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Simple Summary: Radiotherapy is an essential treatment modality for breast cancer. Compared to
conventional radiotherapy techniques, modern radiotherapy with fewer fractions and smaller target
volumes requires higher accuracy. Image-guidance using cone-beam computed tomography (CBCT)
is one of the most common methods used for positional verification before treatment. This study
reports geometric and dosimetric outcomes evaluated by analyzing CBCT images acquired before
and during treatments. The positional change and internal movement of the patient were less than
1 cm in most cases without significant deviation in the dosimetric parameters of interest. However,
there were cases involving extreme variation, which resulted in insufficient radiation delivered to the
target areas and increased radiation exposure to adjacent normal organs. The results of the current
study suggest that unexpected intra-fractional motion may occur, prompting for marginal adaptation
in selected patients who are deemed to suffer from this kind of event.

Abstract: With the introduction of modern sophisticated radiotherapy (RT) techniques, the signifi-
cance of accuracy has increased considerably. This study evaluated the necessity of pre-treatment and
intra-fractional cone-beam computed tomography (CBCT) by analyzing inter- and intra-fractional
CBCT images of breast cancer patients receiving RT. From 57 patients, 1206 pre-treatment CBCT and
1067 intra-fractional CBCT images were collected. Geometric movements of patients were measured
quantitively in both inter- and intra-fractional CBCT, and changes in dosimetric parameters were
evaluated in selected patients with extreme intra-fractional movement. For right-sided breast cancer
patients, left-sided breast cancer patients treated using deep-inspiration breath hold (DIBH), and
left-sided breast cancer patients treated using continuous positive airway pressure (CPAP), median
inter-fractional deviations were 0.53 (range 0.06-2.98) cm, 0.66 (range 0.08-4.41) cm, and 0.69 (range
0.04-3.80) cm, and median intra-fractional deviations were 0.14 (range 0.00-0.62) cm, 0.23 (range
0.02-0.96) cm, and 0.24 (0.00-1.15) cm, respectively. Modified plans reflecting large changes in intra-
fractional position in 10 selected cases revealed insufficient target coverage in seven cases and more
than 20-fold increase in the volume of heart receiving at least 25 Gy in two cases. Intra-fractional
verification, as well as pre-treatment verification, might be considered in patients using DIBH or
CPAP.

Keywords: cone-beam computed tomography; image-guided radiotherapy; volumetric modulated
arc therapy; breast cancer; intrafraction motion

1. Introduction

As modern radiation therapy (RT) with highly sophisticated techniques becomes
more widely used in treating cancer patients [1], ensuring RT accuracy is becoming more
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important than ever. Prominent characteristics of modern RT include increasing frequency
of intensity-modulated RT (IMRT) and stereotactic body RT (SBRT) with image-guidance. In
clinical practice, volumetric imaging modalities such as cone-beam computed tomography
(CBCT) and mega-voltage computed tomography are frequently used for pre-treatment
verifications [2]. IMRT shows benefits in target coverage with normal organ sparing,
whereas SBRT is characterized by very high dose delivery in a small number of fractions
to a restricted target area. However, the treatment time for each fraction increases due
to pre-treatment verification and the utilization of a complex treatment plan with multi-
directional beams. Longer treatment times may lead to extensive patient movement during
RT, which may alter the quality of actual RT delivery to the target area. To this end, many
studies have evaluated the effects of intra-fractional movement on dosimetric outcomes in
various organs and regions of the body, including prostate [3,4], lung [5,6], head and neck,
and abdomino-pelvic areas [7].

Conventionally, RT has been one of the most common treatment modalities used
when managing breast cancer. Despite its lengthy history of utilization, the current trends
in RT for breast cancer have been changing drastically. For example, there are wider
implications for hypofractionation [8,9] and the application of partial breast irradiation
(PBI) in selected patients with small target volumes [9,10]. Moreover, techniques such as
deep-inspiration breath hold (DIBH) and continuous positive airway pressure (CPAP) may
avoid heart toxicity when treating left-sided breast cancer. However, these techniques
may be physically challenging for some patients and may lead to a higher incidence
of inter- and intra-fractional positional error. To our best knowledge, studies regarding
the measurement of intra-fractional error in breast cancer patients with CBCT images
are not plenty. Therefore, this study evaluated the plausibility of employing not only
inter-fractional but also intra-fractional CBCT in clinical practice by analyzing inter- and
intra-fractional CBCT images of breast cancer patients with respect to positional changes
and subsequent dosimetric alterations.

2. Materials and Methods
2.1. Patients

The intra-fractional CBCT images of 57 patients treated in Gangnam Severance Hospi-
tal from June 2019 to November 2020 were collected. All patients underwent non-contrast
CT simulation in a supine position with a customized arm support using a breast board.
All patients received single, partial-arc volumetric modulated arc therapy (VMAT) with
pre-treatment verification using kV-CBCT. All VMAT plans used 6 MV coplanar photon
beams with a single isocenter for each patient and were designed using the RayStation
treatment planning system (TPS) (RaySearch Laboratories AB, Stockholm, Sweden). The
Versa HD™ linear accelerator (Elekta Limited, Stockholm, Sweden) equipped with a
multi-leaf collimator was used for RT. To spare critical organs at risk (OARs), patients with
left-sided breast cancer underwent either DIBH or CPAP to inflate the lungs and increase
the distance from the chest wall to the heart and coronary arteries. Patients with right-sided
breast cancer were treated without these particular techniques. The dose scheme for RT
was either the conventional regimen of 50.4 Gy for patients who received regional node
irradiation or a hypofractionated regimen of 40.05 Gy in 15 fractions for patients receiving
whole breast irradiation only. A bolus was applied for the initial 14 fractions to patients
who received radical mastectomy with reconstruction and was removed for the remaining
14 fractions to avoid excessive skin toxicity.

