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ABSTRACT

Background: In head and neck radiotherapy, immobilization devices can
affect dose delivery. In this study, a comprehensive end-to-end test was
developed to evaluate the accuracy of radiotherapy treatment. Materials and
Methods: An Alderson Radiation Therapy (ART) anthropomorphic phantom
with EBT3 film was used to mimic the actual patient treatment process. Ten
patients treated for nasopharyngeal carcinomas with [IMRT were
retrospectively selected. For each patient, the treatment plan, as well as the
targets and OARs was transplanted onto the phantom, and the IMRT plan was
subsequently recalculated to the phantom with EBT3 film. Two quality
assurance (QA) plans were generated, namely “Plan-with” wherein the
immobilization device was contoured and “Plan-without” wherein it was
omitted. EBT3 measurements were compared with the results of the TPS
calculation. Results: With different gamma calculation criteria applied, the
results obtained for Plan-with were closer to the dose measured with the
EBT3 film. Moreover, 1.8% deviation was observed in the posterior neck skin
dose for Plan-with when compared to the film measurements while the value
was 33.1% lower for Plan-without. When compared to Plan-without, each
target volume in Plan-with exhibited a 1-4% reduction in the maximum dose
(Dy%), minimum dose (Dggx) and mean dose (Dmean). Conclusion:
Immobilization devices decrease the radiation dose to target volumes while
increasing the skin dose and should be included within the body contour to
ensure an accurate planning dose. The end-to-end IMRT test using an ART
anthropomorphic phantom is a valuable tool to identify discrepancies
between calculated and delivered radiation doses.

Keywords: End-to-end test, anthropomorphic phantom, EBT3 film,; nasopharyngeal
carcinoma, intensity-modulated radiation therapy.

INTRODUCTION techniques that are used to treat
nasopharyngeal carcinomas (NPC) (3). To

Intensity-modulated radiation therapy ensure the accuracy and repeatability of the
(IMRT) is one of the main radiation-therapy position setting in each radiation therapy
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session, some immobilization devices (for e.g.,
thermoplastic films and vacuum bags) are
typically used in clinical practice. Studies have
implicated that the materials used to fabricate
the treatment table and immobilization device
are not air equivalent, and thus radiation beam
propagation is affected by the aforementioned
devices. For example, the treatment table
exhibits a significant attenuating effect on
incident radiation (45,

A key component of patient-specific quality
assurance (QA) corresponds to ensuring that the
dose received by the patient is consistent with
the dose planned in the TPS. Currently available
radiation-therapy plan verification equipment,
such as ionization chambers and plane-detection
equipment, significantly differ from actual
patient geometry (for e.g., in their shape and
density), and the effect of the patient’s
immobilization device on the dosimetry of the
plan delivery is typically not considered during
plan verification. It were recommended in the
American Association of Physicists in Medicine
working group reports Nos. 176 and 218 that
the effects of treatment accessories on dose be
taken into account in the clinical practice of
radiation therapy planning ), and that plan
verification should better approximate actual
plan delivery (7).

The end-to-end test verifies the entire
treatment process from CT simulation to the end
of treatment delivery. It is advantageous over
other QA methods which test each parameter
individually. The results of an end-to-end test
can also ensure confidence in the ability to
calculate the delivered dose (8. Therefore, this
type of testing is also recommended after
treatment planning system commissioning by
AAPM TG-40 and after treatment planning
system changes by AAPM TG-142, and TG-53 ©-
1), Most extant studies on the end-to-end test
are based on considerably simple phantoms
(12-16), Recently, anthropomorphic phantoms that
realistically simulate anatomically accurate
patient tissue heterogeneities were introduced
to end-to-end IMRT/VMAT dosimetry audit
methodology and monthly QA protocol for
external beam radiation therapy treatment (17.
18), To the best of the authors’ knowledge,

32

previous studies did not consider the effect of
immobilization devices.

