior), and 1 cm below the inframammary fold
(inferior) were also used to define the PTV. DIR was performed
using the Mirada RTx (version 1.6, Mirada Medical, Oxford, UK)
and corrected manually with surgical clips if needed.

Treatment planning. Treatment planning was performed in the
Eclipse system with the Varian Novalis Tx linear accelerator with
the planning objectives listed in Table I. For c¢TF plans, a pair of
wedged tangential fields was used with 6 MV photon half-beams
with 2 cm of flash on the anterior breast skin. The prescription to
PTV was 50 Gy in 25 fractions. The cTF plans were optimized to
ensure that the volume coverage was maintained between 95% and
110% of the prescribed dose for TB and between 90% and 110%
for PTV. A single-field electron beam was used in the boost to the
TB after WBI. The boost plans were optimized to cover the TB with
95%-105% of the prescribed dose.

For IMRT plans, the same beam angles were used as the cTF
plans consisting of two opposed tangential beams of 6 MV. After
creating the open field plan, up to five additional fields were
manually created and an angle of 20-30° was used between the two
beams. The dose was prescribed as 50 Gy in 25 fractions to the PTV
and 2.3 Gy per fraction with simultaneous integrated boost (SIB) to
the TB. IMRT planning was optimized to cover at least 95% of each
PTV by 95% of the prescribed PTV dose, and 100% of TB by 80%
of TB prescribed dose. For organs-at-risk, less than 5% of the heart
may receive >20 Gy, and less than 15% of the ipsilateral lung may
receive >20 Gy. The mean dose to the contralateral breast should be
limited to less than 5 Gy (Table I). All plans were generated in EE-
CT and then were normalized such that 95% of PTV received 95%
of the prescribed dose or higher.
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Figure 1. Flowchart outlining the analysis procedures performed in this study. (a) Delineation of the target volume (TV, red lines) on the end-
expiration (EE) CT dataset, (b) deformable registration of TV to the end-inspiration (EI) CT datasets, (c) generation of the reference dose distribution
(RDD, a transparent color-wash) on EE-CT, (d) recalculation of the dose distribution for the EI-CT dataset using the same planning parameters
as those used in the RDD (e) deformable registration of the recalculated dose distribution to EE-CT (motion-adjusted dose distribution; MDD),
and (f) 4D dose distribtuion, weighted summation of the RDD and MDD using temporal probability.

Three-dimensional dose calculation. For each cTF and IMRT plan, a
static 3D dose distribution was generated for the EE-CT datasets and
was designated as the RDD (Figure 1¢). The 3D dose distributions of
two inspiratory amplitudes were recalculated using the same planning
parameters used in the RDD (Figure 1d). Four-dimensional dose
calculation. For IMRT plans, 4D dose distributions were calculated
using five temporal probabilities. The CT datasets obtained at EE and
EI can estimate the maximum and minimum amplitudes during tidal
breathing. The relatively shallow depth of breast motion allowed for
the temporal probability to be simplified into only the two-phase

function of EI and EE (11). Since patients spend more time in the
expiration phase than in the inspiration phase, the ratio of EE to EI
used to generate two-phase temporal probability was defined as 1:1,
2:1,3:1,4:1, and 5:1 (Figure 2).

To perform the voxel-based accumulation of the 3D dose
distributions, the dose distribution recalculated to EI-CT was
deformably registered on EE-CT (Figure le), resulting in MDD.
Finally, the 4D dose distribution was calculated by summing the 3D
dose distributions (RDD and MDD) using respective weighting with
respect to five temporal probabilities (Figure 1f).
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Table 1. Summary of the planning parameters used to generate cTF and IMRT plans using reference CT dataset acquired during the end-expiration

(EE) breath-hold maneuver.

cTF IMRT
Prescription
PTV 50 Gy/25 fx. 50 Gy/25 fx.
Tumor bed 10 Gy/5 fx. (Boost after WBI) 57.5 Gy/25 fx. (SIB)
Target coverage
PTV 90%-110% of Rx Vg5¢,=95%
Tumor bed 95%-110% of Rx
Treatment planning
Field
2 wedged tangential fields (PTV) 6 (3 patients), 7 (7 patients)
1 electron field (tumor bed boost)
Energy 6 MV photon 6 MV photon

Monitor unit (MU/fx.)

