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Abstract

Background: In practice, the dose perturbation effect of head and neck immobilization devices is often
overlooked in intensity-modulated radiation therapy (IMRT) for nasopharyngeal carcinoma (NPC).
Purpose of this study is to verify and analyze the dosimetric effect of head and neck immobilization
devices on NPC multi-field IMRT.

Methods: Ten patients with nasopharyngeal carcinoma were randomly selected. Two sets of body
contours were established for each patient. One set of body contours did not contain the immobilization
device, and the other contour set included the immobilization device. For each patient, dose calculations
were conducted for the two sets of contours using the same 9-field IMRT plan, which were recorded as
Plan- and Plan+. The dose difference caused by the head and neck immobilization devices was assessed by
comparing the dose-volume histogram (DVH) parameter results and by plan subtraction. The gafchromic
EBT3 film and anthropomorphic phantom were used to verify the calculated doses.

Results: The target coverage and average dose of Plan+ were lower than those of Plan- : the prescription
dose coverage rates for PTVnx, PTVnd, PTVI and PTV2 decreased by 2.4%, 9.9%, 1.5%, and 3.6%,
respectively, and the mean doses were reduced by 0.9%, 1.9%, 1.1%, and 1.5%, respectively. Doses in the
organs at risk showed no significant differences or slight reductions (the maximum reduction in mean
dose was 1.7%). From the EBT3 measurements, the skin dose on the posterior neck was increased by
approximately 53%.

Conclusion: The attenuation and bolus effects of the head and neck immobilization device reduce dose
coverage rate and average dose of the planning target volumes in nasopharyngeal carcinoma and lead to
an increase in the skin dose. During treatment planning and dose calculation, the immobilization device
should be included within body contour to account for the dose attenuation and skin dose increment.

Key words: Head and neck immobilization device; Nasopharyngeal carcinoma; Intensity modulated radiation
therapy; Dose attenuation; Skin dose

Introduction

Immobilization devices are widely used in  radiotherapy [1-2]. Intensity modulated radiation
radiation therapy to ensure accurate positioning and  therapy (IMRT) is the main radiotherapeutic
repositioning of patients during their fractionated technique used for nasopharyngeal carcinoma (NPC)
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[3-5]. When conducting intensity modulation
planning and dose calculations, the commercial
treatment planning system (IPS) calculate dose
distributions only for the materials contained in the
body structure [6,7]. Therefore, TPS usually requires
the clarification of the body contour of the patient by
manual/automatic delineation or by setting physical
density threshold. In actual clinical practice,
immobilization equipment is generally not outlined or
calculated into the body contour. However, because
the materials used in treatment couch top and
immobilization devices are not equivalent to air,
attenuation and scattering can occur when the
radiation bean pass crosses these immobilization
systems [8,9]. Several studies have demonstrated that
treatment couch tops induce considerable beam
attenuation, ranging from 4 to 9% [10-12].
Immobilization devices used in radiotherapy may
result in reduced tumor dose, increased skin dose and
altered dose distribution [13-15]. Recently, American
Association of Physicists in Medicine (AAPM) Task
Group 176  recommended the  dosimetric
perturbations caused by the couch top and
immobilization devices should be included in dose
calculations whenever possible [16]. But no study has
yet addressed the dosimetric effects of head and neck
immobilization devices on the delivered doses to the
target volume and to the organs at risk (OARs) for
NPC IMRT. In this study, we investigated the effect of
commercial immobilization device for NPC on dose
distributions delivered with 9-filed IMRT technique.
We compared the dose distribution calculated with
the head and neck immobilization to that calculated
without it. And the EBT3 films were calibrated and
used to measure the skin dose of posterior neck for the
situation with the immobilization devices enclosed.
The dose-volumetric parameters and dose difference
distribution map were calculated and compared to
analyze the dosimetric effects of head and neck
immobilization devices.

