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Abstract

The major challenge in treating a mobile target is obtaining the temporal and spatial

information imaging and treatment details. This phantom study quantitatively evaluates

the geometric and dosimetric effects of various treatment techniques under different

respiratory patterns. The regular motion model was a sinusoidal waveform with a longi-

tudinal range of ±1.5 cm and a period of 4 sec, while irregular motion models were

generated by extracting signals from clinical cases. Helical CT for a static target and 4D

CT with retrospective sorting were acquired. Phase bin, maximum, and average inten-

sity projection (MIP and AIP) CT datasets were reconstructed. RapidArc and IMRT

plans were generated on static and moving target CT datasets with different motion

patterns using the phase‐based gating and nongating treatment. Dose measurements

were performed using EBT3 films. Dose profile and gamma analysis (±3%/1 mm crite-

ria) were used for dose comparisons. For the irregular motions, internal target volume

variations between AIP and MIP datasets (AIP/MIP) had slight differences (−6.2% to

−7.7%) for gated plans, and larger differences (−12.3% to −15.2%) for nongated plans.

Dosimetric measurements showed a high gamma passing rate (>98.5%) for the static

plan in the target region, while the AIP and MIP gated plans had average passing rates

of 92.2% ± 5.7% and 85.8% ± 9.5%, respectively. Nongated plans had significantly

lower and deviated passing rates, while the AIP and MIP plans had passing rates of

43.6% ± 22.2% and 66.7% ± 28.2%, respectively (p < 0.05). Lung stereotactic body

radiotherapy treatment delivered with the gated technique did not compromise the

gross tumor volumes coverage, and was insensitive to the breathing irregularities and

plan techniques. Adequate margins should be accounted to cover the mis‐gating effect

when using the phase‐based gating under irregular motion.
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1 | INTRODUCTION

Stereotactic body radiotherapy (SBRT), also known as stereotactic

ablative radiotherapy (SABR), is capable of delivering highly confor-

mal radiation doses to diseases such as early‐stage non‐small cell

lung cancer (NSCLC) and reported to provide high local control with

limited toxicity.1–3 However, the major challenge in treating a mobile

target is obtaining the temporal and spatial information imaging and

treatment details. Respiratory motion is patient specific,4 and a more

crucial issue is irregular breathing causes the mobile target motion

pattern to vary. Unfortunately, irregular breathing is a common clini-

cal situation. Although coaching could improve the breathing pattern

reproducibility, it could not totally avoid target irregular motion dur-

ing the imaging and treatment process.

The impact due to motion pattern variations could be dosimet-

ric and geometric. Four‐dimensional computed tomography (4D CT)

is widely used to obtain the temporal and spatial information for a

moving target. A 4D CT dataset is generally retrospective sorting

with phase binning or amplitude binning. Amplitude binning is

more accurate, but it is more sensitive to irregular breathing which

can cause image gaps. Phase binning displays no gaps but suffers

artefacts due to mis‐binning.5 To avoid missing slices from ampli-

tude binning under different irregular breathing patterns, phase

binning was used in this study. Maximum intensity projection (MIP)

and average intensity projection (AIP) images created from the 4D

CT phase bin datasets are usually used for treatment planning on

a moving target.6 However, irregular breathing motion in 4D CT

could cause a mis‐binning process and result in geometric varia-

tions, therefore significantly affecting target delineation accu-

racy.5,7–10 The main factors that affect dose delivery accuracy for

a moving target are the interplay effect and the variations in

patient breathing patterns during treatment. The interplay effect

on an intensity‐modulated dose delivery technique has been stud-

ied with proper margin and the full target motion range included,

this effect is much less for clinical target volume (CTV) compared

with planning target volume (PTV).11–15 However, baseline shifts

and irregular motion patterns have been shown to exert a remark-

able influence on dose delivery accuracy.11,16 For a realistic tumor

motion treatment study, Court et al.17 used rapid prototyping tech-

niques to create tumor models with realistic shapes and to drive a

phantom motion with actual patient motion trajectory. Their study

also found that the dose deviations averaged out after several

fractions. However, how the different irregular breathing pattern

conditions affect the dose delivery accuracy were not evaluated in

most of these studies.

This phantom study quantitatively evaluates the geometric and

dosimetric effects of various treatment techniques under different

respiratory patterns. These techniques include a comparison

between IMRT and rapid arc (RA) plans, gated and nongated dose

delivery techniques, regular and irregular breathing patterns, and dif-

ferent CT datasets. Radiochromic EBT3 films were used for dose

measurements.