2.2. CBCT Data Acquisition

CBCT images were acquired daily at two time points: one before the treatment and
another during RT. After positioning the patient according to the three skin markers
drawn during simulation, pre-treatment CBCT images were acquired. For each fraction,
pre-treatment CBCT images were registered to simulation CT images by an automatic
configuration process followed by fine manual adjustment, if necessary, by the physician
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or therapist. During this configuration process, the chest wall and breast were the primary
points of interest while other reference structures such as bony spines were evaluated as
well to achieve an ideal treatment setup. In rare cases showing significant dislocation of
the breast even if the chest wall matched well, a treating physician decided the course of
action among several options which included continuing the treatment, repositioning the
patient, and conducting an adaptive CT simulation. All these corrections were executed by
mechanically adjusting the couch. During partial-arc VMAT, a simultaneous intra-fractional
CBCT scan was taken as the gantry rotated around the patient. The gantry rotation angle
(the initial position of the gantry indicated a benchmark of 0°) for intra-fractional CBCT
acquisition ranged from —60° to 160° clockwise for left-sided breast cancer and —160° to
60° counterclockwise for right-sided breast cancer. A small field-of-view protocol using an
S20 collimator and FO filter was utilized (120 kVp, 20 mA, and a 20 ms time period for each
projection).

2.3. Data Analysis

The change in position between CT simulation and the actual position of the patient
before and during RT was assessed by pre-treatment CBCT and intra-fractional CBCT,
respectively, according to the differences in x-, y-, and z-axes as shown in Figure 1. After
the difference in each axis was measured, the absolute distance between two CT images
was measured by the formula:

\/sz + Ay? + Az

The configuration process for intra-fractional CBCT was identical to pre-treatment
CBCT and was monitored by an experienced radiation oncologist and physicist. The chest
wall was used as the baseline standard for configuration, and the bony spine was used as a
supplemental benchmark. Ten fractions which showed the biggest deviations were selected.
From them, we created a virtual RT plan according to the measured differences between the
original CT simulation and the intra-fractional CBCT scan. New dose-volume histograms
(DVH) were acquired for the modified plan. All target volumes and normal organs were
contoured using MIM software version 6.6.14 (MIM Software, Inc., Cleveland, OH, USA),
and the DVHs for each plan were generated by RayStation TPS. OARs were delineated by
either an experienced radiation oncologist or dosimetrist. Clinical target volume of breast
or chest wall, and regional lymph nodes if necessary depending on treating physician’s
discretion, was contoured based on ESTRO consensus guideline [11]. Uniform set-up
margin of 2-3 mm, mostly 2 mm, was added to construct planning target volume (PTV).
Doses to the PTV, the lungs, and the heart were critical points of interest in this study. To
evaluate precise dose coverage and to avoid normal organs, the following DVH values
were collected: Dosy, of the PTV, V95% of the prescription doses M€an lung dose, Vs gy of ipsilateral
lung, Voo gy of the ipsilateral lung, Do ¢ for the heart, and Vo5 gy of the heart. Dryoume”
indicated the cumulative dose to the most exposed “volume,” and V»q4,s.» Was defined
as the percentage of the total volume receiving a dose that exceeded the “dose.” At our
institution, the target coverage of a treatment plan was regarded ideal if both Dgse, of the PTV
and Vgs59, of the prescription dose €Xceeded 95% of the prescription dose and 95% of the PTV,
respectively. The treatment plan was regarded as acceptable if these values were within the
90-95% range, and it was regarded as unacceptable if one of these values was below 90%. A
comparison of the extent of positional change from pre-treatment CBCT to intra-fractional
CBCT for each fraction was performed using the Wilcoxon signed-rank test. The Kruskal-
Wallis test and a subsequent Mann—-Whitney U test were used to compare the extent of
movement according to location and RT technique. p-values of <0.05 for the Wilcoxon
signed-rank test and p-values of <0.017 for the Kruskal-Wallis test and Mann-Whitney
U test were considered statistically significant. All statistical analyses were performed
with IBM SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY, USA) and
GraphPad Prism for Windows, Version 8.4.3 (GraphPad Software, San Diego, CA, USA).
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Figure 1. Schematic description of patient set-up during radiotherapy and measurement method.
Each arrow shows the direction (plane) of measurement. The difference between the position of the
patient during simulation and the actual position of the patient during radiotherapy, as depicted
by the gold-colored body, was calculated by comparing simulation CT images with intra-fractional
CBCT images.

3. Results
3.1. Patients and Treatment

Twenty right-sided breast cancer patients and 37 left-sided breast cancer patients were
included in this study. Of the latter, 24 patients were treated using the DIBH technique,
and 13 patients were treated using CPAP. The cumulative numbers of fractions per location
and treatment technique were as follows: right-sided breast cancer = 413, pre-treatment
CBCT and 361, intra-fractional CBCT; left-sided breast cancer and use of DIBH = 561,
pre-treatment and 484, intra-fractional CBCT; and left-sided breast cancer with the use of
CPAP = 232, pre-treatment CBCT and 222, intra-fractional CBCT.

The beam angle for the treatment of right-sided breast cancer ranged from 155° to
172° counterclockwise. The starting point of the beam was between 50° and 60°, while the
stopping point was between —130° and —150°. For left-sided breast cancer, the beam angle
ranged from 169° to 190° clockwise. The starting point was between —45° and —50°, while
the stopping point was between 124° and 140°.

3.2. Pre-Treatment and Intra-Fractional CBCT

Table 1 summarizes the range of motion (ROM) in centimeters by location and RT
technique according to the x-, y-, and z-axes, as well as the absolute difference. For all
locations and treatment techniques, larger ROMs were recorded for pre-treatment CBCT
scan than for the corresponding intra-fractional CBCT scan. All comparisons of the absolute
differences between pre-treatment CBCT and intra-fractional CBCT scan were statistically
significant (p < 0.001). Therefore, the magnitude of the positional change is likely to be
smaller on intra-fractional CBCT than on inter-fractional CBCT, regardless of location or
the technique used.

