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Objective: To evaluate the impact of variation in respi-

ratory cycle between treatment planning and irradiation

for pencil beam scanning and phase-controlled rescanning

(PCR) on the resulting dose distribution, we conducted

a simulation study based on four-dimensional CT (4DCT)

data for lung cancer patients.

Methods: 4DCT data were acquired for seven patients with

lung tumours. Treatment planning was designed to ensure

the delivery of 95% of the prescribed dose to the clinical

target volume in respective phases of the 4DCT by taking

account of intrafractional beam range variations. Carbon

ion pencil beam scanning dose distributions were calcu-

lated for various respiratory cycles that differed from the

reference respiration (54.4s) but which stayed regular

during irradiation. The number of rescannings was changed

to 1, 4 or 8 times. PCRwas correlatedwith the gatingwindow

in treatment planning to calculate the beam weighting map.

Results: 83PCR improved dose conformation to the

target for all irradiation respiratory cycles. Minimum dose

(Dmin) and lowest dose encompassing 95% of the target

(D95) values with 43PCR were decreased from 94.1% and

98.1% to 88.4% and 93.5% with an altered irradiation

respiratory cycle of 2.4 s. However, these values were

improved with 83PCR to over 94.9% for Dmin and 98.6%

for D95 for respective irradiation respiratory cycles.

Conclusion: Pencil beam scanning treatment with eight

or more PCRs consistently improved dose conforma-

tion for moving lung targets even when different re-

spiratory cycles were used for treatment planning and

irradiation.

Advances in knowledge: Scanning treatment with eight

or more rescannings consistently improved dose homo-

geneity to a moving target even though respiratory cycles

varied during treatment.

Charged particle beams provide superior dose conforma-
tion to photon beams, and more than 28 particle treatment
centres have now been established worldwide. Since 1994,
our centre at Heavy Ion Medical Accelerator in Chiba,
Japan, has treated over 7000 cancer patients using carbon ion
passive beams [1–3]. In 2011, we constructed a new treat-
ment facility for carbon ion pencil beam scanning (C-PBS) as
an extension of the existing treatment facility and successfully
completed the first clinical trials for the head and pelvic
regions with non-respiratory-gated irradiation at the end of
2011 [4,5]. We are now preparing to start the next series of
clinical trials for the thoracic and abdominal regions.

Organ motion is a major challenge in radiotherapy and can
both degrade dose conformation within a tumour and
cause excessive dosages to normal tissues. Organ motion as
a result of respiratory motion is now well understood, and
several problems have been recognised. First, if respiratory-
induced tumour motion is not considered in treatment
planning, the treatment beam will not irradiate the tumour

owing to its movement in and out of the beam field with
respiration. Second, because the stopping position of a
charged particle beam is strongly dependent on the radio-
logical pathlength from the patient surface, replacing dense
tissue with a low-density material such as lung causes a sig-
nificant change in radiological pathlength, resulting in the
perturbation of beam stopping position from that originally
planned. Although passive scattering beam irradiation
delivers homogeneous three-dimensional (3D) dose dis-
tributions that cover the whole tumour region at any time,
C-PBS delivers respective beam spots as a function of time.
Scanning irradiation is accordingly less robust against organ
motion than passive beam delivery owing to interplay effects
that cause hot and/or cold spots within the target owing to
the inconsistency between beam motion and target motion
[6]. Proposed remedies for this problem include respiratory
gating, tracking [7] and rescanning [8] strategies, of which
gating and rescanning are preferable from a practical point of
view. For C-PBS at our institute, the beam spots are sorted
and delivered in layers of spots of the same range/energy,
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called isoenergy layers, on the basis that the speed of scanning in
the lateral direction is much higher than the variation of range.
Our approach to the moving tumour problem is a combination of
layered rescanning correlated with the gating window, which we
term “respiratory phase-controlled-layered rescanning (PCR)”. We
measured dose distribution with PCR under a motion scenario
using Gafchromic™ films (Ashland Inc., Covington, KY) in which
four or more PCRs achieved dose differences of less than 2% of
that with the static case [9]. Measurement showed higher target
dose homogeneity for PCR than was obtained without correlated
rescanning. A similar approach has been proposed for proton
beam therapy [10].