Materials and Methods

Patient data and image acquisition

Ten patients with nasopharyngeal carcinoma
who received IMRT in our center were randomly
selected and enrolled in this study. All patients were
pathologically diagnosed and had no contraindi-
cations for radiotherapy. The patient sample included
5 males and 5 females, aged from 32 to 74 years, with
a median age of 49.3 years. There were 5 cases of stage
T3 and 5 cases of stage T4 carcinomas. All patients
were immobilized using a head and neck fixation
equipment customized for each patient body shape.
This immobilization equipment (Klarity Inc,
Guangzhou, China) included a carbon fiber floor,

styrofoam  bag, head/neck and  shoulder
thermoplastic film (Figure 1A). Its position fixation
effect and repeatability were well verified in our
previous study [3]. During simulation and treatment,
all patients assumed the same supine position. A large
aperture CT Simulation device (Brilliance, Philips
Medical System, Amsterdam, Netherlands) was used
to collect each patient CT images. The scan range was
from the head to 2 cm below the sternum, and the
slice thickness was 3 mm. The obtained simulation CT
images were sent to the treatment planning system
(Monaco V5.1, Elekta AB, Stockholm, Sweden) via the
radiotherapy network for treatment planning.

Regions of interest

The gross target volume of the nasopharynx
(GTVnx) and that of the cervical lymph node
(GTVnd), the clinical target volume of high-risk
lymphatic drainage (CTV1) and the clinical target
volume of lymphatic drainage for preventative
radiation (CTV2) were delineated on CT images of all
patients by experienced oncologists according to
ICRU reports 50 and 62 [17,18]. The corresponding
planning target volumes (PTVs) were generated by
expanding 3 mm from CTVs symmetrically, and were
recorded as PTVnx, PTVnd, PTV1 and PTV2
respectively. The delineated OAR included the
brainstem, spinal cord, lens, optic nerve, optic chiasm,
pituitary, parotid, inner ear, middle ear, temporal
lobe, temporomandibular joint, mandible, tongue and
throat. The spinal cord and brainstem areas were
expanded by 3 mm to form the corresponding
planning organ at risk volume (PRV). As the Monaco
system calculates the dose distribution only for the
area inside the body structure, we created two
different body structure sets for each patient to
investigate the dosimetric effects of the head and neck
immobilization device. The first body structure set
included only the patient body without the
immobilization device. The other body structure set
included the patient external body contours and the
whole head and neck immobilization device.

Treatment Planning and dose calculation

The prescription doses to PTVnx, PTVnd, PTV1
and PTV2 were 70 Gy, 64-66 Gy, 60 Gy and 54 Gy,
respectively, with a total of 30 fractions. The dynamic
IMRT plans were generated without the head and
neck immobilization devices included in the external
body and recorded as Plan- in this study. The Plan-
plans were created using 9 evenly distributed
coplanar beams (every 40°, avoiding 180°) with 6 MV
X-rays. A Monte Carlo algorithm model was used to
calculate the dose. The calculation model was
commissioned and verified according to the report of
AAPM Task Group 53. The maximum number of
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control points in each beam was limited to 18. The
computational grid size was 3 x 3 x 3 mm,. The
statistical uncertainty of each control point was 3%.

The electron density range of the whole head
and neck immobilization device (0.1-1.28) was within
the range of the TPS CT-ED calibration curve
(0.1-1.69), so we thought the TPS had the ability to
calculate the dose in the immobilization device. For
each patient, the Plan- was then transplanted onto
his/her own CT images with the external body
contour containing the immobilization device. Under
the same irradiation conditions, the dose distribution
was recalculated and this new plan was recorded as
Plan-+.

Dose difference analysis

Dose-volume histogram (DVH) was used to
evaluate the doses of the PTVs and the OARs for the
same patient. The calculated parameters for the PTVs
were the mean dose (Dmean), the target coverage rate
(CR) with the prescribed dose, the homogeneity index
(HI) and the conformity index (CI). CR was calculated
as follows:

CR = Vix / Vrx100% (1)

where Vr is the volume of the target, and Vrx is
the target volume within the isodose curve (the
reference isodose in this study was 100% of the
prescribed dose).