In the present study, an Alderson Radiation
Therapy (ART) inhomogeneous anthropo-
morphic head phantom was used to simulate the
shape and density, as well as other relevant
information of actual patients with NPC.
Additionally, an end-to-end test for head and
neck IMRT treatments was performed by
considering the effect of immobilization devices.
We compared the dose distribution calculated
by TPS with the delivered dose as measured by
EBT3 film. The results were subsequently
analyzed to evaluate the delivered dose accuracy
of IMRT plans for NPC.

MATERIALS AND METHODS

ART phantom and immobilization

The ART phantom used in the experiments is
transected horizontally into 2.5-cm slices and is
shown in figure 1. Each slice is designed to
contain holes at specific locations that are
plugged with bone-tissue-equivalent, soft-tissue-
equivalent, or lung-tissue-equivalent materials
to mimic the real human anatomy. To simulate a
real patient treatment scenario, the ART
phantom was placed within a head-and-neck
immobilization device (ID) system that was used
for patient localization during the IMRT
treatment planning and delivery process in the
department. The simulation process was
performed in the supine position. The head-and-
neck immobilization device (ID) system included
a carbon fiber base plate, Styrofoam bag, and
thermoplastic film placed on the phantom.

Image acquisition and ROI delineation

A CT simulator (Brilliance, Philips Medical
Systems, Amsterdam, Netherlands) was used to
obtain patient and phantom images, and to scan
the phantom over the full range as defined by
the patient scan conditions with a slice thickness
corresponding to 3 mm and a voltage
corresponding to 140 kV. The obtained CT
images were transmitted via the
radiation-therapy network system to the TPS to
obtain target volumes and for organs at risk
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(OAR) delineation. The regions of interest (ROIs)
delineated in the ART phantom included the
planning target volumes (PTV) and spinal cord,
brainstem, parotid glands, tongue, laryn,
external contour (skin), and Ring (Ring=skin-
(skin-5mm)). Two skin-delineation methods
were used, namely skin delineation with the
immobilization device and skin delineation

without the immobilization device. As shown in
table 1, the relative electron density (RED) range
for the entire ART phantom and ID (0.1-2.94)
was within the range of the CT-ED calibration
curve (0.1-3.74) in the TPS, thereby indicating
that the TPS is capable of calculating the dose
distribution in the ART and ID.

Figure 1. ART phantom and head-and-neck immobilization device used in simulation of the clinical-treatment process. a)
Components of the immobilization device can be identified by their color: the thermoplastic mask is white, the Styrofoam bag is
blue, and the carbon fiber base plate is black. b) Traverse section of the phantom slice.

Table 1. ART phantom HU and relative electron density from the CT images.

HU RED
Minimum | Mean | Maximum | Minimum | Mean | Maximum
ART phantom -1023 -364 2976 0.1 0.64 2.94
Immobilization device|  -1023 -841 419 0.1 0.22 1.28
TPS CT-ED calibration -1023 4000 0.1 3.74
IMRT planning for patients and dose collimator (dMLC) technique and consisted of

calculation

Ten  patients wunder treatment for
nasopharyngeal carcinomas with IMRT were
selected retrospectively. All the patients were
treated via the individualized head-and-neck
immobilization device. The target volumes of the
10 patients, including the gross target volume of
the nasopharynx (GTVnx), cervical lymph node
(GTVnd), high-risk clinical target volume
(CTV1), and low-risk clinical target volume
(CTV2), were delineated by experienced
oncologists based on ICRU Report Nos. 50 and
62 (19.20). The PTVs as obtained via a 3 mm
uniform expansion from the CTVs were recorded
as PTVnx, PTVnd, PTV1, and PTV2. The
prescribed doses for PTVnx, PTVnd, PTV1, and
PTV2 in the 30 fractions corresponded to 70 Gy,
64-66 Gy, 60 Gy, and 54 Gy, respectively. The
IMRT plans used the dynamic multi-leaf
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nine equispaced coplanar beams. The dose was
calculated via the X-ray Voxel Monte Carlo
(XVMC) method with a maximum of 18 control
points per beam, a calculation grid size of 3 mm
x 3 mm x 3 mm, and a statistical uncertainty of
3% per control point.

