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Abstract

Purposes: To design, construct and evaluate an anthropomorphic head and neck phantom for the
dosimetric evaluation of 3D-conformal radiotherapy (3D-CRT) dose planning and delivery, for protocols
developed by the Radiation Therapy Oncology Group (RTOG).

Materials and methods: An anthropomorphic head and neck phantom was designed and fabricated using
Perspex material with delineated planning target volumes (PTVs) and organs at risk (OARs) regions. The
phantom was imaged, planned and irradiated conformally by a 3D-CRT plan. Dosimetry within the phantom
was assessed using thermoluminescent dosimeters (TLDs). The reproducibility of phantoms and TLD
readings were checked by three repeated identical irradiations. Subsequent three clinical 3D-CRT plans for
nasopharyngeal patients have been verified using the phantom. Measured doses from each dosimeter were
compared with those acquired from the treatment planning system (TPS).

Results: Phantom’s measured doses were reproducible with <3-5% standard deviation between the three TLDs'
repeated measurements. Verification of three head and neck 3D-CRT patients’ plans was implemented, and
good agreement between measured values and those predicted by TPS was found. The percentage dose
difference for TLD readings matched those corresponding to the calculated dose to within 4%.

Conclusion: The good agreement between predicted and measured dose shows that the phantom is a useful
and efficient tool for 3D-CRT technique dosimetric verification.
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INTRODUCTION

Nasopharyngeal cancer (NPC) is the third most
common cancer among Malaysian men. In 2006,
there were a total of 981 NPC cases reglstered in
the Malaysian National Cancer Registry.' NPC
1s a challenging site for treatment with 1nten31ty—
modulated radiation therapy (IMRT) with the
advantage of parotid glands sparing as compared
with conventional 3D-conformal radiotherapy
technique (3D-CRT) in terms of clinical out-
come.” However, 3D-CRT is still an acceptable
treatment modality in resource-scarce commu-
nity, as it offers comparable survival rates,
locoregional control and metastasm—free survival,
as compared with IMRT.* 3D-CRT technique
relies significantly on the planner’s expertise, and
such plans require effort in manipulation to
achieve optimal dose distribution. In addition
to that, the complexity of clinical treatment
planning and treatment planning systems (TPS)
by 3D-CRT have led to the need for a
continuous quality assurance tests that can be
applied to clinical treatment planning.”

Verification of the patients plan before treat-
ment 1s the standard of radiotherapy practice.
This might achieve the validation of both data
transferred and intended dose delivered, as
computer TPS has many possibilities of dosimetric
errors between planned and delivered treatments
from the first step of the simulation process to the
execution of treatment, and it also depends on the
accuracy of the input dosimetry data using a
certain protocol. The ultimate check of the actual
dose delivered to a patient in radiotherapy can
then be achieved by dosimetric measurement.
This is perhaps the most accurate, obvious way to
check the accuracy of patient treatment and to
assess the delivered dose to critical organs or in
difficult geometries where the dose is hard to
predict from the treatment plan. Dosimetry can
also be used to monitor the dose delivery in special
treatment techniques. Therefore, there is a scope
of dosimetric study that enhances dose verification
in radiotherapy, thus providing options to mini-
mise the possible errors in dose delivery.

Phantom made up of a material approximat-
ing soft tissue is highly recommended by the
American Association of Physics in Medicine,

Radiation Therapy Committee (AAPM-RTC).
It is to be used in assessing the patient contour
accurately and verify at the same time the
(BD-CRT) techniques at both the commission-
ing and clinical stages. It should also provide a
realistic representation of the clinical site being
treated. Ideally, these phantoms should be
anatomically realistic, have radiologic properties
that are identical to the tissues concerned and
allow for a variety of measuring devices to be
used to verify dose and its distribution in a
number of key positions throughout the target
and normal tissue volumes.® An anthropo-
morphic head and neck phantom made up
of material approximating soft tissue had been
used in previous studies.”® The availabili

and the similarity of that material’s density
to the average density of tissues and bones in
the human head and neck regions must
be considered when choosing Perspex as the
material for fabricating the current phantom.

In previous literatures, a head and neck
phantom was designed with plastic shell
filled with water for dosimetric validation of
IMRT. thermoluminescent dosimeters (TLDs)
and radiochromic films were used to measure
the absolute dose and the dose distribution in two
Planning Target Volume (PTV) and Organ at risk
(OAR) areas. The insert was constructed as a
block of polystyrene-housing solid water targets
and an acrylic OAR. Only one OAR  was
considered located in one area.” Another semi-
anatomic phantom of head and neck region using
Perspex material was designed and intended
mamly for the verification of IMRT treatments
in the head and neck region.” Semnicka et al.®
also designed a dedicated glass phantom used to
investigate the possibility of implanting real bone
samples and bone substitutes into a gel sample.
Attention was paid to the head and neck
treatment verification as this location presents a
complex site with irregular surface and different
heterogeneous organs (e.g. spinal cord, vertebrae,
larynx, etc.). However, this phantom was not
involved in dosimetric verification studies. A
summary of designed head and neck phantoms is
shown in Table 1.