2 | MATERIALS AND METHODS

2.A | Phantom and respiratory motion models

An anthropomorphic thorax phantom (CIRS Dynamic Thorax Phan-

tom, CIRS Inc., Norfolk, VA, USA) was used [Fig. 1(a)]. Two cus-

tomized soft‐tissue equivalent hemispherical targets (with 20 mm

diameter) were embedded in a Styrofoam motion rod for use with

the phantom [Figs. 1(b) and 1(c)]. The Real‐Time Position

 

 

(a)

(b) (c)

F I G . 1 . Anthropomorphic thorax
phantom (CIRS Dynamic Thorax Phantom,
CIRS Inc., Norfolk, VA, USA) (a). The
motion rod (b) with two 20 mm diameter
and soft‐tissue equivalent hemispherical
target embedded in a Styrofoam (c) for use
with the phantom.
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Management Respiratory Gating System (RPM™) (Varian Medical

Systems, Palo Alto, CA, USA) was used to infer target motion.

Regular and irregular motion models were created and imported

into this phantom for imaging, planning, and treatment delivery. The

regular motion model was a sinusoidal waveform with a longitudinal

range of ±15 mm and a period of 4 sec. The irregular motion models

were generated by extracting the RPM signals of different amplitude

degrees or period variations from different patients. The irregular

motion models included (a) slightly irregular, (b) amplitude irregular,

(c) period irregular, and (d) period and amplitude irregular. The longi-

tudinal range and period for irregular motion models were listed in

Table 1, and the waveforms were shown in Fig. 2.

2.B | CT imaging

Siemens CT (SOMATOM Definition AS 64‐slice Configuration, Erlan-

gen, Germany) was used to acquire the helical CT for a static target,

with retrospective sorting 4D CT for a motion target in regular and all

irregular motion patterns with a slice thickness of 1.0 mm. Phase bin

CT datasets were generated in 10 phases and 20 phases, and MIP and

AIP CT datasets were reconstructed from the 4D CT datasets to evalu-

ate the target position accuracy and geometric distortion.

2.C | Treatment planning and delivery systems

All measurements were conducted on a Varian TrueBeam (Varian

Medical Systems, Palo Alto, CA) machine equipped with a Millen-

nium 120 leaf MLC. Beam energies of 6 MV flattening‐filter‐free
(FFF) beams were used. Varian Eclipse treatment planning system

(TPS) with algorithms of Analytical Anisotropic Algorithm (AAA,

v13.6.23) for dose calculation and photon optimizer (PO, v13.6.23)

for plan optimization were used. The dose calculation grid size was

2.5 mm for all calculations.

CT images were imported into the TPS for contouring and plan-

ning. The gross tumor volumes (GTV), a 20 mm diameter spherical

target, were delineated on static and phase bin CTs. For MIP and

AIP images, the internal target volumes (ITVs) were defined as the

GTV envelope delineated in the selected respiratory cycle phases.

The ITV in the nongated plans included all GTV phases. In the gated

plans, the ITV included only the selected GTV phases (interval of

30%–70% at the end‐exhalation phases). An automatic contouring

function delineated the GTVs and ITVs, which then modified manu-

ally according to a clinical procedure. Afterwards, a 5 mm uniform

margin was added to the GTV or ITV to generate the PTV.

Treatment plans with the IMRT and RA techniques, and with the

gated and nongated dose delivery, methods were generated. All

plans were optimized with at least 95% of the PTV encompassed by

the prescribed dose (Dp, 6 Gy), and at least 99% of the PTV receiv-

ing doses higher than 90% of the Dp. The critical organ dose‐volume

limits and dose conformity and gradient quality parameters were

controlled according to the RTOG 0915 report.18 The “high dose

spillage” in this phantom study was much less than the criteria in this

report, and had a value <1%. According to the planning optimization

clinical procedure, a tighter dose constraint to the organ at risk

(OAR) was set during planning if a relatively low dose to the OAR

was achievable.

The jaw tracking technique, dynamic sliding window, and a nomi-

nal dose rate of 1200 MU/min were used for the plans. The IMRT

plans consisted of seven coplanar beams at gantry angles of 310°,

350°, 30°, 70°, 110°, 150°, and 180°. For each RA plan, two copla-

nar arcs with gantry rotations of 179°−310° (CCW) and 310°−179°

(CW) were adopted. The collimator angles of 15° and 105° were

used for RA plans, and no collimator rotation was used for IMRT

plans.

Including the respiratory patterns, 34 plans were generated and

measured. Before each plan irradiation, a half‐fan full rotation CBCT

scan was performed for position verification. The AIP CT was used

for image‐guided in the motion target plan registration.