However, several problems remain to be solved before clinical
treatment of tumours in the thoracic and abdominal regions
with C-PBS can be started. Most treatment planning processes
assume that patient respiratory cycle and pattern remain re-
producible throughout the course of treatment and do not address
interfractional variation. The respiratory pattern is variable, how-
ever, and this may lead to rescanning of an isoenergy layer to fail to
finish within a gate window, resulting in inconsistencies between
treatment planning and treatment beam delivery. This remains a
fundamental challenge to PCR in thoracic and abdominal treatment.

Here, we evaluated the impact of respiratory cycle variation
between treatment planning and treatment beam irradiation on
dose distribution for four-dimensional (4D) C-PBS of a lung
tumour using a 4DCT scan-based dose calculation.

METHODS AND MATERIALS
Rescanning methods
Our centre provides integrated hybrid C-PBS [11]. This scan-
ning method uses a mini ridge filter (to create a mini spread-out
Bragg peak), a range shifter and 11 synchrotron energies. The
range shifter and energy changes can be adjusted in 3- and 30-
mm range steps, respectively. In the present study, we set control
times for the range shifter and synchrotron energy changes to
420 and 150ms, respectively [12,13]. Hybrid scanning provides
a superior lateral dose fall-off and a higher relative biological ef-
fectiveness than can be obtained with the range shifter only because
less range shifter material is needed [11]. The beam characteristics
are comparable with those with the sole use of the synchrotron
for energy variation but require less commissioning work.

PCR performs the rescanning of all spots of a layer within the
gating window such that the rescanning of the layer is completed
at the end of the gating window. After finishing one layer, the
energy/range is changed and the next layer is irradiated. This
process is repeated until all spots of the entire set of layers are
delivered. To achieve this strategy, the dose rate for respective
isoenergy layers is calculated from the gating window time and is
set by the radiation system before the delivery of each layer.
Therefore, once the treatment is started, the irradiation pattern
(beam spot, dose rate, etc.) cannot be changed even though the
patient respiratory pattern may have changed. Figure 1a shows
the scan pattern with a perfectly regular respiratory signal for a
gated PCR with two rescannings. All spots in the mth and all
spots in the m11th isoenergy layers were rescanned twice within
their respective gates; namely, once each in the first and

subsequent gating window. Beam weights in the gating window
within the same isoenergy layer were the same but differed from
those of the respective isoenergy layers. However, if the irradi-
ation respiratory cycle changes from that in treatment planning,
not all beam spots will be completed at the end of the gating
window, and PCR will not be achieved. Remaining spots will be
delivered at the start of the next gate and will then be followed by
energy variation during the gate window, which will further pro-
long treatment and desynchronize PCR, as illustrated in Figure 1b.
In that case, beam spots in the mth isoenergy layer were irradiated
twice, each for a shorter duration than in the first gating window,
and several spots in the m11th isoenergy layer were irradiated in
the same gating window. When the irradiation respiratory cycle
was shorter than the planning respiratory cycle, in contrast, beam
spots in the mth isoenergy layer irradiation were completed before
the end of the gating window and start of irradiation of the next
isoenergy layer.

PATIENTS
Seven of our lung cancer patients were randomly selected
(Table 1) and asked for their consent to participate in this study.
The study protocol was approved by the Institutional Review
Board of our institute. 4DCT was carriedout with a fast-rotating
area detector CT [14] under free-breathing conditions, with pa-
tient respiration monitored using a respiratory sensing system
consisting of a position-sensitive detector and an infrared-emitting
light marker (PSM15010; Toyonaka Kenkyujo, Osaka, Japan). CT
voxel size was 51235123128 [0.78mm (anteroposterior)30.78mm
(left–right)3 1.0mm (superoinferior)]. Motion parameters,
including respirator cycles and Euclidian distance of the 3D
centre of mass (3D-COM) of the gross tumour volume (GTV),
are summarised in Table 1.