However, even though intra-fractional movement was less than its inter-fractional coun-
terpart, there remain a few exceptions regarding significant positional changes. Figure 2A-D
summarizes the intra-fractional ROM in right-sided breast cancer patients. Figure 3A-D
displays the intra-fractional ROM in left-sided breast cancer patients treated using the
DIBH technique. Figure 4A-D shows the intra-fractional ROM in left-sided breast cancer
patients treated using CPAP. The means and standard deviations of intra-fractional ROM
were 0.16 cm and 0.09 for the right breast, 0.25 cm and 0.14 for the left breast with the use of
DIBH, and 0.27 cm and 0.15 for the left breast with the use of CPAP. Significant differences
were found between left-sided breast cancer patients treated using the DIBH technique
and right-sided breast cancer patients (p < 0.001) and between left-sided breast cancer
patients treated using CPAP and right-sided breast cancer patients (p < 0.001); however, no
statistically significant difference was observed between left-sided breast cancer patients
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Table 1. Range of motion according to treatment location and radiotherapy technique.

treated using the DIBH technique versus left-sided breast cancer patients treated using
CPAP (p = 0.094).

] ] . Absolute
x-Axis y-Axis z-Axis Difference
Treatment Location and Median (Range) Median (Range) Median (Range) Median (Range)

Radiotherapy Technique

Rt. breast pre-treatment
CBCT, Free-breathing (cm)
Rt. breast intra-fractional
CBCT, Free-breathing (cm)
Lt. breast pre-treatment

CBCT, DIBH (cm)

Lt. breast intra-fractional

CBCT, DIBH (cm)

Lt. breast pre-treatment

CBCT, CPAP (cm)

Lt. breast intra-fractional

CBCT, CPAP (cm)

—0.07 (—0.78-0.64)
—0.01 (—0.42-0.36)
0.12 (—1.32-0.84)
0.00 (—0.63-0.50)
0.03 (—1.83-1.41)

0.01 (—1.11-0.71)

0.14 (—2.92-1.30)
0.00 (—0.32-0.49)
-0.03 (—1.86-4.26)
-0.01 (—0.62-0.81)
0.00 (—3.72-3.18)

0.03 (—0.70-0.50)

0.29 (—1.69-0.94)
0.06 (—0.34-0.50)
0.29 (—1.97-1.83)
0.03 (—0.50-0.80)
0.07 (—1.92-1.50)

0.09 (—0.46-0.60)

0.53 (0.06-2.98)
0.14 (0.00-0.62)
0.66 (0.08-4.41)
0.23 (0.02-0.96)
0.69 (0.04-3.80)

0.24 (0.00-1.15)

CBCT, cone-beam computed tomography; CPAP, continuous positive airway pressure; DIBH, deep-inspiration breath hold.

Intra-fractional motion (cm)

Intra-fractional motion (cm)

:n_q C

Intra-fractional motion (cm)

Intra-fractional motion (cm)

0.2 D

Figure 2. Intra-fractional range of motion for right-sided breast cancer patients. Waterfall plots
depicting the intra-fractional positional deviation regarding movements on the (A) x-axis, (B) y-axis,
and (C) z-axis and the (D) absolute difference.
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Figure 3. Intra-fractional range of motion for left-sided breast cancer patients using deep-inspiration
breath hold technique. Waterfall plots depicting the intra-fractional positional deviations regarding
movements on the (A) x-axis, (B) y-axis, and (C) z-axis and the (D) absolute difference.
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Figure 4. Intra-fractional range of motion for left-sided breast cancer patients using continuous
positive airway pressure. Waterfall plots depicting the intra-fractional positional deviation regarding
movements on the (A) x-axis, (B) y-axis, and (C) z-axis and the (D) absolute difference.
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3.3. Dose-Volume Histogram Analysis

Table 2 summarizes the DVH parameters for the original plan and the modified plan
reflecting intra-fractional movements of 10 selected patients. Although these cases were
unusual due to their large variations in movement, notable differences were reported in
target volume coverage and (increased) radiation doses to OARs. As described in the
Methods, 90% was the minimum dose coverage to the target area in terms of Dosv, of the PTV
and Vos59, of the prescription dose. According to the modified plan, seven patients did not meet
the minimum requirement, and the target coverage in these cases was deemed insufficient
according to our institutional criteria. Patient 1 and Patient 3, whose treatment plans had
been considered to be ideal in the original settings, demonstrated a downshift toward the
acceptable range. In one extreme case of left-sided breast cancer treated using the DIBH
technique, Patient 5 experienced a large decrease in Dose, of the pTv from 94.03% to 80.45%.
Patients 4 and 7 experienced a more than 20-fold increase in the V5Gy to the heart in
modified plans compared to that in the original plans. Figure 5 displays the exemplary
cases of insufficient dose coverage to the target volume and a case of increased dose to
the lung.

Table 2. Summary of changes in dose-volume histogram values between the original plan and modified plan.

Patients (Focation; (%DS;Wi’orf(;:f:rPi?e d Vggv/g of the prescribed dose Me]a)r:);.eung Ipsﬂa‘t]es r:l Lung IpsilateralDLung Heart Dy Heart Vascy
Technique) Dose) (% of the PTV) Gy) (%)y Vao gy (%) (Gy) (%)
Patient 1
(Right-sided)
Original 96.1 96.9 9.53 56.07 12.15 24.49 0.51
Modified 94.9 95 9.05 55.33 10.9 2221 0.48
Patient 2
(Right-sided)
Original 95.47 95.83 8.23 45.27 11.2 14.15 0
Modified 86.03 87.41 7.01 42.52 8 12.86 0
Patient 3
(Right-sided)
Original 98.02 99 11.05 73.1 13.44 23.61 0.62
Modified 93.53 94 9.82 71.38 9.78 21.57 0.18
Patient 4 (Left-sided;
DIBH)
Original 96.77 97.28 8.01 34.81 12.37 21.39 0.15
Modified 86.88 88.41 9.68 40.24 15.71 31.62 3.32
Patient 5 (Left-sided;
DIBH)
Original 94.03 93.54 6.27 38.31 5.95 11.71 0
Modified 80.45 81.55 5.75 382 3.85 10.87 0
Patient 6 (Left-sided;
DIBH)
Original 94.76 94.88 8.43 57.51 8.84 19.02 0.01
Modified 86.41 83.64 10.05 61.73 12.64 22.35 0.36
Patient 7 (Left-sided;
DIBH)
Original 91.67 90.02 9.67 62.38 11.57 26.35 1.48
Modified 87.26 88.07 9.75 64.93 11.53 32.41 3.87
Patient 8 (Left-sided;
CPAP)
Original 95.75 96.25 7.89 43.06 11.25 14.39 0
Modified 90.3 89.02 6.61 39.66 8.09 13.16 0
Patient 9 (Left-sided;
CPAP)
Original 93.19 92.43 7.83 41.44 11.27 13.74 0
Modified 90.52 90.62 9.39 45.37 14.92 14.75 0.02
Patient10(Left-sided;
CPAP)
Original 93.77 93.4 8 41.66 11.55 16.09 0
Modified 90.44 89.6 7.08 39.18 9.27 15.52 0

