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introduction

Intrafractional motion of tumours induced by 
human respiration is a prominent source of un-

certainties in radiation therapy for lung cancer. 
Steven et al. stated that the mean tumour motion 
of the 22 patients studied was 4.5 ± 5 mm, and 12 
of the 22 patients had a mean tumour motion in 

AbstrAct

background: this study aimed to evaluate the target volume and dose accuracy in intrafraction cases using 4-dimensional 
imaging modalities and an in-house dynamic thorax phantom. intrafraction motion can create errors in the definition of 
target volumes, which can significantly affect the accuracy of radiation delivery. Motion management using 4-dimensional 
modalities is required to reduce the risk.

Materials and methods: two variations in both breathing amplitude and target size were applied in this study. From these 
variations, internal target volume (itVs) contoured in 10 phases of 4D-ct (itV10), average intensity projection (aiP), and 
mid-ventilation (Mid-V) images were reconstructed from all 4D-ct datasets as reference images. Free-breathing (FB), aug-
mentation free-breathing (aug-FB), and static images were also acquired using the 3D-ct protocol for comparisons. in dose 
evaluations, the 4D-cBct modality was applied before irradiation to obtain position correction. then, the dose was evaluated 
with Gafchromic film eBt3.

results: the itV10, aiP, and Mid-V provide GtVs that match the static GtV. the aiP and Mid-V reference images allowed reduc-
tions in itVs and PtVs without reducing the range of target movement areas compared to FB and aug-FB images with varying 
percentages in the range of 29.17% to 48.70%. in the dose evaluation, the largest discrepancies between the measured and 
planned doses were 10.39% for the FB images and 9.21% for the aug-FB images.

conclusion: the 4D-ct modality can enable accurate definition of the target volume and reduce the PtV. Furthermore, 
4D-cBct provides localization images during registration to facilitate position correction and accurate dose delivery.
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the SI direction of 8.3 ± 3.7 mm [1]. In another 
research, Huang et al., in their study of 7 lung can-
cer patients, found that lung tumours rotated at an 
angle of more than 5o in the SI direction [2]. Such 
motion has been a crucial challenge for medical 
physicists due to its impact on target definition, 
the setup position of the patient, and dose delivery 
[3]. According to the ICRU Report 62, the motion 
of a tumour is considered by including an internal 
margin around the clinical target volume (CTV) to 
establish the internal target volume (ITV). Never-
theless, the scheme has limitations, especially for 
tumours with significant movement. The addition 
of margins generates several irradiated healthy tis-
sue volumes, consequently increasing the compli-
cation risk and reducing the possibility of dose 
escalation [4]. 

Computed tomography (CT) imaging correlated 
with breathing movement (4D-CT) is considered 
a method of choice for capturing moving targets. 
The accuracy of defining the target volume deter-
mines treatment success [5]. 4D-CT diminishes 
movement artefacts for precise target volume defi-
nition and concurrently permits patient-individual 
motion evaluation for safety margins [6]. Respi-
ratory management using 4D-CT combined with 
4D Image Guidance can reduce, at least 37% of the 
target volume compared to 3D-CT combined with 
3D Image Guidance [7].

A significant indication suggests that 4D-CT 
scales down motion artefacts and renders local-
ization of the target more convincing than 3D-CT. 
Nevertheless, 3D-CT has a concept to manage 
the target motion by using the augmentation 
free-breathing (Aug-FB) technique. This technique 
adds images at peak inhalation and peak expiration 
conditions to create ITV around its blurred GTV 
[8]. In several investigation, 4D-CT provides better 
target coverage and shrinks the area of healthy tis-
sue irradiation during treatment for selected cas-
es, especially tumour in the base of lung [9]. The 
ITV10-based concept, which delineates a tumour in 
every single respiration phase, is commonly imple-
mented and considers all cycles of motion, thus en-
suring sufficient tumour coverage, although a larg-
er part of the healthy lung is ultimately irradiated. 
The other concept is to define the tumour volume 
on a single phase, which is the phase closest to the 
time-weighted geometric centre of movement or 
the mid-ventilation phase (Mid-V). Thomas et al. 

[10] suggest planning on a Mid-V image because 
the image can reduce the target volume and allow 
more accurate definition of the GTV. Several stud-
ies have conducted planning and dose calculations 
using average intensity projection (AIP) images 
[5, 11]. 