Treatment planning
Target definition
A single respiratory cycle was subdivided into 10 equal phases
(T00: peak inhalation, T50: peak exhalation). The GTV was
delineated on the 4DCT data at T50. All GTV contours at other
respiratory phases for the patient were then automatically cal-
culated by B-spline-based deformable image registration (DIR)
[15,16]. Clinical target volume (CTV) included the GTV plus a
10-mm margin. The beam weighting map was designed to en-
sure uniform dose distribution to CTVs in respective phases.
The internal target volume (ITV) included the target-encompassing
volume within the gating window; however, the International
Commission on Radiation Units and Measurements Report 62
describes the “geometrical” rather than the “radiological path-
length” concept for ITV creation [17]. Maximum intensity vol-
ume (MIV) and average intensity projection (AIP), approaches
which have been introduced in passive particle beam irradiation
[18,19], were successfully used to deliver the treatment beam to
a moving target using a treatment planning system that was
commercially available at that time. Because these methods may
result in expansion of the smeared beam field and density
regions, however, and consequently cause overdosage to the
normal tissue regions, they have not been completely optimised
to allow for intrafractional range variations [20]. Further, given
that intrafractional dose degradation with passive beam occurs
as a blurring effect, whereas scanning irradiation suffers from
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not only blurring but also the interplay effect, the inability of
both MIV and AIP to completely compensate for intrafractional
range variation renders them particularly unsuitable for particle
beam therapy. To solve this problem, we defined the field-
specific target volume (FTV), which is considered robust in 3D
treatment planning and has been applied in 4D treatment
planning using passive beam irradiation. First, beam ranges were
calculated from the beam entrance of the patient surface to the
distal and proximal edge of the CTV for the respective phases

within the gating window. The FTV was then calculated by
selecting the minimum and maximum beam ranges ray by ray.
Since no setup margin was added to the FTV, planning target
volume (PTV) was the same as the FTV.

DOSE CALCULATIONS
The dose distributions for C-PBS were calculated for a respiratory-
ungated strategy. Simulated scanning speed in the superoinferior
and left–right directions were 100mmms21 and 50mmms21,

Figure 1. (a) Irradiation respiratory cycle (5T1) is the same as that for the planning respiratory cycle. The gating window for

treatment planning is from t1 to t3 and from t4 to t5. Two PCR layers are present. (b) The irradiation respiratory cycle (5T2) is longer

than that for the planning respiratory cycle (5T1). The gating window for the irradiation is from t1ʹ to t3ʹ and from t4ʹ to t7. PCR,

phase-controlled rescanning.
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respectively. Measurements were performed to irradiate a 60-
mm spherical water target with a nominal dose of 1Gy and
a carbon beam intensity of 1.53108 pps (particle per second)
within approximately 18 s [13]. Although this measurement
used the range shifter scanning technique, the total treatment
time was of a similar order. Beam spot positions and beam
weights were optimised for the PTV. Spot spacing was 2.0mm
laterally and 3.0mm in the beam direction, and lateral scatter
(80–20%) was approximately 5mm.

The prescribed dose of 52.8GyE (3.3GyE316 fr) was adminis-
tered to respective PTVs via four beam ports from the ipsilateral
rather than the contralateral side of the tumour. The respiratory
cycle during 4DCT acquisition was used to calculate the beam
weighting map to respective phases (Figure 1a). To evaluate the
impact of a difference in respiratory cycle between treatment
planning and treatment beam delivery on dose distribution, we
performed dose distribution for different respiratory cycles by
applying the dose rate and scanning speed defined in the planning
respiratory cycle (Figure 1b). Use of the respiratory cycle averaged
over all seven patients of 3.7 s as a planning respiratory cycle
would result in a small range of irradiation respiratory cycle var-
iation (e.g. 1.7–6.7 s). It is well known that patient respiratory cycle
can change during treatment; however, a cycle of 1.7 s is not
suitable in clinical situations. We previously found that the mean
respiratory cycle in 85 lung cancer patients treated with gating in
our centre was 4.4 s and used this value in our present planning
respiratory cycle. Given that respiratory cycle differs among
patients, and that we were concerned here with the magnitude of
the different respiratory cycle from the reference cycle rather than
the original respiratory cycle in this study, we used cycles from 2.4
to 7.4 s in 1-s steps to calculate dose distribution (irradiation re-
spiratory cycle). To maximally emphasise the difference in re-
spiratory cycle between treatment planning and irradiation, we

selected an irradiation respiratory cycle from 2.4 to 7.4 s for all
irradiation times as a worst-case scenario. The number of
rescannings was altered between single scanning (denoted as one
rescan) and two, four and eight times rescanning on the basis of
our previous study, which evaluated the impact of rescanning
number on dose distribution using a numeric moving phantom.
Results showed that dose homogeneity within the target was im-
proved by increasing the number of rescannings and that four or
more PCRs under the same respiratory cycle between treatment
planning and irradiation were largely satisfactory [21].