6,9, and 12 MeV electron
536 (473-582)

1,442 (1058-1798)

BOT (sec/fx.) 54 (47-58) 144 (106-180)
Respiration during BOT (breath/fx.) 19 (17-21) 52 (37-63)
Dose constraint
Heart Vs56y<50% mean<5 Gy
Vas56,<10% Vaogy<5%
Ipsilateral lung mean<15 Gy
VioGy<30%
Vaogy<40% Vaogy<15%
V30Gy<30% V30Gy<5%
Contralateral lung mean<2.5 Gy
VsGy<5%
Contralateral breast Vsgy<15% maximum<5 Gy

cTF, Conventional tangential field; IMRT, intensity-modulated radiation therapy; PTV, planning target volume; SIB, simultaneous integrated boost;
WBI, whole breast irradiation; fx., fraction; Rx, prescription; V,, relative organ volume receiving more than a threshold dose (x); BOT, beam on time.

Dosimetric comparison and the impact of respiratory motion.
Dosimetric parameters were compared using the plan for EE-CT
(RDD) as a reference. Dose-volume histograms (DVHs) were
produced for the TB, PTV, heart, lung, and contralateral breast. The
relative organ volume receiving more than the threshold dose (x) of
each structure (V,) was calculated. The mean dose of each structure
was also calculated.

With regard to targets, we evaluated the conformation number
(CN), Radiation Therapy Oncology Group conformity index (CI),
lesion coverage factor (CVF), and homogeneity index (HI) (20,
21). CN=(TV (/TV) x (TV of/V o) x100, where TV ¢ represents
the TV covered by the reference isodose, TV is the target volume,
and V. . is the total volume covered by the reference isodose.
CI=(V,f/TV) x100, and CVF=(TV /TV) x100. The reference
isodoses for the TB and PTV were 57.5 Gy and 47.5 Gy,
respectively. HI=D,/Dgyg, where D, represents the minimum dose
received by 2% of the TV, and Dgg represents the minimum dose
received by 98% of the TV.

Statistical analysis. Statistical analysis was performed using R
Statistical Software (version 3.3.3; R Foundation for Statistical
Computing, Vienna, Austria). A Wilcoxon signed-rank test was used
to compare the dosimetric parameters using the EE plan as a
reference. A two-tailed p-value<0.05 was considered statistically
significant.
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Results

Respiratory patterns detected by the RPM system during CT
scans are shown in Figure 3a-c. The quality of breath-hold
was correct and sufficient to estimate respiratory breast
motion during breast radiotherapy in all patients.

Three-dimensional dose distribution. The 3D dose
distributions of the cTF and IMRT plans are displayed on CT
images as a color-wash overlay in Figure 3. The RDD
generated using the EE-CT dataset and the recalculated dose
distributions for the EI- and DI-CT datasets were
superimposed onto the TVs. The 3D dose distributions of the
cTF plans showed no difference among the three different
respiratory amplitudes with respect to target coverage and
dose distribution (Figure 3d-f). In contrast, the 3D dose
distributions of the IMRT plans demonstrated decreased
target coverages in the recalculated dose distributions
compared with the RDD (Figure 3g-1). The dose distributions
representing inspiration periods (EI and DI) showed under-
dosage in the peripheral region of the PTV near the skin due
to the expansion of the body surface (Figure 3h, i, k, and 1).
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Figure 2. Temporal probability, defined as the fraction of time spent in each respiratory amplitude.

The reddish region receiving the SIB dose (>57.5 Gy) of the
IMRT plan was highly conformal to the TB (yellow line) in
the RDD (Figure 3g and j), whereas those in the EI and DI
amplitudes appeared similar in size and shape but in the
wrong locations (Figure 3h, i, k and 1).

Table II lists the dosimetric parameters for the 3D dose
distributions for each respiratory amplitude and each
planning technique, averaged over all patients. For the cTF
plan, the dosimetric parameters pertaining to the PTV and
TB did not differ significantly among the breathing phases.
On the other hand, the doses to the PTV and TB in the IMRT
technique were significantly decreased on the inspiration
periods, compared to the expiration period. The conformity
numbers (CNs) of the PTV for the EE, EI, and El-plans were
77.8%, 68.7%, and 54.2%, respectively. The CNs of TB
yielded relatively larger differences among the three
breathing positions, representing an average of 71.7%,
41.1%, and 10.0% for the EE, EI, and El-plans, respectively.
Regardless of the technique, the doses to the ipsilateral lung
(mean, Vsgy, Viggy, and Vyggy) for the EI and DI plans
were significantly higher than that of the EE plan.