For each patient, the treatment plan was
transferred onto the ART phantom, and two QA
plans were calculated. The QA plan with the
immobilization device encompassed by the skin
contour was denoted as “Plan-with” and that
without the immobilization device was denoted
as “Plan-without.” The differences between the
doses calculated for the two cases were
compared for each patient. Based on the dose
volume parameters recommended in ICRU
Report No. 83 (21), the assessment parameters
selected for the PTVs were the near-maximum
dose, D2y (the dose received by 2% of the
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volume of the ROIs), near-minimum dose, Dogy
(the dose received by 98% of the volume of the
ROIs), and mean dose received by the entire
volume of the ROIS, Dmean. The assessment
parameters for OARs were D2y and Dmean.

Plan delivery

In this study, a Synergy accelerator with 6 MV
X-rays was used with version 5.11 of the
Monaco treatment planning system (TPS)
(Elekta Ltd., Sweden) to provide radiation
therapy. The machine was calibrated to deliver 1
cGy per monitor unit (MU) with a 10 cm square
field at the depth at which the dose is a
maximum for a source-to-surface distance of
100 cm. To simulate an actual patient treatment,
the phantom was initially set up via lasers
mounted on the wall. The IMRT plans of the
patients were delivered to the ART phantom
under conditions applied to the patient’s actual
radiation exposure (actual angles, considering
the immobilization device).

EBT3 film calibration and dose measurements

The EBT3 film is symmetrical and sandwich-
shaped. It contains an intermediate 28-pm
active slice and upper and lower 125-um
polyester protective sheets. EBT3 films can be
used to effectively measure doses ranging from
0.01 to 30 Gy, thereby satisfying the
requirements of the study (22. A single-film
calibration method was used to obtain the film
calibration dose curve as shown in figure 2b for
fast dose calibration. The EBT3 films used in the
study were all obtained from the same batch
(No. 11091602) with the dose of the film
correction curve ranging from 0-4 Gy. Radiation
was applied in 10 static step fields (5 cm x 10
cm) on two different films (figure 2a). A PTW
UNIDOSE dosimeter and a PTW30013 0.6-cc
ionization chamber were used for absolute dose
measurements, and a dose measurement was
performed for all the steps to ensure that the
effect of the scattered dose was considered. An
EPSON 10000XL flatbed scanner was used in
48-bit RGB mode to scan films at a resolution of
72 dpi. During the scanning process, the center
of the films and scanner were coaxially aligned,
and the long sides of all the films were parallel
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to the scanning direction. The scan results were
imported into commercial film-dose analysis
software (QAchart, V2.1, Raydose Inc., Guang-

zhou) via the triple-channel analysis method (23.
24).

0.7
—6—0D-Red
——0D-Green
06
—e— 0D-Blue
05
£
2 04 ©
=1
=
o
g 03
0.2
0.1
b 0 100 200 300 400

Dose(cGy)
Figure 2. EBT3 dosimetry film and dose calibration curves. a)
EBT3 film after step-wise irradiation. b) EBT3 dose calibration
curves for triple-channel analysis.

The films used for the measurements were
cut into 7.8 cm x 14.5 cm strips and sandwiched
between the fifth and sixth transverse sections of
the phantom. A specific point on the posterior of
the neck was selected and marked as a reference
to compare the TPS-calculated doses. In addition
to comparing the doses estimated for 10 patients
using the Plan-with and Plan-without
configurations, we also compared the doses with
actual film measurements. The difference
between the doses measured with the films and
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doses calculated by QA plans were analyzed. The
gamma-passing rates for global maximum dose
normalization in absolute dose were calculated
and compared by using different dose-deviation
and distance-deviation criteria (i.e., 5%/3 mm,
3%/3 mm, 3%/2 mm, and 2% /2 mm).