To emphasise the impact of intrafractional motion on dose
distribution, the gating window was defined as all respiratory
phases. Dose distributions within the gating window were cal-
culated using 4DCT data sets, and the accumulated dose was
calculated by registering dose distribution at respective phases to
that at the peak exhalation phase (T50) using the appropriate DIR.
DIR accuracy was quantified by manual checking of feature points.
The average over all patients for the whole thoracic region, area
around the target region and ipsilateral lung was 1.1mm
(,1.7mm), 0.8mm (,1.5mm) and 1.3mm (,2.3mm), respec-
tively. All 4DCT data sets were transferred to a workstation and
analysed using the Aqualyzer system, which calculates the 4D
carbon ion beam dose distribution as a function of time [22].
Dose assessment metrics were evaluated in lowest dose encom-
passing 95% of the target (D95), maximum dose (Dmax), mini-
mum dose (Dmin) for CTV at the reference respiratory phase
(T50) and homogeneity index (HI). HI is calculated as the
standard deviation of the accumulated dose because even though
it represents a single voxel, it could be affected by maximum dose.

RESULTS
Dose distributions for a four-field plan [all single field uniform
dose (SFUD)] are shown in Figure 2. The magnitude of hot/cold

Table 1. Respirator motion characteristics of patients

Patient
number

Gender
Age

(years)
T stage Location Pathology

Original respiratory
cycle (s)

3D-COM
(mm)

1 M 76.0 Meta
Right
lower lobe

S6 Meta 3.8 5.5

2 M 75.0 T2N0M0
Right
lower lobe

S10 SCC 3.1 12.4

3 M 64.0 T2N1M0
Left upper
lobe

S4 SCC 4.4 4.9

4 F 65.0 Meta
Right
lower lobe

S7 Meta 5.5 8.9

5 M 61.0 T1N0M0
Right
lower lobe

S8 ADC 3.6 7.7

6 M 72.0 T2N0M0
Right
lower lobe

S10 SCC 2.7 17.4

7 F 79.0 T1N0M0
Right
lower lobe

S9 S9 2.8 5.0

Mean 70.3 3.7 8.8

SD 6.9 1.0 4.6

ADC, adenocarcinoma; 3D-COM, three-dimensional centre of mass; F, female; M, male; Meta, metastasis; SCC, squamous cell carcinoma; SD, standard deviation.
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spots was reduced compared with a single beam angle. The
prescribed dose was successfully given to the target by applying
43PCR and 83PCR (D95: 98% and Dmin: 95% of the prescribed
dose), but dose differences were observed when altering the ir-
radiation respiratory cycles of 2.4 s or 7.4 s. The magnitude of
dose differences was smaller for a higher number of rescannings,
such as 83PCR. D95 values with 13PCR, 43PCR and 83PCR
were 96.2%, 98.1% and 98.1% for a planning cycle of 4.4 s, and
95.8%, 97.0% and 98.1% for an irradiation cycle of 2.4 s. For an
irradiation cycle of T57.4 s, D95 values for 13PCR, 43PCR and
83PCR were 93.5%, 97.4% and 97.7%, respectively.

Results for a four-field plan (all SFUD) calculated for another
example (Patient 4) are shown in Figure 3. Significant underdosage
to the CTV was observed for the irradiation respiratory cycle of
2.4 s without rescanning (13PCR) and to a lesser extent for
43PCR (white arrows in Figure 3a,b). Dmax/Dmin values for
13PCR and 43PCR were 113%/89% and 107%/93%, respectively.
By contrast, the accumulated dose with 83PCR showed sub-
stantially improved dose conformation, and dose differences were
very small (Figure 3c).