4D dose distribution. Table III and Figure 4 summarize the
average percentage differences between the reference 3D
dose distribution (RDD) and 4D dose distributions calculated
by five different temporal probabilities in the dosimetric
parameter of breast IMRT plans. Of the dosimetric
parameters related to the PTV, the mean dose, Vgqq,, CVF,

and HI remained constant throughout the five 4D dose
distributions. The CNs for the PTV, on the other hand,
demonstrated significantly higher values in 4D dose
distributions, and the percentage differences were decreased
as the ratio of EE to EI decreased (Figure 4a). Conversely,
significant decreases in the Cls for the PTV were observed,
and the differences increased with the increasing ratio of the
EI component (Figure 4a).

There were significant reductions in the dosimetric
parameters for TB, except for Vgy¢, and HI (Table III). The
percentage differences in mean TB dose ranged from -0.7% to
-1.5%, and those in the three conformity indices ranged from
-3.3% to -13.0% (Figure 4b). While significant increases in
the dosimetric parameters of the ipsilateral lung were found
in the 4D dose distributions, no differences were observed in
those of other normal tissues (Figures 4c and 4d).

The dosimetric impact of respiratory motion on breast
IMRT is visualized by the DVH of the IMRT plans generated
by 4D dose calculation using five different respiratory
patterns (Figure 5). The DVHs of a representative patient are
shown in Figure 5a, and it can be observed that target
coverage (Vggg, and Vgsq,) for the TB remarkably decreased
as the inspiratory component increased, indicating increased
dose inhomogeneity.

The average DVHs for all ten patients are shown in Figure
5b. Compared to the EE plan (solid blue line), the target
coverages for the PTV of the 4D plans were diminished, but
the differences of Vgq, for the PTV were not statistically

421



ANTICANCER RESEARCH 41: 417-427 (2021)

End-expiration (EE)

End-inspiration (El)

Deep-inspiration (D)

(@) (b)

Excursion (cm)

20 30 40 50 o 10 20

Time (sec)

30 40 50 0 10 20 30 40 50
Time (sec)

(leixe) 419

(lerxe) 1THNI

(lewbes) 1 HINI

Figure 3. Respiratory patterns for a representative patient detected by the Real-time Position Management (RPM) system during CT scans with
different breathing maneuvers including (a) end-expiration (EE), (b) end-inspiration (EI), and (c) deep-inspiration (DI) breath-hold. The 3D dose
distributions of the ¢TF (d-f) and IMRT (g-1) plans were displayed as a color-wash overlay. The red, yellow, and white lines outline the planning
target volume (PTV), tumor bed (TB), and clip, respectively. cTF, Conventional tangential field; IMRT, intensity-modulated radiation therapy.

significant (Table III). On the other hand, a significant
reduction in target coverage for TB was also shown in the
average DVHs. As the inspiration component ratio increased,
the percentage difference in the TB Vgs5¢, decreased to a
maximum difference of -5.7% for the EE:El=1:1 (Table III).
The TB Vg(q also decreased in the 4D plans, but the
differences were not statistically significant.
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Discussion

Various uncertainties exist with respect to setup variation and
breathing-induced organ movement in radiotherapy planning
and delivery. These uncertainties are usually handled by
applying an appropriate target margin to ensure target
coverage. However, during breast radiotherapy planning, the
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Table II. Dosimetric parameters for the 3D dose distributions of ¢TF and IMRT plans generated using EE-CT scans, and recalculated dose

distributions to EI- and DI-CT (mean+SD).