Tumour motion potentially leads to a difference 
between the planned dose and delivered dose due 
to setup errors [5]. Therefore, breathing-correlated 
4D-CT must be unified into a 4D-IG workflow. Im-
age guidance is the crucial stage in the radiotherapy 
treatment sequence to improve the accuracy of lung 
cancer treatment. 4D-CBCT is one of several meth-
ods for implementing 4D-IG [12]. At the image 
registration stage in the image guidance workflow, 
the 4D-CBCT modality provides better accuracy 
to reduce differences in target volume localization 
between planning and treatment [13]. The im-
age-guided strategy is playing an increasingly im-
portant role in the development of radiotherapy in 
a more adaptive direction, not only in the patient 
setup but also in monitoring the dose delivered; 
therefore, this strategy can confer accuracy and 
confidence when performing dose escalation and 
provide more opportunities to implement the ste-
reotactic body radiation therapy (SBRT) technique 
in lung cancer radiation treatment [14]. 

aim
This study was designed to compare the target 

volume contouring and dose accuracy of five types 
of CT imaging [ITV10, AIP, Mid-V, free-breathing 
(FB), and augmentation-free breathing (Aug-FB)]
using an in-house dynamic thorax phantom.

Materials and methods

in-house dynamic thorax phantom 
development

As shown in Figure 1A, a dynamic thorax phan-
tom was designed and created to be a quality con-
trol tool of tumour motion in the thoracic region by 
evaluating the geometry and dose accuracy. Several 
groups have investigated dose delivery accuracy in 
phantom studies. Mohatt et al. evaluated the com-
bination of imaging techniques which is obtained 
from 4D dataset and computational algorithms best 
compensates for dosimetric accuracy on moving 
target using Quasar dynamic phantom [15]. Dai et 
al. in their investigation had done 3D dose verifica-
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tion for time dependant lung target displacement 
with Electromagnetic Tracking (EMT) system and 
4D-CBCT using CIRS phantom [16]. In this study, 
in-house dynamic phantom was schemed based on 
the clinical investigations mentioned in the back-
ground, the phantom was designed to be able to 
mimic breathing-induced tumour movement with 
several variations in peak-to-peak amplitude rang-
ing from 4.99 ± 0.04 mm to 29.61 ± 0.22 mm in the 
superior-inferior direction and angle variations in 
rotational movement ranging from 0 to 90.2 ± 0.22° 
in a sinusoidal waveform. The dynamic phantom 
can also provide several respiration rate options 
including 9, 14, and 27 rpm (respirations per min-
ute). The body of the phantom is composed of local 
materials; acrylic (ρ = 1.10 g/cm3) is the soft tissue 
surrogate, and cork (ρ = 0.22 g/cm3) and teflon 
(ρ = 1.88 g/cm3) replicate lung and bone, respec-
tively. The spherical target was composed of acrylic 
with diameters of 2 cm and 3 cm. The dynamic 
component of the phantom, as the target holder, 
was designed and controlled by stepper motors and 
ATmega328 (Arduino Nano 3.x) (Fig. 1B).

In this study, two target diameter variations 
were applied with 5-mm and 10-mm amplitudes 
in the SI direction and an 8° angle for rotational 
motion. The respiration rate used in this study was 
14 rpm. It is selected based on the normal human 
respiratory rate, ranging from 12 to 20 respira-
tions/minute [17]. 

Reference image acquisition  
and reconstruction

As reference images, 4D-CT images were ac-
quired on a 64-slice CT simulator, the SOMATOM 

Confidence RT Pro (Siemens Healthcare GmbH, 
Germany), for breathing-correlated CT. The res-
piration waveform representing the respiration 
state was detected by an Anzai AZ733 V pressure 
sensor (Anzai Medical Co., Japan). Image acqui-
sition was carried out using two protocols: a 3D 
protocol and 4D protocol. The scanning parameters 
for the 4D protocol were 120 kV, 70 mAs, pitch 
0.09, slice thickness 2.0 mm, a field of view (FOV) 
of 650 × 650 mm, and the use of a retrospective 
method with axial cine scanning. CT images of 
all breathing phases were obtained, transferred to 
a workstation and sorted retrospectively into ten 
phases (0–90%) by phase-binning algorithms, with 
0% corresponding to peak inhalation and 50% cor-
responding to peak exhalation.