In Figure 4, we summarise the averaged dose assessment metrics
of all single fields over all patients as a function of respiratory
cycle and number of rescannings; in other words, for a four-field
plan, we calculatedD95 for each field individually. Figure 4a,b shows
that averaged D95 and Dmin values for 43PCR were decreased to
93.5% and 82.9%, respectively, at an irradiation respiratory cycle
of 2.4 s. By contrast, values with 83PCR were improved to over
97.6% and 93.6%, respectively. Dmax and Dmin mean values with
43PCR were almost the same as those with 83PCR (Dmax/
Dmin5109%/94%), whereas Dmin with 43PCR at an irradiation
respiratory cycle of 2.4 s was decreased to 88.4% (Figure 4b). Dmax/
Dmin value variations were minimised with 83PCR. HI values
showed a similar tendency to the previous two metrics, with HI
mean value with 83PCR also remaining constant (1.9–2.4%)
(Figure 4c).

Figure 5 summarises the dose assessment metrics for the four-
field plans averaged over all patients, i.e. by first calculating the
accumulated dose over the four fields and then calculating D95,
etc. Results showed a similar tendency to those of the single
beam fields, but magnitudes were improved by averaging the
four beam angles (Figure 5). D95 and Dmin values with 83PCR
were .99.0% and 96.1%, respectively, whereas Dmax and HI
values were ,104.3% and 1.5%, respectively.

DISCUSSION
In this study, we evaluated the impact of variation in respiratory
cycle between the treatment planning and irradiation stages on
4D dose distribution using lung 4DCT data sets. Our results
showed that eight PCRs improved dose conformity better than a
single or four rescannings, with less dependency on respiratory
cycle variation. Since we used the area detector 4DCT, a pro-
totype of a commercially available 320 multislice CT that
acquires an approximately 13-cm scan range in a single rotation
[14], our 4DCT images do not exhibit the banding artefacts
frequently seen in conventional 4DCT. Our results therefore
represent a more accurate method for 4D dose calculation.

Dose variation
Two cases showed in this study were smallest and average COM,
albeit that, the dose differences for 13PCR and 43PCR when
the respiratory cycle was changed from the original one. A case
with a large COM might emphasise the dose differences.
Intrafractional motion causes dose degradation in two major
ways. First, replacement of the solid tumour density by the lower
density of the lung following positional change as a function of

Figure 2. Four-field carbon ion beam dose distribution for (a)

13PCR, (b) 43PCR and (c) 83PCR (Patient 3). Yellow and

green lines show the CTV and PTV, respectively. Light blue,

orange, pink and red lines show the 105%, 100%, 95% and 90%

doses, respectively. Planning respiratory cycle was 4.4 s. Dose

differences for the irradiation respiratory cycle of 4.4 s were

zero, as expected. CTV, clinical target volume; PCR, phase-

controlled rescanning; PTV, planning target volume.
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respiratory phase causes beam overshoot and undershoot. In the
irradiation respiratory cycle of 4.4 s with 83PCR, e.g. beam over-
shoot was observed in both the superior and inferior directions
(upper row in Figure 2c). Overshoot occurred when the target

moved in the inferior direction, whereas undershoot occurred in
the reverse situation. This is because a large number of rescannings
increased scanning speed and decreased dose rate, with the result
that the beam could be configured close to a broad shape. This
situation is similar to layer-stacking rather than passive scattering
beam irradiation [23]. Dose conformation with 83PCR showed
no particular degradation, even though the irradiation respiratory
cycle was changed from the planning respiratory cycle.

By contrast, dose conformation to the moving target was de-
graded with 13PCR even though the respiratory cycle was the
reference phase (54.4 s) and treatment was conducted around
peak exhalation. Scan speed for 13PCR is eight times slower
than that for 83PCR while the dose rate is eight times higher.
Moreover, the beam shape is far from a broad beam shape.
These conditions might emphasise interplay effects between
beam delivery and organ motion. Our results showed that the
magnitude of beam overshoot and undershoot differed in the
superior and inferior sides.

Dose conformation with 43PCR was improved over that with
13PCR in respective irradiation respiratory cycles, whereas
scanning speed and dose rate were less advantageous than with
83PCR. The magnitude of beam overshoot in the superior and
inferior sides favoured 83PCR. Moreover, when the irradiation
respiratory cycle was changed, dose conformation with 43PCR
was less robust than that with 83PCR.

We evaluated dose distribution with respiratory cycles that differed
from an artificial reference cycle rather than from a patient-specific
original cycle. Given that the magnitude of the difference in re-
spiratory cycles might affect dose variation, a similar tendency to
those seen in this study might also be seen for dose distributions
calculated by changing the respiratory cycle from the original cycle.