HI and ClI were respectively calculated as
follows [19,20]:

HI = (D2% - Dos%) / Dso (2)

In formula (2), D2y, Dos% and Dsgs, were the doses
received by 2%, 98% and 50% of the volume of the
Region of Interest (ROI), respectively. According to
ICRUS83, D2y and Dogy represent the near-maximum
dose and near-minimum dose, respectively [21]. A
smaller HI value (the closer to 0) indicates better
uniformity of the dose in the target area, whereas a
higher HI indicates a less uniform target dose.

Cl= Vi X Vi ®)
VT VRI

In formula (3), Vri is the total volume within the
reference isodose curve. The CI is between 0 and 1,
and higher CI values indicate better dose conformity.
For the OARs, the average dose Dmean and the
near-maximum dose D»g to the PRV of brainstem and
spinal cord were calculated, and the average dose
Dimean for other OARs was calculated.

Within the same patient, the perturbation effect
of the immobilization device on the entire treatment
plan was calculated in the TPS by plan subtraction.
The dose difference at a particular location P(x,y,z) in

the patient was calculated as the dose difference
between Plan+ and Plan- at this position:

Diff (Gy) = D(X,y,Z)Plan+ - D(X/y/Z)Plan— (4)

For statistical analysis, the dose parameters of
DVH for Plan- and Plan+ were compared using a
t-test in SPSS 19.0 software (IBM Co., Armonk, New
York, US); A difference with a two-side p value of less

than 0.05 indicated a statistically significant
difference.
Dose measurements

An Alderson Radiation Therapy (ART)

anthropomorphic phantom (RSD Inc., USA) and
gafchromic EBT3 film (ASHLAND Inc., USA) were
used to verify the dose distribution of Plan- and
Plan+. The ART phantom is transected-horizontally
into 2.5 cm thick slices and mimicks the head and neck
anatomy of actual patients (Figure 1B). The EBT3 films
used in this study were taken from the same batch
(NO. 11091602) and the calibration dose range was 0-4
Gy. EBT3 film sheets were cut into pieces of required
size (about 7.8 cm x 14.5 cm) for dose measurement
and were sandwiched in the transverse slices of the
phantom. To simulate the actual patient simulation
procedure, the phantom was immobilized with the
head and neck immobilization equipment. The
irradiated films were scanned and imported into an
in-house analysis software (QAchart) which used a
verified triple-channal dose analysis method [22]. At
commonly used gamma evaluation criteria (3% dose
difference (DD) and 3 mm distance to agreement
(DTA)), the global gamma analysis was performed for
evaluate the dose accuracy of patient Plan+. One
particular point dose on the posterior neck skin of the
phantom was measured from the irradiated EBT3 film
and compared with the TPS calculations from Plan+
and Plan-.

Results

Doses in the targets

As shown in the DVH results from one typical
patient (Fig. 1), when the nasopharyngeal carcinoma
immobilization device was taken into account for
treatment planning and dose calculation, the curve of
each ROI in the Plan+ shifted to the left, and the PTV
coverage rate for the prescription dose and mean dose
(Dmean) were lower than Plan-. In Table 1, the DVH
statistical analysis of 10 patients showed that the CRs
of PTVnx, PTVnd, PTV1 and PTV2 were reduced by
24%, 99%, 1.5% and 3.6%, respectively, and the
reduction effect was highest for lymph node PTVnd.
The Dmean values of the four PTVs were decreased by
0.9%, 1.9%, 1.1% and 1.5%, respectively, and these
differences were statistically significant. The head and
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neck immobilization device had little effect on the
dose HI of PTVnx and PTVnd but had strong effects
on the CIs of each target; the differences in the four
target areas were 11.1%, - 1.9%, 6.0% and 2.9%.