In addition, to consider the absence of 4D-CT in 
clinical situations, 3D image acquisition was also 
performed for comparison. The 3D image acqui-
sition parameters were 120 kV, 77 mAs, pitch 0.35, 
number of slices 101, slice thickness 2.0 mm, and 
scanning in helical mode. In this protocol, three 
acquisition techniques were performed: static, FB, 
and Aug-FB. Three types of images were obtained 
with Aug-FB: images while moving and free-breath-
ing, images at peak inspiration, and images at peak 
expiration.

All CT datasets obtained with both the 3D and 
4D protocols were then transferred to the Syngovia 
Workstation (Syngovia, Siemens Medical Solutions, 
Forchheim, Germany). Furthermore, AIP images 
were reconstructed, and Mid-V images were also 
identified from 10 phases in each 4D-CT dataset. 
Five types of reference images from this stage were 
generated from four 4D datasets and 3D images 

Figure 1. A. assembly of the in-house dynamic thorax phantom; b. controller of the dynamic component

a B
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(FB, Aug-FB, AIP, and Mid-V images and 10 phases 
of 4D-CT images). All reconstructed images were 
subsequently sent to the Monaco Treatment Plan-
ning System using the DICOM connection proto-
col.

target volume delineation
Target volume delineation was performed in 

a Monaco Treatment Planning System to obtain 
the gross tumour volume (GTV), ITV, and plan-
ning target volume (PTV) were determined for 
each image reference. All images were delineated 
at the same window level i.e., lung window. No 
additional margin was applied for microscop-
ic area extension (CTV = GTV). GTV was de-
picted using the image threshold method, where 
all pixels meeting the criteria belong to the tar-
get, while those outside the criteria become the 
background. The GTV on Aug-FB images was 
delineated on all three images, and the Boolean 
value was determined to delineate the ITV. In 
4D-CT image datasets, the ITV from 10 phases 
was attained from the Boolean value of all delin-
eated GTVs on all 10 phases to obtain the ITV10 
reference image (ITV10-based). The ITV for AIP 
images was drawn manually and was done by one 
person to avoid inter-observer variability [18]. 
Therefore, the target volumes for all images were 
determined by one person to avoid variability be-
tween observers. For the Mid-V phase, the GTV 
was the tumour TV (target volume) [19]. Then, 
on ITVAug-FB, ITV10, and ITVAIP images, a 5-mm 
margin was added to establish the PTV [5, 10, 
15]. PTV margins for Mid-V images were de-
rived by adding a margin according to the sim-
plified van Herk formula (Eq. 1) [10]. 

Margin PTV = Margin without 
breathing + 0.15 × range of motion

where margin PTV is a margin with breathing 
that will be added to the TVmid-V. The margin with-
out breathing was arranged by 5-mm according to 
the PTV margin used in our center. Then, the range 
of motion is given by the amplitude of motion. 

However, in the FB images, the ITV was not 
depicted because the images were not subjected to 
motion management such that from the GTV, the 
additional PTV margin was 10 mm. Furthermore, 

treatment planning was performed at TPS Monaco 
for all the reference CT images that were drawn.

Planning
SBRT with a single partial anticlockwise volu-

metric modulated arc from 20o to 200o was planned 
and optimized in Monaco for delivery using 6-MV 
beam energy in the flattening filter-free (FFF) 
mode, and doses were calculated with a Monte 
Carlo algorithm. The planning dose in this study 
was 40.5 Gy in 3 fractions or 13.5 Gy per fraction, 
where the PTV was described as receiving 65–90% 
of the isodose line, and 95% of the PTV received 
a prescription dose (D95PTV > 40.5 Gy) [19]. The 
dose in the spinal cord was  maintained as low as 
possible with the limit not exceeding 18 Gy, and 
the ipsilateral lung receiving a 20-Gy dose was no 
more than 25% of the volume [20]. The planning 
parameters mentioned above were applied to all 
reference images. Then, for each image, optimiza-
tion was carried out to obtain a dose meeting the 
predetermined constraints and desired dose dis-
tribution. The quality parameters of the planning 
results were evaluated in each plan. Furthermore, 
all plans were tested using Friedman’s ANOVA test 
to determine the significance of the similarities in 
all plans (p > 0.05). When the dose measurement is 
carried out, the results can be compared between all 
the reference images. 