CPAP, continuous positive airway pressure; PTV, planning target volume; DIBH, deep-inspiration breath hold.
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Figure 5. Modification of the plan reflecting the intra-fractional movement resulted in deviation of some key dosimetric parameters
in selected cases. In figure (A), the dark green and red areas indicate the volumes receiving 100% and 95% of the prescribed dose,

respectively. No dark green or red area is shown in figure (B). Blue arrows indicate Vgso, of the prescription dose it figure (A,B), with
respective values of 95.83% and 87.41%. In another case, the lung volume receiving 20 Gy is shown by the pink-colored area (C) and is

enlarged in figure (D), suggesting unnecessary exposure of the normal lung to radiation.
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4. Discussion

This study showed the extent of pre-treatment and intra-fractional movement among
breast cancer patients receiving IMRT. Our study results suggest that the inter-fractional
variation is greater than the intra-fractional variation, thereby strengthening the argument
that image-guided verification is necessary before each fraction of treatment. However,
intra-fractional movement should not be neglected as the positional deviation during RT
could result in suboptimal radiation delivery. This phenomenon was more prominent in
left-sided breast cancer than in right-sided breast cancer, according to the results of the
current study.

This phenomenon may have been due to the effect of the additional techniques used to
avoid normal organ toxicity. The DIBH technique requires patients to hold their breath in a
deep inspirational state to inflate the lungs. However, this technique could be physically
demanding for some patients [12]. The repetition of this possibly strenuous task of breath
holding could lead to extensive internal organ movement. The question concerning the
DIBH technique is whether its ability to increase the distance between OARs and the RT
target is offset by an unacceptable ROM for the target volume. Although there is a paucity of
data, a few studies have reported acceptable ROM of the heart periphery during DIBH [13],
and the reproducibility of the breast area has been confirmed by surface imaging [14]. These
outcomes are in concordance with the results of our study. We showed a median variation
of 0.00 cm, —0.01 cm, 0.03 cm in the x-, y-, and z-axes, respectively. Another method
used for normal organ sparing in left-sided breast radiation is CPAP. A study reported the
effect of CPAP in left-sided breast cancer patients preparing for RT, showing an increase
in lung volume by 60% and a decrease in heart volume by 12% [15]. These CPAP effects
are beneficial in preventing radiation-induced toxicity in the heart and the lungs; however,
its effect on internal movements during a treatment session is questionable. In our study,
those treated with CPAP showed median intra-fractional movements of 0.01 cm, 0.03 cm,
and 0.09 cm in the x-, y-, and z-axes, respectively; these values were mostly within the
acceptable ROMs. However, both patients treated using the DIBH and CPAP techniques
demonstrated wider intra-fractional ROMs than free-breathing right-sided breast cancer
patients. Considering the commonly cited side effects of CPAP that cause poor compliance,
such as rhinitis, nasal congestion, and aerophagia [16], the discomfort induced by CPAP
may contribute to larger ROMs during RT.

The introduction of IMRT and SBRT in the field of radiation therapy opens up a
new era of RT with endless possibilities. In this study, we specifically used VMAT which
could provide conformal dose distribution in a short beam-on time by adjusting gantry
speed, dose rate, and multi-leaf collimator [17]. The pace at which innovations develop is
faster than ever. Concurrently with the improvement of RT techniques, there have been
developments that reduce RT volumes, and high-dose per fraction regimens can target
many primary or metastatic tumor sites [18]. This trend also applies to breast cancer [19],
which has a long history of treatment with radiation. For selected ductal carcinoma in
situ or early-stage breast cancer patients, PBI using external beam radiotherapy is now
becoming an attractive alternative to whole-breast irradiation (WBI) with non-inferior
oncologic outcomes [20,21]. Even for WBI, a recent phase III trial showed non-inferior
local tumor control with 26 Gy in 5 fractions compared to 40 Gy in 15 fractions [22]. These
trials could be characterized by extreme hypofractionation with a larger dose per fraction.
This suggests a transition of treatment duration from the conventional 7 weeks to less
than 2 weeks. Unlike conventional RT regimens with multiple fractions that could negate
non-systematic error in few fractions, the error in each fraction would have had more
significance in these hypofractionated settings. Thus, proper verification before each
treatment should be guaranteed in the modern RT era. The most common way to verify
the RT target volume and adjacent OARs is image-guided RT with volumetric imaging
modalities. Even though portal imaging or kV planar imaging is used more frequently
than volumetric imaging for the breast [2], some studies have reported the efficacy of
CBCT in reducing the planning target volume with minimal setup uncertainties [23,24].
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Therefore, the utilization of volumetric imaging verification in breast cancer patients could
become more common in the near future. With this perspective, we examined volumetric
CBCT images from breast cancer patients who underwent IMRT not only for pre-treatment
verification but also for the measurement of intra-fractional movement.