cTF IMRT
EE EI DI EE EI DI

PTV

Mean (Gy) 52.6+0.4 52.7+0.4 52.7+0.6 51304 51.1+0.5 49.9+0.8*

Voo, (%) 99.0+0.6 99.1+0.8 98.6+0.8 99.5+0.3 97 4+2.7%* 89.7+3.5%

CN (%) 49.3+7.7 46.4£7.2 43.2+6.7 77.8+£5.0 68.7+8.1°* 54.2+7.5%

HI 1.36+0.02 1.36+0.03 1.37+0.04 1.28+0.02 1.37+0.15% 1.85+0.39%
Tumor bed

Mean (Gy) 61.0+0.5 60.8+0.4 60.8+0.7 58.9+0.8 57.3+1.6* 54.7+1.5%

Vosq, (%) 99.7+0.9 99.4+1.7 98.6+2.5 99.6+0.8 86.9+13.8* 62.9+10.7*

Voo, (%) 100.0+0.0 100.0+0.0 100.0+0.0 100.0+0.0 94 449 4% 76.9+8.0%*

CN (%) 42.4+10.7 39.7+11.2 36.6+11.1 71.7£10.2 41.1x18.0% 10.0+9.0*

HI 1.10+0.09 1.10+0.08 1.11+0.08 1.10+0.02 1.21+0.11%* 1.40+0.12%
Heart

Mean (Gy) 6.4x+1.3 6.0+2.1 5.5+1.8 6.6+1.1 6.5+1.7 6.6+1.4

Vsgy (%) 18.9+5.1 17.7+7.1 16.3+6.3* 49.6x14 .4 48.4x15.7 49.3+13.3

Viogy (%) 11.1£2.9 10.2+4.6 9.0+3.8%* 13.5+6.7 13.0+£7.6 14.6+7.9

Vaogy (%) 9.0+2.7 8.2+4.3 7.1+£3.5 3.9+0.8 3.7+2.7 3.8+2.3

V3ocy (%) 8.0+2.5 7.2+4.1 6.2+3.4 1.7£1.1 1.8+1.7 1.8+1.4
Ipsilateral lung

Mean (Gy) 12.1£2.6 13.5+2 4% 14.4+2 0% 9.7+2.1 11.4+2.2% 12.8+1.9%*

Vsgy (%) 39.0+6.5 43.3+6.7* 46.2+6.5% 559+13.9 60.1+11.9%* 63.1+11.3*

Viogy (%) 26.4+5.9 29.9+5.1°% 32244 5% 30.3+£9.8 34.5+8.6%* 38.3+8.1°%

Vaocy (%) 20.3+6.1 23.0+5.3*% 25.0+4.6* 14.0+4.5 18.0+4.5% 21.7+4 3%
Contralateral lung

Mean (Gy) 0.4+0.1 0.4+0.1%* 0.5+0.1%* 3.8+1.5 3.7+1.4% 3.5+1.3%

Vsgy (%) 0 0 25.8+17.0 24.4+16.2* 22.4+16.0*
Contralateral breast

Mean (Gy) 0.7+0.1 0.7+0.1°* 0.8+0.1%* 1.9+04 2.0+£04 2.2+0.4%

Vsgy (%) 0.0+£0.0 0.1+0.1 0.2+0.2 4.8+3.2 6.0+3.7 8.4+4.9%

*p<0.05, based on the Wilcoxon signed-rank test using the EE plan as a reference. ¢cTF, Conventional tangential field; IMRT, intensity-modulated
radiation therapy; EE, end-expiration; EI, end-inspiration; DI, deep-inspiration; PTV, planning target volume; CN, conformity number; HI,
homogeneity index; V,, relative organ volume receiving more than a threshold dose (x).

use of a uniform margin to the TV can result in the extension
of the breast PTV outside the skin, which is not advisable.
In the c¢TF technique, dose coverage of the breast tissue can
be achieved using flash or overshoot, which refers to the
expansion of the field border with an extra 1-2 cm beyond
the skin surface (22). In this study, the ¢TF plan calculated
for the EE-CT dataset with a 2 cm flash beyond the breast
tissue was compared with the plans recalculated for the EI-
and DI-CT datasets using the same planning parameters as
those used in the cTF plan. These simulation data
demonstrated that dose coverages of the PTV and TB
remained practically constant regardless of the respiratory
amplitude (Table II, Figure 3), confirming that skin flashing
of treatment fields might be sufficient to compensate for
breathing motion.

For breast IMRT planning, it has previously been reported
that breast PTV outside the skin results in an iterative process
to increase the dose to air, leading to the failure of IMRT

optimization (23). A number of techniques have been suggested
to account for such issues, including virtual bolus and robust
optimization (24-26). In the virtual bolus technique, a bolus is
used for optimization but removed for dose calculation and
treatment (24). The discrepancy of geometries used for each
process can cause significant variations between the planned
and delivered dose distribution. Meanwhile, various robust
optimization methods take into account the probability of a
setup error occurrence using probability density functions to
ensure the stability of the dose distribution according to setup
variation and intra-fractional organ movement (25, 26). Despite
these advances, these robust optimization techniques require
additional work and specific resources.