The goal of this study is to establish a method

for taking in-phantom measurements of organ
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Table 1. Summary of some designed head and neck phantoms’ characteristics and applications

References Phantom material Characteristics Using in dosimetry Dosimeters used OAR regions PTV
Molineu et al.  Plastic filled with Head-shaped shell  Evaluation of IMRT TLDs and radiochromic 1 Yes
(2005) water film
Webster et al.  Perspex Semi-anatomic Verification for IMRT ~ Thimble ionization None Yes
(2008) phantom for head chamber
and neck (0-125 cm®: PTW,
Freiburg, Germany)
PinPoint chamber
§ (0-015 cm®: PTW)
Semnicka. J Glass, polyacrylamide A dedicated glass  Quantifying the None None No
(2009) gel (PAG) phantom for head  absorbed dose in
and neck regions  the spine
supplied with Quantifying imaging
vertebra or its artefact by MRI
substitutes scanning
Present study  Perspex Anatomic phantom Design phantom for Thermoluminescent 8 Yes

for head and neck

3D-CRT dosimetric

dosimeters (TLDs)

verification

doses for out-of-field photon exposures, resulting
from selected typical 3D-CRT treatment plan.
The present paper details the considerations
involved in the design, construction, development
and evaluation of Perspex anthropomorphic
phantom for 3D-CRT dose delivered to the PTVs
and OARs in NPC patients’ treatment plans.

MATERIALS AND METHODS

Phantom design and development

In designing the phantom, attention was paid to
the adequate representation of dose distribution
and the standardisation of our phantom size and
contouring (Figure 1). Computed tomography
(CT) images for series of nasopharyngeal patients
using SIEMENS CT Scanner (SOMATOM
Sensation Open, Germany) were obtained and
transferred to TPS. In collaboration with a group
of physicists, the dimensions of the head and
neck regions were obtained and the average was
considered. The primary and secondary PTVs
and OARs were delineated in collaboration with
a group of medical physicists and a radiologist,
and print out of transverse sections were obtained.
By matching and contouring the images of the
printed CT scan slices on Perspex boards, 39 slices
of Perspex were cut so that when assembled they
could represent the model of a patient’s head
and neck region (Figure 2). Two perpendicular
isocentre lines on printed CT images were
determined on the Perspex for each slide to

Figure 1. Anatomical Perspex head and neck phantom for the
verification of treatment delivery.

make it easy to build according to these lines.
Eight OARs were selected, including eyes
(bilateral), parotid glands (bilateral), brain stem,
optic chiasm, larynx and spinal cord, in addition
to both sides of planning target volumes (PTV)
that included the borderline. Ninety-four holes
with the dimension of 1-5mm (width) x 8 mm
(depth) were drilled into various locations within
OAR and PTV regions in each slide for the
placement of TLDs. To avoid any influence on
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Abbreviations: TLD = Thermoluminecent Dosimeter;
PTV= planning target volumes; R= right; L=Left.

Figure 2. Perspex slices with delineated organs at risk and planning target volume boundaries.
Abbreviations: TLD, thermoluminecent dosimeter; PTTV] planning target volumes; R, right; L, left.

TLD dose because of the slightly higher density of
the TLDs (2:64g/cm’)," holes were drilled at
least 1 cm apart. A CT scan was then performed
on the fabricated phantom to acquire the
transverse images to locate the position of the
TLDs (Figure 3).

TLD calibration

Rod-shaped LiF:Mg, Ti TLDs, with dimen-
sions of 1:0mm diameter X 6:0 mm length, as
obtained from the manufacturer (Bicron, NE,
USA), were used in this study. As TLDs, as
dosimeters, can be reused hundreds of times,
annealing treatment should be done before
each irradiation. This is required especially in
medical therapy applications, where high doses
are the norm and the highest accuracy is
desired."""'? In the present study, LiF:Mg,Ti
TLDs were annealed by using a Nabertherm
oven (Nabertherm, Germany) for 1 hour at
400°C, 2 hour cooling, followed by 24 hour at
80°C."""? All TLDs were selected after a careful
initialisation procedure.'*

For TLD calibration, solid water phantom was
used to determine the percentage depth dose
(PDD), by which a correction factor was found."
As we did not wish to create holes in the solid
water phantom to place the TLDs, a number of
4mm thick slabs of Perspex were drilled with
holes on the surface with dimensions of 1:-5mm

Figure 3. Anatomial Perspex head and neck phantom during
CT scan.

(diameter) X 1-5mm  (depth) x 8mm  (length).
The slabs were inserted between the solid water
phantom (Nuclear Associates, Chicago, IL, USA)
at d,... The 6 MV photon beam was used to
irradiate the TLDs from a Siemens Mevatron
MX2 linear accelerator (Siemens Inc., USA) used
to irradiate TLDs at a nominal SSD of 100 cm
with a (10 x 10 cm?) field size. All TLD readout
was carried out by a Harshaw TLD reader model
3500 (Harshaw, USA). The reading profile was as
follows: preheat temperature of 50°C for 0 second,
acquire temperature rate 12°C/second, acquire
maximum temperature of 300°C for 33% second
and annealing temperature of 300°C for 0 second.
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For calibration purposes, a dose of 100 cGy
was delivered from 6-MV photon beam, and
a FC65-G (Wellhofer, Germany) ionisation
chamber was used. The accuracy of TLD
measurements de]%ends on the reproducibility
of the results,'>'*'® as measured by the standard
deviation of each individual calibration factor.
Six subsequent calibration cycles were carried
out to establish the individual calibration factors.