image registration
Image registration was carried out by aligning 

the CT image with the CBCT image obtained im-
mediately before treatment was performed. The 
VersaHD VI system has 4D “Symmetry” and 3D 
“Chest” registration features, and both registration 
modes were utilized in this study. Registration was 
performed automatically using the “mask” registra-
tion feature with the Grey Value 4D (T) automat-
ic registration algorithm method for 4D reference 
images and the Grey Value (T) algorithm method 
for 3D reference images. This procedure was per-
formed by creating a 3D region of interest (ROI) 
on the desired structure and adding a 5-mm margin 
around it. In this case, the target volume and cor-
rection reference were located in the middle of the 
GTV. Table 1 summarizes the image registration 
pairs along with the image guide methods used. 
After registration was complete, the CBCT software 
provided position correction.
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Dose delivery and evaluation
The delivery dose with SBRT was completed on 

a Linac Elekta VersaHDTM X-ray Volume Imager 
(XVI) (Elekta Ltd, Crawley West Sussex, United 
Kingdom).Gafchromic EBT3 film was used for dose 
measurement in this study. The film was cut to the 
size of the target diameter and placed in a coronal 
plane position at the centre of the acrylic tumour 
target surrogate. Then, after delivery, the dosimeter 
was read using an EPSON 10000 expression XL 
scanner. Next, ImageJ software was used to read the 
scan results of the EBT3 film.

Dose evaluation and verification were completed 
based on AAPM TG 119 of 2009. The dose obtained 
from the measurement results was compared with 
the planned dose for verification purposes. To cal-
culate the amount of dose deviation (∆%) between 
the measurement results (Dm) and the planned dose 
(Dplan), equation (2) was used.

�� � �𝐷𝐷� − 𝐷𝐷����
𝐷𝐷���� � � ���� 

Results

target delineation results
Table 2 shows the target motion along the SI 

direction and the delineation results for the five 
reference images for each variation as viewed in 
the frontal plane. The red, green, and blue contours 
represent the GTV, ITV, and PTV, respectively.

target volume evaluation
As depicted on the graph in Figure 2, the FB 

and Aug-FB images do not provide GTV values 
that are close to the original target volume. The 
GTVs obtained for a target of either 2 cm or 3 cm 
in diameter are smaller than the GTV calculated 
mathematically and the GTV on a static image. 

These results are consistent with research conduct-
ed by Mohatt et al. [15] in 2017, which showed that 
a longer amplitude of breathing within the same 
breathing period corresponded to a blurrier image 
and a smaller depicted GTV.

Meanwhile, ITV10-based images and images in 
the mid-ventilation phase provided volume values 
identical to the target volume calculated mathemat-
ically for both motion targets with amplitudes of 5 
mm and 10 mm, which were 4.2 cm3 for the 2-cm 
target and 14.2 cm3 for the 3-cm target.

The ITV for Aug-FB images was identical to the 
volume calculated mathematically. The ITVAug-FB 
values for the 2-cm target with 5-mm and 10-mm 
movement were 5.80 cm3 and 7.30 cm3, respective-
ly, and those for the 3-cm target with 5-mm and 
10-mm movement were 17.60 cm3 and 20.90 cm3, 
respectively. These values can be recommended to 
hospitals that do not yet have 4D-CT, as stated by 
Mohatt et al. [15] based on their research, where 
Aug-FB images had identical performance to 
ITV10 images obtained from 10 phases of a 4D-CT 
dataset.

The PTVs from ITV10-based, AIP, and Mid-V 
images were smaller than the PTVs from images 
acquired with the 3D protocol (FB and FB-aug). 
The percentage of PTV reduction with the appli-
cation of 4D-CT ranged from 21.21% to 48.70% 
of the PTV FB image, a 3D image acquired with-
out motion management, while the percentage of 
PTV reduction ranged from 2.96% to 13.19% of 
the PTV Aug-FB image, a 3D image with motion 
management.