Even though pre-treatment verification to reduce inter-fractional variation is becom-
ing more common, anatomical information during actual beam delivery is not routinely
acquired in clinical settings. However, compared to conventional RT, modern RT requires
many sophisticated techniques and utilizes numerous beams, which lead to an increased
duration of treatment. Therefore, intra-fractional variation as well as inter-fractional vari-
ation could be affected. Long treatment times could induce unnecessary motion at the
patient’s end. The concept of intra-fractional verification was investigated in multiple
studies regarding various organs. One study about SBRT for lung tumors showed that
intra-fractional CBCT revealed a maximal target shift of 5.7, 3.6, and 4.9 mm along the
anterior-posterior, left-right, and superior-inferior axes, respectively. This meant that an
expansion equal to or greater than 7 mm from the gross tumor volume was enough to deal
with intra-fractional movement during SBRT for lung tumors with a delivery time of up
to 4 min [5]. Another study using an anthropomorphic thorax phantom that evaluated
the efficacy of CBCT scans reconstructed from kV images acquired simultaneously during
SBRT delivery showed that these scans could help identify the dominant position of tumors
during RT delivery [25]. The prostate is also an organ of interest due to its intra-fractional
motion during radiotherapy. Many studies have measured intra-fractional movement by
comparing pre-treatment CBCT and immediately post-treatment CBCT scans rather than
by acquiring simultaneous images. Those studies showed minimal movement of the target
area in various treatment settings. For example, one study revealed a movement of only
0.4 mm of the prostate bed during postoperative or salvage RT [26] and a movement of less
than 3 mm in patients receiving IMRT after '2°I implantation according to fiducial-based
imaging [27]. For breast cancer patients, the optical surface image was used frequently to
evaluate intra-fractional motion during RT. A study with 104 patients and 2028 fractions of
RT using an optical surface scanner demonstrated intra-fractional deviation of less than
5 mm in breast RT [28]. However, unlike surface scanning which can only estimate the
exact movement of the skin surface, CBCT has a relative advantage as it can assess not
only the skin surface but also the relative position of internal structures such as the heart,
lungs, bony structures, and chest wall. Thus, CBCT could provide different outcomes
compared to skin surface imaging. We identified a study using pre-treatment CBCT and
post-treatment CBCT in patients receiving PBI, which suggested the significant effect of
intra-fractional errors even with a 10 mm setup margin [29]. A systematic literature review
on intra-fractional motion during RT in breast cancer patients reported that although the
range of intra-fractional movement in these patients was mostly less than 5 mm, some
individuals showed large variations [30]. Even though the review predominantly included
studies investigating two-dimensional tangential images, unlike ours in which CBCT im-
ages were acquired simultaneously with actual beam delivery, the results from the review
are in concordance with our findings.

In our study, most cases showed acceptable intra-fractional deviation with a median of
less than 3 mm in terms of absolute distance from the initial isocenter. However, although
it is plausible to believe that intra-fractional movement does not cause severe deviations
in the majority of cases, there were cases involving low target volume coverage or an
increased dose to OARs. Coinciding with the current trend of hypofractionation and
smaller target volumes, insufficient dose coverage, even in a single fraction, could result in
nonoptimal treatment outcomes. For instance, the impact of a reduction in Dgso, of the PTV
from 94% to 80% in one fraction during the treatment period, seen in our study, would
obviously be larger in patients receiving 25 Gy in 5 fractions than in patients receiving
50.4 Gy in 28 fractions. Adequate set-up margin or prompt adaptive planning according
to the result of intra-fractional CBCT might be helpful. Especially in VMAT planning,
using virtual bolus is another option because it could compensate for internal positional
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or anatomic change during the course of radiotherapy with better coverage of the target
volume [31]. Additionally, cases involving a more than 20-fold increase in Vs Gy of the
heart were reported. According to the widely accepted guideline, it is recommended to
keep the V5 Gy of the heart at less than 10% to reduce the cardiac mortality risk to less than
1% [32]. Even though the results of our study did not violate the safety criteria for Vo5 gy of
the heart, watchful observation for OARs is required during RT planning. Specifically, as
mentioned above, left-sided breast cancer patients showed an increased likelihood of larger
intra-fractional motion, although outliers were reported for both left- and right-sided breast
cancer patients. Similar outcomes were reported earlier with a large isocenter variation
that considerable affected dosimetric outcomes in a few cases of left-sided breast cancer
patients treated using the DIBH technique [33].

Intra-fractional optimization was not possible with intra-fractional CBCT as the final
reconstructed images were available only after the treatment. Nevertheless, given that
studies analyzing intra-fractional CBCT images in breast cancer patients are scarce, our re-
search has the relative strength by providing quantitative results about the intra-fractional
motion and following changes in dosimetric outcomes in selected cases. The limitations
of this study include the substandard quality of intra-fractional CBCT scans compared to
that of pre-treatment CBCT scans. As intra-fractional CBCT scans are acquired simultane-
ously with the delivery of treatment beams, beam scattering and subsequent worsening
of image quality are unavoidable [34]. However, it is still possible to discriminate sig-
nificant landmark organs such as the lung, heart, and thoracic wall on intra-fractional
CBCT. Considering their possible use in marker-less positional verification and tumor
tracking in lung cancer patients [35,36], the quality of intra-fractional CBCT images seems
to be acceptable in clinical settings. Moreover, further refinement in CBCT image quality
was achieved by utilizing binary moving-blocker-based scatter correction [37]. Another
limitation was that an extra dose was delivered to the patient for acquiring intra-fractional
CBCT images. However, compared to the high RT dose used for treatment, the additional
dose was minimal. Additionally, it is arguable that the set-up margin of our institution is
rather too small, and a bigger set-up margin could resolve issues related to the movement
of the target and OARs. Still, given that Asian women tend to have denser and smaller
breasts compared to the Western population [38,39], a small set-up margin was preferable
to avoid skin toxicity.

5. Conclusions

In conclusion, this study reported quantitative measurements of inter-fractional and
intra-fractional errors in breast cancer patients receiving RT. Pre-treatment CBCT showed
larger variations than intra-fractional CBCT, and the range of intra-fractional motion was
likely to be bigger in left-sided breast cancer patients using DIBH or CPAP. Even though
the intra-fractional ROM was minimal in most cases, few cases showed huge variations
that could significantly affect the goal of RT. Therefore, based on the data provided above,
the intra-fractional movement might be taken into consideration in specific circumstances
when it could be substantial, and even a single non-systematic error could negatively affect
treatment outcomes.