Statistical analysis

Data were expressed as mean * standard
deviation (SD) and analyzed via SPSS version
23.0 software (IBM Inc, USA). A Wilcoxon
signed rank test was performed to evaluate the
existence of a significant difference between
Plan-with and Plan-without in gamma passing
rates and dose parameters for PTVs and OARs.
Additionally, p values <0.05 were considered as
statistically significant.

RESULTS

Dose validation by EBT3 film measurement

Figure 3 shows the results of film
measurement verification for a certain patient.
The dose distribution profile indicated that the
dose measured during treatment delivery was
relatively close to the dose distribution of
Plan-with. The results of measurement
verification for all patients are summarized in
table 2. As shown in the table, based on absolute
dose comparisons, the global gamma passing
rate for Plan-with exceeded the rate for
Plan-without under different calculation criteria.
With the commonly used 3%/3 mm criterion,
the gamma passing rate corresponded to 92.0 =
2.1% for Plan-with and only 82.8 + 6.9% for Plan
-without. Hence, the dose measured in the ART
phantom was closer to the dose calculated by
the TPS when the immobilization device is
considered.

The dose measured in the skin at the
posterior of the neck was closer to the value
calculated using Plan-with that considered the
immobilization device with a mean deviation of
1.8% (-6.5% to 15.7%) being observed.
Conversely, EBT3 film measurements differed
significantly from the values calculated using
Plan-without, which did not consider the
immobilization device. A mean deviation of

Int. J. Radiat. Res., Vol. 19 No. 1, January 2021

-33.1% (-19.3 to -52.4%) was observed as
shown in figure 4. Hence, the radiation dose in
significantly

the  patient’s skin  was
underestimated using Plan-without.

——Plan-with Dose
250 |——Plan-without Dose a
——EBT3 Dose
- 200
glso
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Figure 3. Absolute comparison of doses measured using EBT3
films with TPS-calculated doses. a) X-axis profile. b) Y-axis
profile. c) gamma-value distribution for Plan-with under the
3%/3 mm criterion.

Table 2. Gamma passing rates (%) of the ten NPC IMRT plans
as validated by ART phantoms and EBT3 film measurements.

5%/3 mm|3%/3 mm |3%/2 mm |2%/2 mm

Plan- 95.78 £ 82.76 75.44 + 62.67
without 2.43 6.90 7.86 10.85

Plan-with 98.24 + 92.03 + 86.71 % 75.49 £
1.33 2.06 2.40 2.43
p 0.037 0.005 0.005 0.007

50
M Plan-with

40 F

30 b ® Plan-without

Dose difference (%)

Patient #

Figure 4. Dose difference between TPS-calculated and EBT3
film-measured doses on the skin at the posterior of the neck.
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Impact of immobilization device on dose of
PTVs and OARs

For each target volume, D2y, Dogy, and Dmean
in Plan-with were 1-4% lower than those in
Plan-without. Additionally, a significant dose
reduction was observed in the lymph node
target volume (PTVnd). Furthermore, a 1-3%
reduction was observed in the value of D2¢ and
Dmean for normal tissue as summarized in table 3.

Table 3. Dose parameters (Gy) for PTVs and OARs in 10 NPC
patients as calculated by the two ART phantom plans.
Plan- | Plan- | Plan-with/

ROIs | Parameters| i, |without|Plan-without| ©
Dass 72:;? 71:‘3‘3’-' 0.98+0.33 (0.005
PTVX Do | 9 aot| 739* | 0.98+0.32 |0.005
Dren |3 et | 7920* | 0.98+0.33 [0.005
Do |*5aet| 7330 | 0.96+0.29 [0.005
PTVnd Dogsg sg:;gt Si:ggi 0.98+0.32 |0.005
Drean | g oot | ©259% | 0.974032 [0.005
Do |/y32%| 7229 | 0.98+0.33 [0.005
PTV1 Do | *rant| #8295 | 0.98+0.32 [0.005
Dren |2 | C3og | 0.98+0.33 [0.005
Dass 62:?‘2‘* 723‘2‘* 0.98+0.33 (0.005
PTV2 Dosv | >aaa’ | Saag’ | 0.99+0.33 |0.021