Film Slice

Skin Point

Figure 1. A: The head and neck immobilization device used for nasopharyngeal
carcinoma radiation treatment. The white piece is the head, neck and shoulder
fixation mask of thermoplastic. The blue piece is the head and neck rest of vacuumed
styrofoam bag, and the black piece is the carbon fiber floor of the whole device; B:
The anthropomorphic phantom used for the film dosimetry. The phantom is
horizontally transected into 2.5 cm thick slices. Each slice has holes which are plugged
with bone and soft tissue equivalent materials to mimick the head and neck anatomy
of actual patients.

Table 1. Planning target volumes dosimetric parameters (

X § ) of the two kinds of plans studied for 10 cases of
nasopharyngeal carcinoma.

Targets Parameters Plan+ Plan- Diff (%) p value
PTVnx CR(%) 96.07+1.43 98324089 -235+121 <0.01
Dmean(Gy) 7237171 73.04+155 -093+032 <0.01
HI 0.07+0.02 0.07£002 0 NA
I 076 £0.09 0.68+0.15 11.14+£13.55 0.01
PTVnd CR(%) 89.90+£710 9827127 -992+862 0.01
Dmean(Gy) 6620+1.14 6747+1.09 -1.92+038 <0.01
HI 007+0.01 0.07£001 292+622 017
CI 015+0.08 015+0.07 -1.93+15.73 1.00
PTV1 CR(%) 9739+094 9885+0.54 -151+0.69 <0.01
Dmean(Gy) 69.36 £2.73 70.09+2.58 -1.07+040 <0.01
CI 045+0.10 043+0.09 599+291 <0.01
PTV2 CR(%) 9421+£225 9756+090 -3.60+260 <0.01
Dmean(Gy) 60.39+1.10 61.31+1.09 -1.52+025 0.01
CI 0.79+£0.02 0.76+£0.03 289+354 0.03

Note: Diff (%) = ((Plan+) - (Plan-)) / (Plan+) x 100.

Abbreviations: Plan-, plan generated without immobilization device; Plan+, plan
calculated from Plan- with immobilization device taken into accounted; PTV,
planning target volume; CR, coverage rate; HI, homogeneity index; CI, conformity
index.

Table 2. Dose results of OARs between two kinds of plans in 10
cases of nasopharyngeal carcinoma ()_C ts ).

OARs Parameters Plan+ Plan- Diff (%) p value
PRV-BrainStem Dmean(Gy) 32.32£3.17 32.59+3.18 -0.83+1.05 0.03
D2%(Gy)  55.83+3.42 56.08+3.21 -048+1.82 047
PRV-Spinal Diean(Gy) 33.66 215 33.94+2.18 -0.86+0.31 <0.01
Dan(Gy)  41.18+0.71 41.53+0.86 -0.83+1.31 0.08
Parotid Drmean(Gy) 38.67 £2.23 38.96 +2.30 -0.80+0.42 <0.01
Tongue Dmean(Gy) 40.50 +4.63 41.19+4.66 -1.70+0.54 <0.01
Inner ear Dmean(Gy) 47.18+3.73 4759 £3.86 -0.84+0.83 0.01
Middle ear Diean(Gy) 39.12+3.51 39.60 +3.64 -1.22+0.68 <0.01
Larynx Dinean(Gy) 45.55+3.38 45.95+3.42 -0.89+0.45 <0.01

OARs dose

As shown in Table 2, the near-maximum dose
was not significantly different in the spinal cord and
brain stem. However, to other OARs, the Dyean values
were reduced due to the dose attenuation effect of the
head and neck immobilization device. The maximum
reduction in Dmean Was 1.7%, and the dose differences
were statistically significant. Fig. 1 showing similar
results, the brain stem and spinal cord DVH curves of
the two plans did not differ significantly while other
ROI curves did.

Note: Diff(%) = ((Plan+) - (Plan-)) / (Plan+) x 100.

Abbreviations: OAR, organ at risk; Plan-, plan generated without immobilization
device; Plan+, plan calculated from Plan- with immobilization device taken into
accounted; Dmean, mean dose. D2y, near-maximum dose.