2.D | Geometrical and dosimetric analysis

Radiochromic EBT3 film with high spatial resolution, near‐tissue
equivalence and weak energy dependence were proven a viable

tool for external beam dosimetry.19,20 All films used in this study

were from the same lot number. Each film sheet of 25 × 20 cm2

was cut into smaller pieces, size of 4 × 4 cm2 for dose‐response
calibrations, and 10 × 5 cm2 for plan dose measurements [Fig. 1(c)].

The red channel data with 16 bit digital information (pixel value,

PV) were extracted and processed using the public domain soft-

ware ImageJ Version 1.43 (National Institute of Health, Bethesda,

MD) for dose profile comparisons, and using the FilmQA Pro soft-

ware (Ashland Inc)21 for plane dose comparisons. The net optical

density (netOD) was calculated by subtracting the nonirradiation

OD value:

netOD ¼ ODexp �ODBg ¼ log10 PVBg
�
PVexp

� �
(1)

where PVBg and PVexp are the pixel value for the unexposed (back-

ground) and exposed film piece, respectively. The sensitometric

curve of EBT3 film was fitted with a third order polynomial function

(netOD‐to‐dose polynomial function) and applied to each measure-

ment film respectively to convert the dose.

TAB L E 1 Irregular motion models.

Motion model Motion pattern
Longitudinal
range (mm)

Period
(sec)

Slightly irregular

(S‐I)
Period and

amplitude

variation ≤10%

18.6 ± 0.3 2.83 ± 0.10

Amplitude irregular

(A‐I)
Amplitude variation

≥30%
16.9 ± 2.2 3.47 ± 0.35

Period irregular (P‐
I)

Period variation

≥30%
17.8 ± 0.7 4.35 ± 0.78

Period and

amplitude

irregular (P+A‐I)

Period and

amplitude

variation ≥30%

13.3 ± 3.0 3.50 ± 1.07
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(a)

(b)

(c)

(d)

(e)

F I G . 2 . The regular (a) and irregular
motion patterns: slightly irregular (b),
amplitude irregular (c), period irregular (d)
and both of amplitude and period irregular
(e) patterns.
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A gamma evaluation22 was used with gamma‐index criteria of 3%

(dose difference) and 1 mm (distance to agreement). The gamma

analysis region was manually adjusted to the target area

encompassing the GTV for plane dose comparisons. Passing rates for

4D CT types (MIP and AIP), treatment planning techniques (IMRT

and RA), dose delivery methods (gated and nongated), and breathing

(a) (b)

(c)

(e)

(f)

(d)

F I G . 3 . The coronal images of different
CT datasets (a–d) and the target
Hounsfield Unit (HU) distributions in static
and regular motion pattern for phase CT
(25%), maximum intensity projection and
average intensity projection CT datasets
on X‐ (e) and Y‐axis (f).
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patterns (regular and irregular) were evaluated. The statistical com-

parisons between different planning techniques were performed

using a paired t‐test method. P values of ≤0.05 were considered sig-

nificant.

In the static and regular motion geometrical analysis, the GTV

and ITV were compared to the real target ball volume and theoreti-

cal ITV (ITVth), respectively. The ITVth was calculated as:

ITVth ¼ 4=3πr3 þ L� πr2 (2)

where r is the ball radius and L is the longitudinal target motion

range.23 Image artifacts and target center positions in different

phases for the 10‐phase and 20‐phase CT images were evaluated

under the regular motion condition. The target motion velocity in a

sinusoidal waveform was calculated as:

V pð Þ ¼ �2πA=T� sin 2πp=100ð Þ (3)

where p is the phase (%), where A is the amplitude, and T is the per-

iod.24 For a regular motion pattern in this study, the maximum

motion velocity was 23.56 mm/sec.

For the different irregular breathing patterns, the ITVs varied

depending on the irregular breathing patterns, and calculation could

not obtain the ITVth. Accordingly, the ITVs in the MIP and AIP CT

images were compared to each other.

3 | RESULTS

3.A | Geometrical variations

The target Hounsfield unit (CT number) distributions in static and

regular motion patterns for phase CT (25%), MIP and AIP CT data-

sets on X‐ and Y‐axis are shown in Fig. 3. Compared with static CT,

MIP images showed slightly higher, ~50 HUs in the target region. By

contrast to MIP images with a homogeneous HU distribution in the

target region, AIP images had a much lower HU value and the HU

was distributed as the time position function of the motion pattern

(−780 HUs to −350 HUs).

The target center position variations for a regular motion pattern

in 10‐phase and 20‐phase CT images are shown in Table 2. Both

TAB L E 2 Deviations in the target center position for regular
motion in 10‐phase and 20‐phase CT datasets.