Author Contributions: Conceptualization, H.L. and L].L.; methodology, J.J.B.L.; software, ].].B.L.;
validation, I.J.L. and H.L.; formal analysis, J.J].B.L.; investigation, H.L. and J.J.B.L.; data acquisition,
Y.C., M.J.J. and L.H.J.; data curation, Y.C.; writing—original draft preparation, ].J.B.L.; writing—review
and editing, H.L.; supervision, L].L. and H.L.; All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a faculty research grant from Yonsei University College of
Medicine for 2019 (6-2019-0080), the Basic Science Research Program through the National Research
Foundation of Korea funded by the Ministry of Education (2019R111A1A01062157), and a grant from
the Korea Health Technology R&D Project through the Korea Health Industry Development Institute
(KHIDI) funded by the Ministry of Health & Welfare, Republic of Korea (HI19C1330).



Cancers 2021, 13, 1651 12 of 13

Institutional Review Board Statement: Ethical approval for this study was obtained from the
Institutional Review Board of Yonsei University Health System, Gangnam Severance Hospital
(Approval No.: 3-2020-0464).

Informed Consent Statement: The need for patient consent was waived due to the retrospective
nature of the study design.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to IRB restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, K.W. Cancer and radiation therapy: Current advances and future directions. Int. J. Med. Sci.
2012, 9, 193-199. [CrossRef]

2. Nabavizadeh, N.; Elliott, D.A.; Chen, Y.; Kusano, A.S.; Mitin, T.; Thomas, C.R., Jr.; Holland, ].M. Image Guided Radiation Therapy
(IGRT) Practice Patterns and IGRT’s Impact on Workflow and Treatment Planning: Results From a National Survey of American
Society for Radiation Oncology Members. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94, 850-857. [CrossRef] [PubMed]

3. Adamson, J.; Wu, Q.; Yan, D. Dosimetric effect of intrafraction motion and residual setup error for hypofractionated prostate
intensity-modulated radiotherapy with online cone beam computed tomography image guidance. Int. ]. Radiat. Oncol. Biol. Phys.
2011, 80, 453—461. [CrossRef] [PubMed]

4.  Litzenberg, D.W,; Balter, ].M.; Hadley, S.W.; Sandler, H.M.; Willoughby, T.R.; Kupelian, P.A.; Levine, L. Influence of intrafraction
motion on margins for prostate radiotherapy. Int. |. Radiat. Oncol. Biol. Phys. 2006, 65, 548-553. [CrossRef] [PubMed]

5. Li, R, Han, B,; Meng, B.; Maxim, P.G.; Xing, L.; Koong, A.C.; Diehn, M.; Loo, B.W.,, Jr. Clinical implementation of intrafraction
cone beam computed tomography imaging during lung tumor stereotactic ablative radiation therapy. Int. J. Radiat. Oncol. Biol.
Phys. 2013, 87, 917-923. [CrossRef] [PubMed]

6. Purdie, T.G.; Bissonnette, ].P; Franks, K.; Bezjak, A.; Payne, D.; Sie, F; Sharpe, M.B.; Jaffray, D.A. Cone-beam computed
tomography for on-line image guidance of lung stereotactic radiotherapy: Localization, verification, and intrafraction tumor
position. Int. ]. Radiat. Oncol. Biol. Phys. 2007, 68, 243-252. [CrossRef] [PubMed]

7. Xu, F; Wang, ].; Bai, S.; Li, Y,; Shen, Y.; Zhong, R.; Jiang, X.; Xu, Q. Detection of intrafractional tumour position error in
radiotherapy utilizing cone beam computed tomography. Radiother. Oncol. 2008, 89, 311-319. [CrossRef] [PubMed]

8.  Offersen, B.V,; Overgaard, J. Breast cancer radiation therapy. Lancet 2020, 396, 1558. [CrossRef]

9.  Theberge, V.; Whelan, T.; Shaitelman, S.F; Vicini, F.A. Altered fractionation: Rationale and justification for whole and partial
breast hypofractionated radiotherapy. Semin. Radiat. Oncol. 2011, 21, 55-65. [CrossRef]

10. Sanders, M.E.; Scroggins, T.; Ampil, EL.; Li, B.D. Accelerated partial breast irradiation in early-stage breast cancer. J. Clin. Oncol.
2007, 25,996-1002. [CrossRef]

11. Offersen, B.V.; Boersma, L.J.; Kirkove, C.; Hol, S.; Aznar, M.C.; Biete Sola, A.; Kirova, Y.M.; Pignol, ]J.P.; Remouchamps, V,;
Verhoeven, K,; et al. ESTRO consensus guideline on target volume delineation for elective radiation therapy of early stage breast
cancer. Radiother. Oncol. 2015, 114, 3-10. [CrossRef]

12.  Bergom, C.; Currey, A.; Desai, N.; Tai, A.; Strauss, ].B. Deep Inspiration Breath Hold: Techniques and Advantages for Cardiac
Sparing During Breast Cancer Irradiation. Front. Oncol. 2018, 8, 87. [CrossRef]

13. Wang, X,; Pan, T,; Pinnix, C.; Zhang, S.X.; Salehpour, M.; Sun, T.L.; Gladish, G.; Strom, E.A.; Perkins, G.H.; Tereffe, W.; et al.
Cardiac motion during deep-inspiration breath-hold: Implications for breast cancer radiotherapy. Int. J. Radiat. Oncol. Biol. Phys.
2012, 82, 708-714. [CrossRef]

14. Betgen, A.; Alderliesten, T.; Sonke, J.J.; van Vliet-Vroegindeweij, C.; Bartelink, H.; Remeijer, P. Assessment of set-up variability
during deep inspiration breath hold radiotherapy for breast cancer patients by 3D-surface imaging. Radiother. Oncol. 2013, 106,
225-230. [CrossRef]

15.  Allen, A.M.; Ceder, Y.K,; Shochat, T.; Fenig, E.; Popovtzer, A.; Bragilofsky, D.; Alfassy, A.; Allon, H. CPAP (Continuous Positive
Airway Pressure) is an effective and stable solution for heart sparing radiotherapy of left sided breast cancer. Radiat. Oncol. 2020,
15, 59. [CrossRef] [PubMed]