Planning evaluation and Friedman’s 
anoVa test

The results in Table 3 show that the maximum 
dose value does not exceed the upper limit of the 
dose prescribed, namely, the 65% isodose line or 

table 1. image registration methods between reference images and localization images

Image-guided method Reference image Localization image Registration method

3D-cBct to 3D helical FB 3D-cBct automatic

3D-cBct to 3D helical aug-FB 3D-cBct automatic

4D-cBct exhale auto to exhale 4D-ct itV10-based (phase 0%) 4D-cBct automatic (exhalation)

aiP 4D-cBct to aiP 4D-ct aiP-based 4D-cBct automatic (mean)

4D-cBct to Mid-V ct Mid-V phase 4D-cBct automatic (mean)

3D — three-dimensional; 4d — four-dimensional; cBct — cone beam computed tomography; aiP — average intensity projection; FB — free breathing; 
augFB — augmentation free breathing; Mid-V  — mid-ventilation phase; itV — internal target volume
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6230.77 cGy, and yields an average prescription 
dose coverage of approximately 99.56% on the 
PTV. For the conformity index (CI), only ITV10 and 
Mid-V images fall into the minor deviation catego-
ry according to RTOG-0915, and for intermediate 
dose spillage (R50%), almost all planning values fall 
into the minor deviation category.

Table 4 shows the results of Friedman’s ANOVA 
test, which is based on the p-value or significant val-
ue of the planning achievement parameters in the 
target. Several data comparisons were performed: 
the average dose (Dmean) of the PTV, monitor units 
(MU), prescription dose coverage, the CI, and R50%. 
The results of the Friedman’s ANOVA test for all 
these parameters (Dmean PTV, MU, Coverage, CI and 
R50%) showed no significant differences between all 
plans carried out on all reference images with 5% 
error is given (p > 0.05).

Results of position off-set 
after registration

As shown in Table 5, for moving targets, the AIP 
image has the smallest position correction, with 
correction values in the lateral, longitudinal, and 
vertical directions below ± 2 mm. Meanwhile, the 
largest correction is evident in the FB image, which 
has a position correction greater than ± 2 mm in the 
longitudinal direction for a target with a diameter 
of 3 cm.

Dose evaluation
Table 6 shows the deviations between the planned 

doses and measured doses. The first deviation refers 
to the measured dose compared to the mean dose 
of the ROI GTV on the centre of a caudal plane in 
the Monaco Treatment Planning System. The sec-
ond deviation represents a comparison to the ROI 

table 2. target volume delineation results. FB — free breathing; augFB — augmentation free breathing; aiP — average 
intensity projection; itV — internal target volume; Mid-V — mid-ventilation phase

Reference images
Target 2 cm Target 3 cm

5 mm 10 mm 5 mm 10 mm

Static 

FB

aug-Fb

aiP

itV10

Mid-V
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on the centre of the GTV (< 3% of the first ROI) 
[21]. The largest deviation occurs in the FB image 

for a target with a diameter of 3 cm and a motion 
amplitude of 10 mm, reaching 10.39%.

The FB image had the largest deviation for a 3-cm 
target and a motion amplitude of 10 mm, reaching 
10.39%. Similarly, the deviation was 9.21% for the 
Aug-FB image with a 3-cm target and a motion 
amplitude of 10 mm. The deviations for the 3-cm 
and 2-cm static targets were 5.73% and 5.17%, re-
spectively, while the deviation obtained from the 
reference image obtained by the 4D method was in 
the range of 5.1% to 7.28%. A decrease in the dis-
crepancy was observed in this second comparison, 
which was close to zero in several reference images.

table 4. Results of Friedman’s anoVa test

Parameter p-value

Dmean PtV 0.470

MU 0.921

coverage 0.154

ci 0.434

R50% 0.591

Dmean — average dose; PtV — planning target volume; MU — monitor unit; 
ci — conformity index; R50% — intermediate dose spillage