4D CT
image
type

Phase
CT (%)

Phase image tar-
get center posi-
tion (mm)

Expected target
center position
(mm)

Deviation
(mm)

20‐
phase

0 −14.7 −15 0.3

25 3.3 0 3.3

50 14.2 15 −0.8

75 −3.8 0 −3.8

10‐
phase

0 −14.7 −15 0.3

25 3.0 0 3.0

50 14.2 15 −0.8

75 −3.4 0 −3.4

TAB L E 3 Variations in the target volume on CT dataset for the
static and moving targets with regular breathing motion (static, 10‐
phase, AIP and MIP CT datasets).

Target ball volume (VT, cm
3)

4.19
CT type GTVstatic (cm

3) Variation (GTVstatic/VT)

Static CT 4.10 −2.1%

4D CT Phase GTVphase (cm3) Variation (GTVphase/VT)

0% 4.20 0.3%

10% 3.90 −6.9%

20% 4.20 0.3%

30% 4.10 −2.1%

40% 4.10 −2.1%

50% 4.20 0.3%

60% 4.00 −4.5%

70% 4.00 −4.5%

80% 4.20 0.3%

90% 4.20 0.3%

Regular motion target volume
(ITVth, cm

3)
13.61

4D CT image type ITV (cm3) Variation (ITV/ITVth)

AIP 12.7 −6.7%

MIP 13.1 −3.8%

AIP, average intensity projection; GTV, gross tumor volumes; ITV, inter-

nal target volumes; MIP, maximum intensity projection.

TAB L E 4 Variations in ITVs for AIP and MIP CT datasets in the
irregular motion patterns for gated and nongated plans.

Phase range
Respiratory
motion pattern

Image
type

ITV
(cm3)

ITV variation
(AIP/MIP)

Gated 30%–
70%

Slightly irregular AIP 8.36 −7.73%

MIP 9.06

Amplitude irregular AIP 7.28 −7.61%

MIP 7.88

Period irregular AIP 10.12 −6.73%

MIP 10.85

Period and

amplitude

irregular

AIP 7.33 −6.15%

MIP 7.81

Nongated

10%–90%
Slightly irregular AIP 10.12 −12.31%

MIP 11.54

Amplitude irregular AIP 9.18 −12.99%

MIP 10.55

Period irregular AIP 10.2 −14.00%

MIP 11.86

Period and

amplitude

irregular

AIP 8.19 −15.22%

MIP 9.66

AIP, average intensity projection; ITV, internal target volumes; MIP, maxi-

mum intensity projection.
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phase bin images had similar geometric shapes. However, the phase

bin images with the higher target motion velocity (at phases 25%

and 75%) had significantly larger target center position errors (3.0 to

3.8 mm). The position errors at phases 25% and 75% also indicated

the time delay effect25 in a fast moving target image.24 The 20‐
phase CT dataset showed similar target positions compared to the

positions from 10‐phase dataset that are the most widely clinically

used.

The target volume variations for regular and irregular motion pat-

terns are shown in Tables 3 and 4, respectively. The variations for

static CT and for phase bin CTs with regular motion were within

2.5%. The AIP and MIP CT datasets showed a volume reduction of

−6.7% and −3.8%, respectively. For the irregular motions, ITV varia-

tions between AIP and MIP CTs (AIP/MIP) showed a smaller differ-

ences (−6.2 to −7.7%) for gated plans, and had a larger differences

(−12.3 to −15.2%) for nongated plans.

3.B | Dosimetric variations

3.B.1 | Static target dose delivery

Dosimetric comparisons showed a high passing rate with the static

CT in the GTV for RA (99.5%) and IMRT (98.5%) plans. The dose

profiles between the calculations and measurements in the anterior/

posterior (A/P) and cranial/caudal (C/C) directions are shown in

Fig. 4. The AAA algorithm over‐estimated the dose in the adjacent

region of the target and the low density Styrofoam.

3.B.2 | Dynamic target dose delivery

The passing rates and statistical comparisons for different planning

techniques, respiratory patterns, 4D CT resorting types, and dose

delivery methods are listed in Table 5. AIP and MIP gated plans had

average passing rates of 92.2% ± 5.3% and 85.8% ± 8.9%, respec-

tively for different planning techniques and respiratory patterns, but

no significant difference was observed. Nongated plans exhibited

significantly lower, deviated passing rates. AIP and MIP plans were

with passing rates of 43.6% ± 20.8% and 66.7% ± 36.4%, respec-

tively (P < 0.05). For the gated plan, RA and IMRT had similar dosi-

metric results (P = 0.227). The dose accuracy to the dynamic target

with the gated delivery technique was insensitive to breathing pat-

tern irregularity.