D 55.08+| 56.08%
mean 6.61 2.83
52.84+| 53.56+

0.98 £0.33 |0.005

oRV. Do a0 22o5% | 099033 |0.005
BrainStem| 3421:131 32:}3* 0.99+0.33 (0.005
. Do |“So0t| P20o% | 097032 [0.005

PR spina Dren | goa’ | 235>% | 0974032 [0.005
. Do 6;%* 6;‘:22* 0.97 £0.32 |0.005
rarend Drean | Taoot | *027% | 0994033 [0.052
Do |93 |°523* | 0982033 |0.005

fonese Dren | eaa’| *eart| 0994033 [0.005
Do 3oy | aast| 097032 |0.005

e Drewn | "3oa"| 355" | 0.97£0.33 [0.005
. Do |°232% 43285 | 1031001 |0.005
rine Drmean 13:2?* 1;‘1‘(2)1' 1.10£0.02 |0.005
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Effect of immobilization device on volume
distribution

The three-dimensional distribution of the
difference in the dose shown in figure 5 was
obtained by direct subtraction of the two QA
plans of a certain patient’s treatment plan
(Plan-with - Plan-without). This image was used
to assess the effect of the immobilization device
on the treatment plan where the blue-to-red
gradients represented absolute differences in
dose ranging from -6-30 Gy. The end-to-end test
indicated that a significant difference was
observed in the dose distribution due to the
attenuation and bolus effect of the
immobilization device. The dose in the body was
slightly decreased, due to attenuation, while the
radiation scattering and build-up effect caused
by the Styrofoam bag between the posterior of
the patient’s neck and carbon fiber base plate
increased the dose in the skin by approximately
3.1 Gy.

Figure 5. Three-dimensional
distribution of difference
between dose estimates. a)
transverse section, b) sagittal
section, and c) coronal section
of the ART QA phantom. The
difference corresponds to a
subtraction of the dose
evaluated for a typical patient
using Plan-without from the
dose evaluated using Plan-with.

DISCUSSION

In the present study, an end-to-end test using
the ART phantom and EBT3 film was performed
to assess the overall accuracy of dose delivery.
The current dose verification equipment
including ionization chambers, ion chamber or
diode arrays, and three-dimensional verification

Int. J. Radiat. Res., Vol. 19 No. 1, January 2021
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equipment exhibits different shapes and
densities from those of actual patients.
Additionally, it is not possible to verify the effect
of the immobilization device on the plan
delivery with measurements performed by the
aforementioned equipment. The ART phantom
used to simulate the anatomy of a patient in the
study contained tissue-equivalent material that
makes it closer to an actual human than a solid
water phantom in appearance and internal
structure. EBT3 film material is near-tissue-
equivalent (effective atomic number 6.84), and
the film exhibits a high spatial resolution with a
response that is independent of the high energy
and angle (25-27), Therefore, it is more suitable to
measure the dose distribution from an end-to-
end test by using an ART phantom.

The effect of the patient’s immobilization
device on the implementation of the treatment
plan was overlooked during treatment planning
for nasopharyngeal carcinomas. Studies
indicated that the treatment table and
immobilization device can produce attenuation
and bolus effects on radiation, thereby reducing
the actual dose received by the target volume
and increasing the dose absorbed by the skin (28
30), A study by Seppaéla et al. indicated that the
attenuation of the 6-MV rays by the treatment
table varied with the angle of incidence
(90-180°) by up to 8%. Butson et al. used
dosimetry films and measured a 37-66%
increase in the skin dose when the beam was
inclined on the carbon-fiber base plate ). A
study by Lee et al indicated that in the
treatment of prostate cancer, skin dose values
measured at the inguinal region with a
thermoluminescent dosimeter (TLD) were
closer to the doses for skin delineation
calculated by the TPS when a carbon-fiber base
plate and vacuum bag devices were included 4.
Therefore, the effects of the accessories on
radiation attenuation and skin dose should be
considered in a comprehensive manner when a
radiation beam travels through a treatment
table or an immobilization device.