Figure 2. comparison of gross tumour volumes (GtVs), internal target volumes (itVs), and planning target volumes (PtVs) 
(in cm3) on several reference images for a (A) 2-cm -diameter target and (b) 3-cm-diameter target

a

B

table 3. Results of planning achievements

Reference images Mean Dose (cGy) Max Dose (cGy)
Plan quality parameters

Coverage (%) CI R50%

Static 4823.4 ± 149.3 5954.35 ± 242.0 99.1 ± 0.25 1.14 ± 0.01 5.04 ± 0.40

FB 4878.1 ± 134.4 5864.85 ± 282.5 99.2 ± 0.81 1.15 ± 0.06 5.04 ± 0.58

aug-FB 4939.2 ± 142.2 5837.3 ± 213.4 99.7 ± 0.09 1.16 ± 0.04 5.25 ± 0.53

itV10 5005.8 ± 107.4 5912.0 ± 177.0 99.8 ± 0.09 1.24 ± 0.09 5.22 ± 0.86

aiP 5045.2 ± 75.8 5980.9 ± 79.8 99.6 ± 0.32 1.20 ± 0.10 5.38 ± 0.77

Mid-V 4951.2 ± 126.5 5895.6 ± 122.2 98.1 ± 0.72 1.12 ± 0.08 5.13 ± 0.73

ci — conformity index; FB — free breathing; augFB — augmentation free breathing; itV — internal target volume; aiP — average intensity projection; 
Mid-V  — mid-ventilation phase
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Discussion

In the target volume evaluation depicted in Figure 
2, the GTV obtained from images acquired from 4D-
CT datasets had the same value as the static or math-
ematically calculated GTV because the ITV10-based 
approach will depict the target image in all phases of 
the reconstruction. Similarly, when delineating the 
target, the Mid-V step can be helpful since the Mid-V 
image represents a single phase of the 10 phases of 
the 4D-CT dataset obtained by examining the loca-
tion of the tumour during respiration closest to the 
time-weighted mean position [10]. 

Meanwhile, in ITV comparisons, reference imag-
es reconstructed from 4D-CT datasets had smaller 
ITVs than 3D-CT reference images. This decrease 
in ITV will be reflected in the greater benefit to 

organs at risk after the PTV margin has been added 
without reducing the movement target area. The 
smallest reduction in the target volume achieved 
in the case of lung cancer will cause a difference in 
proper preparation of radiation therapy and pre-
vent immediate and slow effects on normal tissue 
around the tumour. When irradiation is adminis-
tered, a decrease in the PTV can be interpreted as 
less normal tissue exposed to high doses of radi-
ation, which can decrease toxicity. Moreover, this 
modality is very useful for limiting the size of the 
PTV for larger tumours [10]. Thus, an increase in 
the number of patients qualifying for SBRT who 
could have been denied because of normal tissue 
constraints is another possible benefit of reducing 
the PTV [22]. 

table 6. Deviations between the planned and measured 
doses for all reference images

Reference 
images Variations

Deviation (%)

Mean GTV (ROI 
on the centre 
of the caudal 

plane)

ROI on the centre 
of the GTV 

(< 3% of the first 
ROI)

Static
3 cm 5.73 0.96

2 cm 5.17 –0.16

FB

1 10.39 1.14

2 5.19 –2.11

3 4.21 –0.34

4 4.05 –0.19

aug-FB

1 9.21 2.76

2 4.43 –0.69

3 2.87 –2.31

4 4.60 –1.30

itV10

1 5.10 –1.77

2 5.62 2.19

3 7.00 2.53

4 6.92 2.33

aiP

1 6.74 1.67

2 6.84 2.15

3 7.28 0.09

4 7.09 0.10

Mid-V

1 6.63 0.80

2 6.75 2.73

3 5.82 1.49

4 3.58 2.80

GtV — gross tumour volume; Roi — region of interest; FB — free breathing; 
augFB — augmentation free breathing; itV — internal target volume; 
aiP — average intensity projection; Mid-V  — mid-ventilation phase

table 5. Position correction after registration with localized 
images

Reference 
Images Variations

Position off-set [mm]

Lat (x) Long (y) Vert (z)