Dose difference distribution map (Plan+ -
Plan-)

In the TPS, the results from two plans of the
same patient can be directly subtracted to calculate
the dose difference distribution map for the patient.
As shown in Figure 3, the blue to red gradient
represented different absolute dose difference values
ranging from -6 Gy to 30 Gy. The dose distribution
was dramatically altered due to the attenuation and
bolus effect of the immobilization devices. In
particular, as shown in B) and C), the neck dose near
the head and neck immobilization device was
significantly reduced, mainly due to the attenuation
when the incident beam ray passes through the
immobilization device. Changes in radiation
scattering and build-up effect occurred due to the
presence of low-density foam in the vacuum pad
between the patient's neck and the floor plate. As a
result, the dorsal neck skin dose was increased by
approximately 10 Gy (Figure 3A, 3B).
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Figure 2. DVH results of Plan- and Plan+ for one typical patient with nasopharyngeal carcinoma. The solid lines represent the results of Plan- (calculated without immobilization
device), and the dotted lines represent the results of Plan+ (calculated with the whole head and neck immobilization device included in the external body contour).

Figure 3. Three dimensional dose difference distribution map for a typical NPC case.
Dose difference was calculated through subtracting Plan- from Plan+. (A:
Cross-sectional plane, B: Sagittal plane, and C: Coronal plane).

Dose measurement verification

For Plan+ of ten NPC patients, the global
percentage gamma passing rates were calculated at
the setting dose difference (3%) and 3 mm distance to
agreement (DTA). The mean global gamma passing
rate was 92.1 £ 2.1%. As Figure 4 showed, for a typical
point on the patient posterior skin, the EBT3
measurement results (23.0 + 3.7 Gy) were more close
to the Plan+ calculations (23.3 + 3.4 Gy) than Plan-
results (15.3 + 2.7 Gy). The Plan-, which calculated the
dose  distributions  without including the
immobilization device into external contour,
underestimated the skin dose about 53 %.
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Figure 4. The measurements and TPS calculations point doses on posterior skin for ten NPC patients. The blue squares represent the doses EBT3 film measurement. The red
diamonds are the Plan+ (dose calculating with immobilization devices) doses and the green triangles represent the Plan- (dose calculating without immobilization devices) doses.

Discussion

Patient immobilization devices and other
treatment accessories used in radiotherapy are not
completely radio-translucent and can affect the
radiation dose during the delivery of treatment [16].
The measurement of the single fixed beam indicated
that the attenuation effect and the bolus effect could
change significantly when the radiation beam passed
through the treatment bed, polymethyl methacrylate
(PMMA) and other objects in the path of the beam.
Pulliam KB et al. found the treatment couch caused
average prescription dose losses (relative to plans that
ignored the couch) to the prostate of 4.2% and 2.0%
for IMRT with the rails out and in, respectively, and
the percentage of the target covered by the prescribed
dose dropped to 35% and 84% for IMRT (rails out and
in, respectively) [7]. Tsang et al. found the treatment
through a vacuum compressed immobilization device
(vacuum bag) increased the dose delivered to the skin
by interactions of the X-rays within the vacuum bag
material. At a 10 cm X 10 cm field the dermal skin
layer (1 mm depth) doses increased from 44% (no bag)
to 60% for a bag thickness of 2.5 cm at 6 MV X-rays
[23]. Puysseleyr et al. measured the dosimetric impact
of a prone breast immobilization device and found
that beam attenuation amounted to 7.6% (6 MV X-ray)
for beam obliquely intersecting the couch
top-baseplate  combination and 12.3% beam
attenuation for the radiation beam passed through the
support wedge. Inclusion of the immobilization
device components in the treatment planning CT
allowed TPS to accurately model the most important
attenuation effect [13].