Currently, a virtual model of the treatment
table (including geometric and density
information) is typically included in a TPS to
calculate the attenuating effect of this treatment

Int. J. Radiat. Res., Vol. 19 No. 1, January 2021

table on the treatment plan 61, In the present
study, the immobilization device was modeled in
the TPS as encompassed by the skin contour to
calculate the effect of it on the dose distribution
in IMRT for NPC. Given the dose-attenuating
effect of the immobilization device, the values of
D20, Dos%, and Dmean for the target volume dose
as calculated for Plan-with decreased by 1-4%
when compared to those calculated for
Plan-without. This is consistent with the results
of the study by Arthur et al., which indicated that
immobilization devices composed entirely of
carbon-fiber materials exhibited a 2-4%
attenuating effect on incident radiation G2). The
dose reduction for PTVnd was most pronounced
with a reduction of 4% for the maximum and 3%
for the mean dose (table 3). This is mainly due to
decreases in distance between PTVnd and the
immobilization device and more pronounced
attenuation that occurs when radiation
penetrates the immobilization device. The
values of D2y and Dmean for the OARs also tended
to decrease, and a maximum reduction of 3%
was observed. Thus, TPS calculations indicated
that the dose within the delineated ROIs
decreased when the immobilization device was
considered due to attenuation effects.

Table 2 lists the gamma passing rate of 10
NPC intensity-modulated radiation therapy
plans by considering the actual beam angle, as
validated with the ART phantom and EBT3 film
measurements. The verification results for
Plan-with exceeded those for Plan-without.
Furthermore, the film dose distribution profile
as measured during treatment delivery was
relatively close to the dose distribution of
Plan-with (figure 3). This indicated that the
doses calculated by TPS without considering the
immobilization device in the body contour were
not consistent with the actual clinically
delivered dose. With respect to skin doses at
posterior of the patient’s neck, the results
obtained with Plan-with were close to the doses
measured with EBT3 film (mean deviation of
1.3%) while those obtained with Plan-without
underestimated the doses by approximately
33.1% (figure 4). This significantly exceeded the
results obtained by Lee et al., which displayed an
average increase in the skin dose of patients of
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18% in the presence of a thermoplastic mask
using an anthropomorphic phantom and TLDs
(33), The TPS calculation suggested that the dose
to the skin increased by 3.1 Gy due to the bolus
effect of the low-density polystyrene foam
material between the neck and carbon-fiber
base plate and the thermoplastic mask. Hoppe et
al. reported that, in stereotactic body radiation
therapy planning for treatment of early non-
small cell lung cancer, the skin dose of patients
increased because the presence of accessories
(the treatment table and vacuum bag) was
ignored, and 38% of patients experienced acute
skin radiation toxicity while a patient
experienced Grade 4 skin toxicity (4. Hence, we
recommend that the head-and-neck
immobilization device should be delineated into
the body contour during treatment planning by
considering the increased skin dose caused by
the immobilization device, such that the TPS
dose calculation is more in line with the actual
clinically delivered dose.

In conclusion, the application of an end-to-
end test using the anthropomorphic phantom
indicated that head-and-neck immobilization
devices decrease radiation doses in PTVs and
OARs in IMRT for nasopharyngeal carcinoma
due to the attenuation effect and increase skin
dose in the neck’s posterior due to the bolus
effect. As a result, the body contour should
include the immobilization device to ensure
consistency between the delivery dose and
planning dose. Hence, the end-to-end test is very
useful to identify discrepancies between the
calculated and delivered doses during radiation
therapy, and it can serve as a valuable tool for
patient-specific QA.
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