Several studies have aimed to quantify the dosimetric
impact of respiratory motion during WBI (9-12). These
studies have examined the static dose distributions
correlated to each peak of the breathing cycle, such as EE,
EL, and DI. Even in the study utilizing 4D-CT data, only 3D
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Table III. Average percentage differences between the RDD and 4D dose distributions calculated by five different temporal probabilities during

breast IMRT (mean+SD).
Reference % Difference
EE EE:EI (5:1) EE:EI (4:1) EE:EI (3:1) EE:EI (2:1) EE:EI (1:1)
PTV
Mean (Gy) 51304 -0.2+0.1 -0.2+0.1 -0.2+0.1 -0.2+0.2 -0.2+0.2
Voo, (%) 99.5+0.3 0.0+0.1 0.0+0.1 -0.1+0.1 -0.2+0.3 -0.6+0.9
CN (%) 77.8+5.0 1.7+0.6* 1.6x0.6* 1.4+0.6* 0.9+0.7* -04+1.6
CI (%) 117.0+8.5 -2.5+1.0% —2.4+1.1% —2.4+1.2% —2.2+1.4% —1.7+1.8%
CVF (%) 95.0+0.0 0.0+0.3 0.0+04 -0.1+0.5 -0.3+0.8 -0.9+1.6
HI 1.28+0.02 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0£0.0
Tumor bed
Mean (Gy) 58.9+0.8 -0.4+0.3* —0.5+0.4%* —0.5+0.5%* -0.6+0.7* —0.9+1.0*
Vosq, (%) 99.6+0.8 —1.1x1.1% —1.4+1.5% —2.0+2.4% -3.0+4.1% —5.7+8.3*
Voo, (%) 100.0+0.0 0.0£0.0 0.0£0.1 -0.1+£0.2 -0.2+0.7 —1.242.8
CN (%) 71.7+10.2 -3.3+5.3 -4.2+6.5 -5.5+8.6* -8.0+11.4% —13.0£16.0*
CI (%) 103.3+25.6 -9.0+5.5% -9.6+6.6* -10.2+7.6* —10.6£9.2%* —10.1£12.1*
CVF (%) 85.0£13.0 —5.7+5.1% —6.6+6.3%* —7.8+8.0%* -9.6+£10.5* —12.9+14.7*
HI 1.10+0.02 0.0+0.0 0.0+0.0 0.0£0.0 0.0+0.0 0.0£0.0
Heart
Mean (Gy) 6.6x1.1 0.0+0.1 0.0£0.1 0.0£0.1 0.0+0.2 0.0£0.2
Vsay (%) 49.6x144 0.1+04 0.1+0.5 0.0£0.6 0.0+0.8 -0.1+£1.2
Viogy (%) 13.5+6.7 0.0+0.3 0.0+0.4 0.0£0.5 0.0+£0.6 -0.1+0.8
Vaoagy (%) 3.9+0.8 0.1+0.3 0.0£0.3 0.0£04 0.0£0.5 0.0+0.7
V3oGy (%) 1.7+1.1 -0.1+£0.2 -0.1+0.2 -0.1+0.3 -0.1+£0.3 0.0£0.5
Ipsilateral lung
Mean (Gy) 9.7£2.1 0.2+0.1* 0.2+0.1* 0.2+0.2% 0.3+0.2% 0.4+0.4%*
Vsay (%) 55.9+13.9 0.5+0.5% 0.6+0.6* 0.8+0.8* 1.0+1.0%* 1.5+1.5%
Viogy (%) 30.319.8 0.3+0.3* 0.4+0.3* 0.5+0.4%* 0.7+0.5% 1.0£0.7*
Vaogy (%) 14.0+4.5 0.5+0.4* 0.5+0.4* 0.7+0.5% 0.8+0.7* 1.2+0.9%
Contralateral lung
Mean (Gy) 3.8+1.5 0.0+£0.0 0.0£0.0 0.0£0.0 0.0+0.1 0.020.1
Vsay (%) 25.8+17.0 0.0£0.3 0.0£0.3 0.0£04 -0.1+£0.5 -0.2+0.7
Contralateral breast
Mean (Gy) 1.9+0.4 0.0+£0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0£0.1
Vsay (%) 4.8+32 -0.2+0.3 -0.2+04 -0.2+0.4 -0.1+£0.5 0.0£0.6