16. Virk, ].S,; Kotecha, B. When continuous positive airway pressure (CPAP) fails. J. Thorac. Dis. 2016, 8, E1112-E1121. [CrossRef] [PubMed]

17.  Teoh, M,; Clark, C.H.; Wood, K.; Whitaker, S.; Nisbet, A. Volumetric modulated arc therapy: A review of current literature and
clinical use in practice. Br. |. Radiol. 2011, 84, 967-996. [CrossRef] [PubMed]

18. Connell, PP; Hellman, S. Advances in radiotherapy and implications for the next century: A historical perspective. Cancer Res.
2009, 69, 383-392. [CrossRef] [PubMed]

19. Powell, S. Radiotherapy for breast cancer in the 21st Century. Breast . 2010, 16 (Suppl. 1), S34-S38. [CrossRef]

20. Whelan, T].; Julian, J.A.; Berrang, T.S.; Kim, D.H.; Germain, I.; Nichol, A.M.; Akra, M.; Lavertu, S.; Germain, F,; Fyles, A,;

et al. External beam accelerated partial breast irradiation versus whole breast irradiation after breast conserving surgery in
women with ductal carcinoma in situ and node-negative breast cancer (RAPID): A randomised controlled trial. Lancet 2019, 394,
2165-2172. [CrossRef]


http://doi.org/10.7150/ijms.3635
http://doi.org/10.1016/j.ijrobp.2015.09.035
http://www.ncbi.nlm.nih.gov/pubmed/26972658
http://doi.org/10.1016/j.ijrobp.2010.02.033
http://www.ncbi.nlm.nih.gov/pubmed/20646842
http://doi.org/10.1016/j.ijrobp.2005.12.033
http://www.ncbi.nlm.nih.gov/pubmed/16545919
http://doi.org/10.1016/j.ijrobp.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24113060
http://doi.org/10.1016/j.ijrobp.2006.12.022
http://www.ncbi.nlm.nih.gov/pubmed/17331671
http://doi.org/10.1016/j.radonc.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18774195
http://doi.org/10.1016/S0140-6736(20)32322-9
http://doi.org/10.1016/j.semradonc.2010.08.007
http://doi.org/10.1200/JCO.2006.09.7436
http://doi.org/10.1016/j.radonc.2014.11.030
http://doi.org/10.3389/fonc.2018.00087
http://doi.org/10.1016/j.ijrobp.2011.01.035
http://doi.org/10.1016/j.radonc.2012.12.016
http://doi.org/10.1186/s13014-020-01505-7
http://www.ncbi.nlm.nih.gov/pubmed/32143658
http://doi.org/10.21037/jtd.2016.09.67
http://www.ncbi.nlm.nih.gov/pubmed/27867577
http://doi.org/10.1259/bjr/22373346
http://www.ncbi.nlm.nih.gov/pubmed/22011829
http://doi.org/10.1158/0008-5472.CAN-07-6871
http://www.ncbi.nlm.nih.gov/pubmed/19147546
http://doi.org/10.1111/j.1524-4741.2010.01001.x
http://doi.org/10.1016/S0140-6736(19)32515-2

Cancers 2021, 13, 1651 13 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Meattini, I.; Marrazzo, L.; Saieva, C.; Desideri, I.; Scotti, V.; Simontacchi, G.; Bonomo, P.; Greto, D.; Mangoni, M.; Scoccianti, S.;
et al. Accelerated Partial-Breast Irradiation Compared With Whole-Breast Irradiation for Early Breast Cancer: Long-Term Results
of the Randomized Phase III APBI-IMRT-Florence Trial. J. Clin. Oncol. 2020, 38, 4175-4183. [CrossRef]

Murray Brunt, A.; Haviland, J.S.; Wheatley, D.A.; Sydenham, M.A.; Alhasso, A.; Bloomfield, D.J.; Chan, C.; Churn, M.; Cleator,
S.; Coles, C.E.; et al. Hypofractionated breast radiotherapy for 1 week versus 3 weeks (FAST-Forward): 5-year efficacy and late
normal tissue effects results from a multicentre, non-inferiority, randomised, phase 3 trial. Lancet 2020, 395, 1613-1626. [CrossRef]
White, E.A.; Cho, J.; Vallis, K.A.; Sharpe, M.B.; Lee, G.; Blackburn, H.; Nageeti, T.; McGibney, C.; Jaffray, D.A. Cone beam
computed tomography guidance for setup of patients receiving accelerated partial breast irradiation. Int. J. Radiat. Oncol. Biol.
Phys. 2007, 68, 547-554. [CrossRef]

Topolnjak, R.; Sonke, ].J.; Nijkamp, J.; Rasch, C.; Minkema, D.; Remeijer, P.; van Vliet-Vroegindeweij, C. Breast patient setup error
assessment: Comparison of electronic portal image devices and cone-beam computed tomography matching results. Int. |. Radiat.
Oncol. Biol. Phys. 2010, 78, 1235-1243. [CrossRef]

Hazelaar, C.; Dahele, M.; Scheib, S.; Slotman, B.J.; Verbakel, W. Verifying tumor position during stereotactic body radiation
therapy delivery using (limited-arc) cone beam computed tomography imaging. Radiother. Oncol. 2017, 123, 355-362. [CrossRef]
Huang, K.; Palma, D.A.; Scott, D.; McGregor, D.; Gaede, S.; Yartsev, S.; Bauman, G.; Louie, A.V.; Rodrigues, G. Inter- and
intrafraction uncertainty in prostate bed image-guided radiotherapy. Int. ]. Radiat. Oncol. Biol. Phys. 2012, 84, 402-407. [CrossRef]
[PubMed]

Boda-Heggemann, J.; Kohler, EM.; Wertz, H.; Ehmann, M.; Hermann, B.; Riesenacker, N.; Kupper, B.; Lohr, E; Wenz, EF.
Intrafraction motion of the prostate during an IMRT session: A fiducial-based 3D measurement with Cone-beam CT. Radiat.
Oncol. 2008, 3, 37. [CrossRef] [PubMed]