The dose profile calculations and measurements for period‐ and
amplitude‐irregular patterns with gated and nongated plans in A/P

and C/C axis are shown in Fig. 5. As the results showed in the 2D

F I G . 4 . Dose profile comparison with
the static CT between the treatment
planning system calculations and film
measurements in anterior/posterior (A/P)
and cranial/caudal (C/C) directions.
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gamma analysis, the dose profile comparisons in the target region

were more consistent for the gated plans.

4 | DISCUSSION

Irregular breathing causes variations in the patient motion pattern

during imaging and treatment and it is a crucial problem when treat-

ing a mobile target, especially for hypo fractionation radiation ther-

apy, which delivers a high fraction dose to a small lesion. The

irregular breathing may result in an inappropriate estimation in the

time‐correlated target position and the extent of the tumor motion

(i.e., ITV). The interplay effect may be enhanced and then decrease

the dose delivery accuracy. Therefore, this study quantitatively eval-

uated the irregularity effect on the geometry and dosimetry accuracy

under four different irregular motion conditions.

How many respiratory‐correlated CT phases should be used to

generate the geometric information for a mobile target in a 4D CT

dataset? The number of CT phases is likely to affect the spatial accu-

racy for a moving target. However, increasing the number of data-

sets also increases the contouring workload. In this study, increasing

the number of datasets to 20 phases in the regular motion model

(i.e., sinusoidal waveform) did not show different target position

information to that sorted in 10 phases (Table 2). The maximum

position error was approximately 3.4 mm at phases of 25% and 75%

with a motion velocity of about 23.56 mm/sec in the regular motion

pattern. The positive and negative values of the position errors at

phases 25% and 75% also indicated that there was a beam‐on imag-

ing time delay of ~ 0.14 sec for the CT and RPM systems used in

this study. This value is similar to Smith’s report.25 The spatial accu-

racy of 4D CT images for a moving target seems affected mainly by

the time delay effect but not the phase number. Planning CT for a

moving target should avoid using only the phase bin image at the

highest motion speed (e.g., phases of 25% and 75%).

The volumetric deviations for a moving target in the MIP or AIP

images could lead up to 40% errors.7–9,23,24 In general, the deviation

becomes more severe for a smaller and faster target motion. This

study evaluated the volumetric deviations for static and different

motion patterns. The volume deviations were small for static and

phase CT images with most deviations less than 2.5% (Table 3). Lar-

ger volume deviations (less than 7%, underestimated) were observed

in the MIP and AIP images for a regular motion pattern (Table 3).

The target volume variations between MIP and AIP images were

more significant in irregular motion patterns (Table 4), and the vol-

ume underestimation was more significant in the AIP image than the

MIP. For a gated plan, the volume deviation was smaller compared

to the nongated plan and depended on the gating interval. For clini-

cal applications, adequate margins should be added to the ITV in the

major motion directions based on the target size and the motion

irregularity when using AIP or MIP images for ITV delineation. Based

on this study, 1 mm margin is adequate to cover the volume devia-

tion for target size <4 cm dia.

To avoid dosimetric analyses motion interference, IMRT and RA

plans with static CT were measured and evaluated first. The dose in

the GTV was consistent between the calculations and measurements

for both plans (Fig. 4), with a passing rate higher than 98.5%

(Table 5). However, as described in previous studies,26–29 although

the Varian AAA algorithm has shown a very small difference from

the measured or Monte Carlo calculated doses within a homoge-

neous region, AAA is less accurate at a lung‐tissue interface and in

particularly over‐estimates the dose to the lung region (Figs. 4 and

5). The target material (GTV) in this study was embedded in the very

low density Styrofoam and this setup would enhance the dose inac-

curacy in the region close to the target. The Varian Acuros XB (AXB)

algorithm has been reported to have better agreement with Monte

Carlo calculations than AAA at highly heterogeneous interfaces.26–28

However, AXB is under‐evaluated in our institution and was not

included in this study. The main purpose of this study was to analyze

the dose variations for a mobile target under different respiratory

patterns. The dosimetric comparison between different calculation

algorithms was beyond the scope of this study. Additionally, for the

treatment of a moving target, the most important issue is to know if

the target dose is adequate or not. In this study, the target doses in

different motion conditions were measured directly and analyzed on

the target (GTV) dose but not the peripheral dose.