The establishment of a virtual model (including
geometry and density information) for the treatment
couch top within the TPS is a common method used to

calculate the attenuation effect of the treatment couch
on treatment planning [6,11,12]. In this study, we
contoured the head and neck immobilization devices
into the external body contour to calculate the
immobilization device impact on the dose distribution
of NPC IMRT. The density information of the
immobilization devices showed the TPS calculation
algorithm was able to compute dose for the situation
with the immobilization devices enclosed. Due to the
attenuation of the immobilization devices, CRs and
Dmean in Plant were reduced compared to those in
Plan- (the prescription dose coverage rates of the four
targets were decreased by 1.5-9.9%, and the average
doses were decreased by 0.9-1.9%). The attenuation
effect was greater on the dose coverage rates of
PTVnd and PTV2 (-99% and -3.6%, respectively),
mainly because the two PTVs were spatially closer to
the immobilization device. Table 1 showed that the
Plan+ prescription dose coverage volumes for PTVnd
and PTV2 were less than 95%, and according to the
protocols of nasopharyngeal carcinoma IMRT
planning in our center, these plans are not suitable for
clinical treatment. Among the doses in OARs, except
the near-maximum doses for the brain stem and
spinal cord PRV had no significant difference, the
average doses of all other OARs were statistically
significantly reduced (with a maximum difference of
1.7%). Figure 2 showed a similar result; the DVH
curves of the brain stem and spinal cord did not show
significant differences between the two plans, but the
curves for each PTV exhibited a certain degree of
separation. The dose difference maps in Figure 3 also
showed that due to the presence of the head and neck
immobilization device, the dose distribution in the
patient was reduced compared to that when the
immobilization device was not considered. In
particular, the dose in the portion of the lower neck
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that is close to the head and neck immobilization
device was significantly reduced (most of which is in
the PTVnd and PTV2 areas), mainly due to the
attenuation effect of incident radiation passing
through the immobilization device.

The importance of skin dose is often overlooked
when megavoltage photon beams are used, but
clinically relevant skin toxicity due to the beam
passage through the treatment couch top has been
reported [24,25]. Archambeau et al. found that in
conventional fractionated radiotherapy (2 Gy per
fraction), a skin dose greater than 25 Gy could
produce clinically relevant skin reactions, and greater
than 45 Gy could cause dry desquamation [26]. Hoppe
et al. reported that in stereotactic body radiotherapy
(SBRT) for early non-small cell lung cancer, due to the
omission of the increased skin dose caused by the
treatment couch top and immobilization device, 38%
of patients experienced acute skin radiotoxicity, 2
patients experienced grade 3 skin toxicity, and 1
patient experienced grade 4 skin toxicity [24]. So, the
skin dose changes should be taken into account when
the treatment beams passing through the couch top
and immobilization devices. Our results in Figure 3
show that the presence of low-density polystyrene
foam between the patient's neck and the floor plate
resulted in a bolus effect of the radiation beam and a
significant increase in the dorsal neck skin dose of
approximately 8 Gy. It should be noted that
increasing the MU to correct for immobilization
device attenuation may further increase the absolute
skin dose. EBT3 film measurement results
demonstrated that the Plan+ dose distribution was
more close to the measurements. In Fig 4, for the
patient posterior skin dose, the Plan+ calculations
(23.3 £ 3.4 Gy) were more close to the measurement
(23.0 + 3.7 Gy) than Plan- calculations (15.3 + 2.7 Gy).
The Plan- dramatically underestimated the posterior
neck skin dose about 53%. Therefore, it is
recommended that the head and neck immobilization
device should be contoured within the human body
structure in nasopharyngeal carcinoma treatment
planning, and the increase in skin dose caused by the
immobilization device should be fully considered in
order to yield a better dose calculation accuracy in the
TPS.

Conclusion

In this study, we calculated and evaluated the
dosimetric effects of the head and neck
immobilization devices on the dose distributions of
multi-field IMRT for NPC. The reduction in
prescription dose coverage rate and mean dose to the
target volumes were considerable, especially to
PTVnd and PTV2. The increase in the skin dose could

be up to 53% on average. The immobilization device
should be included within external body contour to
account for the dose attenuation and skin dose
increment in the TPS calculation.
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