Reitz, D.; Carl, G.; Schonecker, S.; Pazos, M.; Freislederer, P.; Niyazi, M.; Ganswindt, U.; Alongi, F.; Reiner, M.; Belka, C.; et al.
Real-time intra-fraction motion management in breast cancer radiotherapy: Analysis of 2028 treatment sessions. Radiat. Oncol.
2018, 13, 128. [CrossRef] [PubMed]

Cai, G.; Hu, WG,; Chen, ].Y.; Yu, X.L.; Pan, Z.Q.; Yang, Z.Z.; Guo, X.M.; Shao, Z.M.; Jiang, G.L. Impact of residual and
intrafractional errors on strategy of correction for image-guided accelerated partial breast irradiation. Radiat. Oncol. 2010, 5, 96.
[CrossRef]

Michalski, A.; Atyeo, J.; Cox, J.; Rinks, M. Inter- and intra-fraction motion during radiation therapy to the whole breast in the
supine position: A systematic review. |. Med. Imaging Radiat. Oncol. 2012, 56, 499-509. [CrossRef]

Tyran, M.; Tallet, A.; Resbeut, M.; Ferre, M.; Favrel, V.; Fau, P.; Moureau-Zabotto, L.; Darreon, J.; Gonzague, L.; Benkemouche, A.;
et al. Safety and benefit of using a virtual bolus during treatment planning for breast cancer treated with arc therapy. J. Appl. Clin.
Med. Phys. 2018, 19, 463-472. [CrossRef] [PubMed]

Gagliardi, G.; Constine, L.S.; Moiseenko, V.; Correa, C.; Pierce, L.J.; Allen, A.M.; Marks, L.B. Radiation dose-volume effects in the
heart. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, S77-585. [CrossRef] [PubMed]

Kugele, M.; Edvardsson, A.; Berg, L.; Alkner, S.; Andersson Ljus, C.; Ceberg, S. Dosimetric effects of intrafractional isocenter
variation during deep inspiration breath-hold for breast cancer patients using surface-guided radiotherapy. J. Appl. Clin. Med.
Phys. 2018, 19, 25-38. [CrossRef] [PubMed]

Yoganathan, S.A.; Maria Das, K.J.; Maria Midunvaleja, K.; Gowtham Raj, D.; Agarwal, A.; Velmurugan, J.; Kumar, S. Evaluating
the image quality of cone beam CT acquired during rotational delivery. Br. ]. Radiol. 2015, 88, 20150425. [CrossRef]

Hazelaar, C.; Dahele, M.; Mostafavi, H.; van der Weide, L.; Slotman, B.; Verbakel, W. Markerless positional verification using
template matching and triangulation of kV images acquired during irradiation for lung tumors treated in breath-hold. Phys. Med.
Biol. 2018, 63, 115005. [CrossRef]

Mueller, M.; Zolfaghari, R.; Briggs, A.; Furtado, H.; Booth, J.; Keall, P.; Nguyen, D.; O’Brien, R.; Shieh, C.C. The first prospective
implementation of markerless lung target tracking in an experimental quality assurance procedure on a standard linear accelerator.
Phys. Med. Biol. 2020, 65, 025008. [CrossRef] [PubMed]

Lee, H.; Fahimian, B.P.; Xing, L. Binary moving-blocker-based scatter correction in cone-beam computed tomography with
width-truncated projections: Proof of concept. Phys. Med. Biol. 2017, 62, 2176-2193. [CrossRef]

Youn, I; Choi, S.; Kook, S.H.; Choi, Y.J. Mammographic Breast Density Evaluation in Korean Women Using Fully Automated
Volumetric Assessment. |. Korean Med. Sci. 2016, 31, 457-462. [CrossRef]

Jo, HM.; Lee, EH.; Ko, K.; Kang, B.].; Cha, ].H.; Yi, A.; Jung, HK.; Jun, ] K.; Alliance for Breast Cancer Screening in, K. Prevalence
of Women with Dense Breasts in Korea: Results from a Nationwide Cross-sectional Study. Cancer Res. Treat. 2019, 51, 1295-1301.
[CrossRef]


http://doi.org/10.1200/JCO.20.00650
http://doi.org/10.1016/S0140-6736(20)30932-6
http://doi.org/10.1016/j.ijrobp.2007.01.048
http://doi.org/10.1016/j.ijrobp.2009.12.021
http://doi.org/10.1016/j.radonc.2017.04.022
http://doi.org/10.1016/j.ijrobp.2011.12.035
http://www.ncbi.nlm.nih.gov/pubmed/22381905
http://doi.org/10.1186/1748-717X-3-37
http://www.ncbi.nlm.nih.gov/pubmed/18986517
http://doi.org/10.1186/s13014-018-1072-4
http://www.ncbi.nlm.nih.gov/pubmed/30012156
http://doi.org/10.1186/1748-717X-5-96
http://doi.org/10.1111/j.1754-9485.2012.02434.x
http://doi.org/10.1002/acm2.12398
http://www.ncbi.nlm.nih.gov/pubmed/29959819
http://doi.org/10.1016/j.ijrobp.2009.04.093
http://www.ncbi.nlm.nih.gov/pubmed/20171522
http://doi.org/10.1002/acm2.12214
http://www.ncbi.nlm.nih.gov/pubmed/29139223
http://doi.org/10.1259/bjr.20150425
http://doi.org/10.1088/1361-6560/aac1a9
http://doi.org/10.1088/1361-6560/ab5d8b
http://www.ncbi.nlm.nih.gov/pubmed/31783395
http://doi.org/10.1088/1361-6560/aa5913
http://doi.org/10.3346/jkms.2016.31.3.457
http://doi.org/10.4143/crt.2018.297

	Introduction 
	Materials and Methods 
	Patients 
	CBCT Data Acquisition 
	Data Analysis 

	Results 
	Patients and Treatment 
	Pre-Treatment and Intra-Fractional CBCT 
	Dose-Volume Histogram Analysis 

	Discussion 
	Conclusions 
	References