The interplay effect and the variations in patient breathing pat-

terns during the treatment may affect dose delivery accuracy for a

TAB L E 5 The passing rates (%) and statistical comparisons for
different planning techniques (IMRT and RA), respiratory patterns
(static and irregular), 4D CT datasets (AIP and MIP) and treatment
delivery methods (gated and nongated plans).

Plan type Static plan

RA 99.5

IMRT 98.5

Plan type

Gated plan Nongated plan

A B C D

AIP MIP AIP MIP

S‐I‐RA 87.3 80.7 63.0 86.7

S‐I‐IMRT 99.9 81.5 16.1 73.1

P‐I‐RA 91.8 92.4 57.9 18.5

P‐I‐IMRT 90.0 77.1 79.5 65.1

A‐I‐RA 96.6 86.6 22.1 31.1

A‐I‐IMRT 82.9 97.3 48.8 99.1

P+A‐I‐RA 91.1 72.6 33.3 72.1

P+A‐I‐IMRT 97.7 98.4 28.0 87.9

Avg. 92.2 85.8 43.6 66.7

STD 5.7 9.5 22.2 28.2

Statistic A vs B A vs C B vs D C vs D

p‐value 0.066 0.000 0.052 0.046

Abbreviations: AIP, average intensity projection; Amplitude irregular RA

and IMRT plans (A‐I‐RA and A‐I‐IMRT); MIP, maximum intensity projec-

tion; Period and amplitude irregular RA and IMRT plans (P+A‐I‐RA and

P+A‐I‐IMRT); Period irregular RA and IMRT plans (P‐I‐RA and P‐I‐IMRT);

RA, rapid arc; Slight irregular RA and IMRT plans (S‐I‐RA and S‐I‐IMRT).
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(a)

(b)

F I G . 5 . Dose profile comparison
between calculations and measurements
for the period‐ and‐amplitude irregular
pattern with the target volume defined on
average intensity projection and maximum
intensity projection datasets, and delivered
with the gated and nongated plans in A/P
(a, b) and C/C axis (c, d).
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(c)

(d)

F I G 5 . (Continued)
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moving target. The interplay effect results from the time‐related
movement of internal structures and targets and dynamic dose deliv-

ery, leading to dosimetric variations between the planned and deliv-

ered dose distributions. The tighter the time‐related interactions, the

more severe the interplay effect. As a consequence of this concept,

interplay effect was larger for higher dose rate, low dose level, longer

period time and longitudinal motion range, and fewer fractions. Respi-

ratory gating with gated window between 30 and 70% at the end‐ex-
halation phase in this study had the moment with relatively small

residual motion. The interplay effect impact might be reduced. In con-

trast to the gated plan, the nongated plan had larger ITV and included

the faster motion phases that would increase the interplay effect.

From Table 5, these enhancements in dosimetric variations were

shown in nongated plans, although there were some nongated plans

with good passing rates (e.g., A‐I‐IMRT and P+A‐I‐IMRT plans with

MIP CT), but statistically analyzed the nongated plans, they still exhib-

ited significantly lower and deviated passing rates.

The interplay effect could be averaged out after several frac-

tions.17 However, this averaging could cause dose blurring at the

field edges.14,15 Our results demonstrated that taking a CBCT scan

to reduce the positioning error, setting a proper margin to cover the

full target motion range (ITV) and setup error, and using the gated

dose delivery, the treatment in lung SBRT delivered by TrueBeam

6MVFFF beams did not compromise the GTV coverage (Table 5).

This finding is consistent with other studies.11–15 In clinical patient

treatment situations, as described in the Bo Zhao’s report,16 tumor

motion may change as the baseline shift that increases with the

treatment time. They concluded that a high‐dose‐rate mode reduced

the treatment time and thus reduced the interference in the baseline

shifts. The concern in a higher dose rate with more interplay effect

did not emerge in this phantom study. To mitigate the baseline shift

in patient treatments, a high‐dose‐rate mode is an appropriate

choice.

Four irregular motion models were created to evaluate the dose

accuracy for a moving target under irregular respiratory patterns

(Table 1). With gated delivery, the AIP plan passing rates under irreg-

ular respiratory patterns were slightly lower than that of static plans.

The irregular motion patterns and plan techniques did not show a

significant difference in the dose delivered to the target in the gated

plans (Table 5). Treatment with phase‐based gated under irregular

motion pattern may trigger the beam‐on and beam‐off signals at the

wrong phase. The mis‐gating effect is managed using a margin. In

this study, a 5 mm margin was added to the ITV to generate the

PTV. This margin is more than 20% of the longitudinal ranges in the

irregular motion models (Table 1). For gated plan, the ITV was fur-

ther localized into the gated phases with relative smaller residual

motion range. From the measurement results in this study, this mar-

gin is adequate to cover the mis‐gating effect.