*p<0.05, based on the Wilcoxon signed-rank test using the EE plan as a reference. RDD, Reference dose distribution; IMRT, intensity-modulated radiation
therapy; EE, end-expiration; EI, end-inspiration; PTV, planning target volume; CN, conformity number; CI, Radiation Therapy Oncology Group (RTOG)
conformity index; CVF, lesion coverage factor; HI, homogeneity index; V,, relative organ volume receiving more than a threshold dose (x).

calculation results were evaluated using dosimetric
parameters for each respiratory phase (12). Because the
shape and position of the TV change continuously during
breathing, the actual dose distribution delivered to the
patient should be evaluated using a 4D dose calculation (13,
14). In this study, the two-phase temporal probabilities of
EE and EI were used to simulate various breathing patterns.
According to these temporal probabilities, the static dose 3D
distributions were convoluted to generate 4D dose
distributions using DIR (Figure 1). Our dosimetric analysis
showed that breast PTV was less sensitive to respiratory
motion during breast IMRT (Table III, Figure 5). In contrast,
the respiratory motion-induced dose blurring on target
coverage was dominant for TB SIB (Figure 5). As shown in
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Figure 5a, the DVHs for the PTV did not differ significantly
among breathing patterns, even in the worst-case scenario
for TB coverage. When extrapolating the results of this
study, breast IMRT technique produced dose distributions
that were robust against breast motion during tidal breathing
and could be used without respiration control. However,
special considerations should be given to the implication of
breast IMRT, particularly when designing the SIB technique
for TB. To our knowledge, this is the first study to confirm
the motion-induced dose blurring effect on the TB boost in
the use of breast IMRT.

A CI is a measure of how well the volume of dose
distribution conforms to the size and shape of the TV, where
the TV is constant value for each target. Because the
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Figure 4. Average percentage differences in the dosimetric parameters of the 4D dose distributions compared with to those of the reference dose
distribution for the EE amplitude during breast IMRT. *p<0.05, based on the Wilcoxon signed-rank test using the EE plan as a reference. IMRT,
Intensity-modulated radiation therapy; EE, end-expiration; El, end-inspiration; PTV, planning target volume; V., relative organ volume receiving more
than a threshold dose (x); CN, conformity number; CI, Radiation Therapy Oncology Group (RTOG) conformity index; CVF, lesion coverage factor.

reference isodose volume (V) is relatively constant for each
plan evaluated, the TV covered by the reference isodose
(TV,.p is the main determinant of dose conformity in
comparing rival plans. However, in dosimetric studies using
4D dose calculations, V ¢ also changes dramatically due to
the dose blurring effect caused by target motion. Therefore,
conformity indices based on V . should be carefully
interpreted. As shown in Figure 4a, three conformity indices
for the PTV revealed paradoxical results among each index
and respiratory pattern. This is because the decrease in V ¢
is larger than that of TV ¢ according to the respiratory pattern
change. Another reason is that V . is the denominator for
CN, but the numerator for CI. Consequentially, the use of the
CVF irrelevant to V ¢ is recommended to investigate the
target coverage for the 4D dosimetric study.

This study has several limitations. The calculation of the
4D dose distribution requires the respiratory pattern and CT
images of each respiration phase. Ideally, these parameters
should be acquired using 4D-CT. In this study, only two
respiratory amplitudes corresponding to each peak of the tidal
volume (EE and EI) were used to generate temporal
probabilities representing various breathing patterns.
Considering the shallow depth of breathing amplitude and a
short distance of breast movement, the convolution using
two-phase temporal probability would be a reasonable
representation of reality. However, facilitating 4D-CT would
be desirable to derive a more realistic 4D dose distribution.
In addition, the effect of respiratory motion for various targets
including nodal regions with different IMRT techniques
should be investigated.
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Figure 5. Results of the 4D dose calculations demonstrating respiratory motion-induced dose blurring on target coverage during breast IMRT.
Dose-volume histograms (DVHs) for the tumor bed and planning target volume (PTV) were compared using the EE plan as a reference (solid blue
lines). (a) DVHs of a representative case and (b) average DVHs for ten patients. IMRT, Intensity modulated radiation therapy; EE, end-expiration;

EI, end-inspiration.

Conclusion

This study showed that the actual dose distribution of breast
IMRT delivered to the patient, which is closer to the ground
truth, could be simulated by 4D dose calculations with DIR.
While significant reductions of the target coverage were
observed in the TB, only minor differences in the PTV were
observed throughout the five respiratory patterns. Special
considerations such as breathing-adapted techniques and
robust optimization, should be given to the implication of
breast IMRT with the TB SIB technique.
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