Practical approaches
We clarified that multiple PCR improved dose conformity to the
moving organ even though the respiratory cycle changed during
treatment. A treatment protocol that integrates this into treat-
ment should be designed before the start of PCR treatment for
the thoracic and abdominal regions.

We previously evaluated respiratory cycles for a total 331 patients
selected from our hospital under thoracic and abdominal con-
ditions, including 85 with lung cancer, and obtained data for 523
cycles throughout the treatment course. The respiratory cycle
averaged over all lung patients was 3.6 s (SD, 0.9 s; range,
2.1–7.1 s). From these results, 83PCR would appear to provide
better dose conformity (D95 .95% in respective irradiation re-
spiratory cycles) at a clinically acceptable level in lung scanning
treatment particularly since we observed difficulties for a lower
number of rescannings for small respiratory cycles.

With regard to the planning respiratory cycle, this was defined
by averaging respective respiratory cycles acquired during 4DCT.
Most treatment centres perform 4DCT using multislice CT,
which requires several tens of seconds to acquire the whole
scanning region needed for treatment planning. The planning
respiratory cycle was therefore calculated by averaging multiple

Figure 3. Four-field carbon ion beam dose distribution with four

different beam angles for (a) 13PCR, (b) 43PCR and (c) 83PCR

(Patient 4). Beam angles were 20°, 70°, 110° and 160°. Yellow and

green lines show the CTV and PTV, respectively. Light blue,

orange, pink and red lines show the 105%, 100%, 95% and 90%

doses, respectively. The planning respiratory cycle was 4.4s. Dose

differences for the irradiation respiratory cycle of 4.4s were zero,

as expected. CTV, clinical target volume; PCR, phase-controlled

rescanning; PTV, planning target volume.
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respiratory cycles, which thereby took account of respiratory
pattern variations. Although area detector CT acquires only a
single or a few respiratory cycles in 4D mode, it is better to acquire
several respiratory cycles before or after 4DCT and calculate the
planning respiratory cycle using these data.

Study limitations
Several limitations of this study warrant mention. First, re-
spiratory characteristics of patients are not strictly regular,

and generally vary in amplitude and cycle from one cycle to
the next [24,25]. Since this study focused on dose variation
owing to respiratory cycle differences between treatment
planning and irradiation stages, we assumed that patient re-
spiratory cycle was reproducible throughout the course of
treatment. The accumulated dose in scanning irradiation is
the summed pencil beam dose distribution at respective
positions in 3D space. On this basis, changes in target position
when the planned beam spots are irradiated in different parts

Figure 4. Results for dose metrics averaged over all single beam angles in all patients for (a) D95, (b) maximum dose (Dmax)/

minimum dose (Dmin) and (c) homogeneity index (HI). PCR, phase-controlled rescanning.
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of the respiratory phase might result in the degradation of
dose conformity. The magnitude of dose variation owing to
this factor might not be improved by applying the respiratory
gating strategy.

Second, the patient respiratory cycle does not remain the
same during treatment in clinical settings. This study was not
conducted under clinical conditions but did apply various

irradiation respiratory cycles during treatment to reflect con-
ditions under a worst-case scenario. The impact of dose vari-
ation under clinical conditions might accordingly be smaller
than in this study.

CONCLUSION
We quantified 4D dose distribution between treatment planning
and irradiation with consideration of DIR for respiratory cycle

Figure 5. Results for dose metrics averaged over all patients with four-field plans for (a) D95, (b) maximum dose (Dmax)/minimum

dose (Dmin) and (c) homogeneity index (HI). PCR, layered phase-correlated rescan.
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variation. Current treatment planning uses a single respiratory
cycle only because the inclusion of respiratory patterns during
irradiation cannot be accounted for. The relationship between
planning and irradiation respiratory cycles is particularly im-
portant for PCR, which delivers pencil beam irradiation to re-
spective spots correlated with the patient’s respiratory cycle. From
our study, scanning treatment with eight or more rescannings
consistently improved dose homogeneity to the moving target

even though respiratory cycle during treatment varied. We con-
sider that these results will aid in improving treatment accuracy in
scanning beam therapy.
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