For an intensity‐modulated plan, the beam intensity is modulated

according to the dose constraints to the target and critical structures

in the optimization process. In addition, the density distributions of

these structures will affect the beam intensity map and the dose

delivered. For a moving target in the AIP CT, as expected, the CT

number of the ITV is “smeared” in these averaged images, and with

a lower and wider density distribution along the direction of travel

than that at the MIP and phase and static CT [Figs. 3(e) and 3(f)].

Different from the AIP image, the MIP image represents the highest

intensity value in the volumetric dataset for the respective breathing

phase. Glide‐Hurst et al.30 had shown that the AIP CT generated

insignificant dose differences to a full 4D dose summation, and con-

cluded that using the AIP CT can eliminate dose calculation on each

4D CT phase for lungs in clinical practice. In Tian et al.’s report,31 by

comparing dosimetric characteristics between treatment plans calcu-

lated using free breathing, MIP and AIP CTs for lung SBRT patients.

Their results have shown that FB and AIP plans were with similar

mean effective depths but significantly different from that in MIP

plans. They concluded that the AIP dataset is most favored for plan-

ning and dose calculation for lung SBRT. The dosimetric analysis in

this study also showed that the AIP plans had a slightly higher pass-

ing rate than the MIP plans with the gated treatment technique

(Table 5).

5 | CONCLUSIONS

Faster target motion results in larger position errors in 4D CT image

acquisition. Planning CT should avoid using only the phase bin image

at the highest motion speed. The underestimation in ITV for a mov-

ing target was more significant in the AIP dataset than MIP, and is

increasing with motion irregularity. This volumetric deviation is smal-

ler for a gated plan than a nongated plan. The lung SBRT treatment

delivered with the gated technique did not compromise GTV cover-

age and was insensitive to the breathing irregularities and plan tech-

niques. Adequate margin should be made to cover the mis‐gating
effect when using the phase‐based gating under irregular motion.

Nongated plans had significantly lower and deviated passing rates

than the gated plans.

ACKNOWLEDGMENTS

The authors thank Ze‐Jing Wang for the support of the motion plat-

form. Research was supported by China Medical University Hospital

(DMR‐106‐108).

CONFLICT OF INTEREST

None of the authors has conflict of interest.

REFERENCES

1. Senthi S, Haasbeek CJ, Slotman BJ, Senan S. Outcomes of stereotac-

tic ablative radiotherapy for central lung tumours: A systematic

review. Radiother Oncol. 2013;106:276–282.
2. Modh A, Rimner A, Williams E, et al. Local control and toxicity in a

large cohort of central lung tumors treated with stereotactic body

radiation therapy. Int J Radiation Oncol Biol Phys. 2014;90:1168–
1176.

PAN ET AL. | 119



3. Onishi H, Shirato H, Nagata Y, et al. Hypofractionated stereotactic

radiotherapy (HypoFXSRT) for stage I non‐small cell lung cancer:

Updated results of 257 patients in a Japanese multi‐institutional
study. J Thorac Oncol. 2007;2:S94–S100.

4. Benchetrit G. Breathing pattern in humans: diversity and individual-

ity. Respir Physiol. 2000;122:123–129.
5. Abdelnour AF, Nehmeh SA, Pan T, et al. Phase and amplitude bin-

ning for 4D‐CT imaging. Phys Med Biol. 2007;52:3515–3529.
6. Brandner ED, Chetty IJ, Giaddui TG, et al. Motion management

strategies and technical issues associated with stereotactic body

radiotherapy of thoracic and upper abdominal tumors: A review from

NRG oncology. Med Phys. 2017;44:2595–2612.
7. Park K, Huang L, Gagne H, et al. Do maximum intensity projection

images truly capture tumor motion? Int J Radiation Oncology Biol

Phys. 2009;73:618–625.
8. Clements N, Kron T, Franich R, et al. The effect of irregular breath-

ing patterns on internal target volumes in four‐dimensional CT and

cone‐beam CT images in the context of stereotactic lung radiother-

apy. Med Phys. 2013;40(2):1–10.
9. Mutaf YD, Antolak JA, Brinkmann DH. The impact of temporal inac-

curacies on 4DCT image quality. Med Phys. 2007;34:1615–1622.
10. Cai J, Read PW, Baisden JM, et al. Estimation of error in maximal

intensity projection‐based internal target volume of lung tumors: a

simulation and comparison study using dynamic magnetic resonance

imaging. Int J Radiation Oncology Biol Phys. 2007;69:895–902.
11. Zhao B, Yang Y, Li TF, et al. Dosimetric effect of intrafraction tumor

motion in phase gated lung stereotactic body radiotherapy. Med

Phys. 2012;39:6629–37.
12. Riley C, Yang Y, Li TF, et al. Dosimetric evaluation of the interplay

effect in respiratory‐gated RapidArc radiation therapy. Med Phys.