Static
3 cm 0.10 0.40 0.10

2 cm 0.06 0.16 –0.10

FB

1 0.04 –0.24 0.08

2 0.00 –0.28 –0.10

3 0.01 0.08 –0.12

4 0.25 0.26 –0.19

aug–FB

1 0.15 –0.05 –0.05

2 0.18 0.02 –0.21

3 0.10 0.06 –0.19

4 0.11 0.05 –0.19

itV10

1 –0.19 0.07 –0.27

2 –0.01 –0.24 0.03

3 –0.28 0.05 –0.15

4 0.00 –0.24 –0.19

aiP

1 –0.18 0.16 –0.16

2 0.00 –0.12 –0.02

3 –0.17 0.13 –0.09

4 –0.13 0.02 –0.13

Mid–V

1 –0.12 0.00 –0.19

2 0.02 –0.16 0.03

3 –0.26 –0.05 –0.29

4 –0.04 –0.07 –0.16

*note: code 1 refers to variation for a 3 cm target with 10-mm amplitude in 
the Si direction; code 2, a 3-cm target with 5-mm amplitude; code 3,  
a 2-cm target with 10-mm amplitude; and code 4, a 2-cm target with 
5-mm amplitude. FB — free breathing; augFB — augmentation free 
breathing; itV — internal target volume; aiP — average intensity projection; 
Mid-V — mid-ventilation phase
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To increase self-confidence when conducting 
SBRT, the position must be corrected immediately 
before treatment using localized imagery (CBCT). 
In the symmetry protocol, target positions are iden-
tified in each phase of 4D-CBCT breathing. The dif-
ference in the target position on the reference images 
relative to the target position in each CBCT phase 
and then the position error at each position in the 
10 CBCT phases are calculated such that the average 
value is the correction of the phantom position [23]. 

Table 6 shows the deviation from the ratio be-
tween the planned doses and measured doses. This 
deviation occurs for several reasons, including tar-
get movement, which occurs not only in the SI di-
rection but also with an angle of motion of 8°, caus-
ing the target to move incorrectly in line with the 
direction of MLC movement. As reported in a study 
by Court et al. [24], tumours that constantly move 
parallel or perpendicular to MLC leaf movement 
can cause a 10% greater difference in dose delivery. 
In another study, Court et al. [25] also reported 
that a large amplitude of motion and a long period 
of tumour motion can cause a large difference in 
the discrepancy of the target. In addition, the use 
of the FB SBRT technique is also one of the rea-
sons to increase the dose to the GTV. Smith et al. 
[26] stated that VMAT and FFF with the FB SBRT 
technique yielded discrepancy results identical to 
the discrepancy values in this study, which were 
5.0% for static targets and 7.4% for moving targets. 
Therefore, further research applying motion man-
agement during treatment is necessary, namely, the 
gating or tracking technique.

A decrease in the discrepancy value was ob-
served in this second comparison. The reduction 
obtained was close to zero in some reference im-
ages, which is in line with the results of Ong et al. 
[21], who observed a small area in the middle of the 
target, namely, a decrease in discrepancy to < 4%. 
The measured dose did not exceed the prescription 
dose of the 65% isodose line and was not less than 
the 90% isodose line. The use of VMAT and FFF 
in the SBRT technique with the 4D image-guided 
method can reduce the risk of either underdose or 
overdose due to target movement. The distributions 
of discrepancy values can be viewed in Figure 3 for 
the first comparison and Figure 4 for the second 
comparison.

Some drawbacks of phantom studies compared 
to clinical cases must be discussed. First, the time 
and amplitude of tumour movement in the phan-
tom were clear. Second, the tumour travelled only 
around two axes within the phantom. Finally, the 
phantom tumour was non-deformable and rig-
id. Irregular breathing patterns, 3D motion, and 
tumour deformation introduce additional errors 
concerning actual patient situations, which exper-
imentally reflect the upper limits of what can be 
considered the best-case scenario [15]. 

conclusions

The 4D-CT modality can reduce the PTV with-
out reducing target coverage by 29.17% to 48.70% 
such that less normal tissue is exposed to high doses 
of radiation with irradiation treatment, which can 

Figure 4. the distribution of discrepancies in all reference 
images in the second comparison. FB — free breathing; 
augFB — augmentation free breathing; itV — internal 
target volume; aiP — average intensity projection;  
Mid-V — mid-ventilation phase

Figure 3. the distribution of discrepancies in all reference 
images for the first comparison. FB — free breathing; 
augFB — augmentation free breathing; itV — internal 
target volume; aiP — average intensity projection;  
Mid-V — mid-ventilation phase



Firyal D. Haqqi et al. Evaluation of target volume and dose accuracy in intrafractional cases of lung cancer

369https://journals.viamedica.pl/rpor

potentially reduce toxicity. The greatest discrepan-
cy in this value may be due to the large amplitude 
of motion and the long period of tumour motion, 
which will cause a large difference in the discrep-
ancy of the target. However, the measured dose did 
not exceed or drop below the prescription dose.
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