2014;41(1):1–9.
13. Admiraal MA, Schuring D, Hurkmans CW. Dose calculations

accounting for breathing motion in stereotactic lung radiotherapy

based on 4D‐CT and the internal target volume. Radiother Oncol.

2008;86:55–60.
14. Kang H, Yorke ED, Yang J, et al. Evaluation of tumor motion effects

on dose distribution for hypofractionated intensity‐modulated radio-

therapy of non‐small‐cell lung cancer. J Appl Clin Med Phys.

2010;11:78–89.
15. Li X, Yang Y, Li TF, et al. Dosimetric effect of respiratory motion on

volumetric‐modulated arc therapy–based lung SBRT treatment deliv-

ered by TrueBeam machine with flattening filter‐free beam. J Appl

Clin Med Phys. 2013;14:195–204.
16. Zhao B, Yang Y, Li TF, et al. Statistical analysis of target motion in

gated lung stereotactic body radiation therapy. Phys Med Biol.

2011;56:1385–1395.

17. Court LE, Seco J, Lu XQ, et al. Use of a realistic breathing lung phan-

tom to evaluate dose delivery errors. Med Phys. 2010;37:5850–
5857.

18. Videtic GM, Hu C, Singh AK, et al. A Randomized Phase 2 Study

comparing 2 stereotactic body radiation therapy schedules for medi-

cally inoperable patients with Stage I Peripheral Non‐Small Cell Lung

Cancer: NRG Oncology RTOG 0915 (NCCTG N0927). Int J Radiat

Oncol Biol Phys. 2015;93:757–764.
19. Wen N, Lu S, Kim J, et al. Precise film dosimetry for stereotactic

radiosurgery and stereotactic body radiotherapy quality assurance

using Gafchromic™ EBT3 films. Radiat Oncol. 2016;11:132.

20. Borca VC, Pasquino M, Russo G, et al. Dosimetric characterization

and use of GAFCHROMIC EBT3 film for IMRT dose verification. J

Appl Clin Med Phys. 2013;14:158–171.
21. Mathot M, Sobczak S, Hoornaert MT. Gafchromic film dosimetry:

Four years experience using FilmQA Pro software and Epson flatbed

scanners. Physica Med. 2014;30:871–877.
22. Low DA, Harms WB, Mutic S, et al. A technique for the quantitative

evaluation of dose distributions. Med Phys. 1998;25:656–661.
23. Simon L, Giraud P, Servois V, et al. Initial evaluation of a four‐dimen-

sional computed tomography system, using a programmable motor. J

Appl Clin Med Phys. 2006;7:50–65.
24. Nakamura M, Narita Y, Sawada A, et al. Impact of motion velocity

on four‐dimensional target volumes: A phantom study. Med Phys.

2009;36:1610–1617.
25. Smith WL, Becker N. Time delays and margins in gated radiotherapy.

J Appl Clin Med Phys. 2009;10:140–154.
26. Tsuruta Y, Nakata M, Nakamura M, et al. Dosimetric comparison of

Acuros XB, AAA, and XVMC in stereotactic body radiotherapy for

lung cancer. Med Phys. 2014;41(8):1–9.
27. Fogliata A, Nicolini G, Clivio A, et al. Dosimetric evaluation of Acuros

XB advanced dose calculation algorithm in heterogeneous media.

Radiat Oncol. 2011;6:82.

28. Ojala JJ, Kapanen MK, Hyödynmaa SJ, et al. Performance of dose

calculation algorithms from three generations in lung SBRT: compar-

ison with full Monte Carlo‐based dose distributions. J Appl Clin Med

Phys. 2014;15:4–18.
29. Han T, Followill D, Mikell J, et al. Dosimetric impact of Acuros XB

deterministic radiation transport algorithm for heterogeneous dose

calculation in lung cancer. Med Phys. 2013;40(5):1–11.
30. Glide‐Hurst CK, Hugo GD, Liang J, et al. A simplified method of

four‐dimensional dose accumulation using the mean patient density

representation. Med Phys. 2008;35:5269–5277.
31. Tian Y, Wang ZH, Ge H, et al. Dosimetric comparison of treatment

plans based on free breathing, maximum, and average intensity pro-

jection CTs for lung cancer SBRT. Med Phys. 2012;39:2754–2760.

120 | PAN ET AL.