Percentage depth dose curve

A PDD curve study was conducted by exposing
the TLDs and the ion chamber at different
depths (ranging from 0 to 20cm) and 10cm
thickness as full backscatter in the Solid Water
Phantom at reference settings. The correction
factor was obtained as the ratio of M,, and M,
where M,, is the average of five ion chamber
readings at 1-5cm in a water phantom and M,
is the average of five TLD readings at the same
depth in a Perspex phantom. All ion chamber
readings were corrected for the water tempera-
ture and atmospheric pressure. For both set-ups,
Dy =100 cGy was delivered at d,,,.

Phantom’s reproducibility test

In order to check the reproducibility as a
phantom, a treatment plan was used. This plan
was generated 2Gy to at least 95% of the
primary and 1:8Gy to at least 95% of the
secondary PTVs. Less than 1% of the primary
and secondary PTVs should receive <93% of
the prescription dose. OARs have to receive
<1-5Gy, and the normal tissue should not
receive >110% of the primary PTV prescrip-
tion dose, with dose constrains according to
ROTG protocol.'"” A total of 94 TLDs were
placed in the holes within eight OAR and PTV
regions and three fractions of 6-MV X-ray beam
using two lateral fields and matched with lower
anterior neck field (Figure 4). After each
shot, TLDs were readout, annealed and then
reinserted into phantom slices.

Phantom implementation on dosimetric
verification of 3D-CRT

Three nasopharyngeal patients’ treatment plans
were chosen and carried out on the designed
phantom by matching the isocentre using TPS

Figure 4. Anatomial Perspex head and neck phantom during
3D-CRT treatment.

(ONCENTRA MAHERPLAN V3.3). The
delineation of OARs and PTVs was adjusted
to insure that TLD holes are located inside the
boundaries of OAR and PTV regions. After
loading phantom with TLDs, it was irradiated
three times for each plan. TLDs were read out
and the average measurements were considered.
Calculated point doses at corresponding points
were obtained from TPS by pencil beam
algorithm. The measured doses at each OAR
were then compared with the constraints doses,
according to Radiation Therapy Oncology
Group (RTOG 0615).""

RESULTS AND DISCUSSION

The TLD:s selected and used in dose verification
should have been tested for reproducibility and
dose response. All TLDs were calibrated in a
primary beam of 6-MV photon. However, some
measurements were taken outside the main field
where the scattered photons had lower energy
than the main energy. An energy correction
factor of 1:04 for TLD-100 measurement was
performed in the outfield."™"” However, the
energy response of TLD-100 to photon with
energy higher than 1MeV remained constant
with negligible energy dependence.'””” After
TLDs were irradiated six times, the TLDs, whose
reproducibility within 3% and sensitivity within
10%, were used in this study. In agreement with
another study, where the standard deviations of
TLD-100 reproducibility response was 3—-5% to
delivered doses ranging from 1 to 5Gy,>' the
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Figure 5. Central axis depth dose distribution for 6-M1V photon
beam at field size (10x 10am?®), SSD= 100cm, using ion
chamber in water Phantom and TLDs in Perspex Phantom.
Abbreviation: TLDs, thermoluminecent dosimeters.

TLDs displayed a linear response (R>= 0-998)
with respect to the measured doses at d,,,,, ranging
from 0-5 to 4 Gy. No energy correction factors
were used as the reproducibility of our TLDs that
had a standard deviation of <3%.

Phantom material can be a source of error
during dosimetric measurements. Therefore, a
correction factor (K grrection) for Perspex material
should be considered. In previous literature, the
correction factor at 6-MV was found about 1-:068
using TLDs and 1-063 using Monte Carlo
simulation® and it was 1-0500 % 0:0003 in this
study. This correction replaces all corrections for
sensitivity, phantom material, field size and
fading. By multiplying the absorbed dose mea-
sured by the TLDs in the Perspex phantom with
the dose correction factor, the absorbed dose to
water at the calibration depth can be obtained.
The PDD curves using TLDs in Perspex
phantom and ion chamber in water phantom
are presented in Figure 5.

To determine how well the phantom’ results
could be reproduced, treatment plan for the
phantom was designed and delivered three times
identically. Data entry and analyses were carried
out by Excel and SPSS software version 17-0
(statistical package of social sciences) (SPSS Inc.,
Chicago, IL, USA) programs. The average point-
by-point percent standard deviation between the
three TLD readings at identical settings was

300

—— TLDs reading 1
=— TLDs reading 2
—a— TLDs reading 3

40 60 80 100
TLDs number

Figure 6. TLD reading for three identical irradiations, measured
in cGy.
Abbreviation: TLDs, thermoluminecent dosimeters.

<3-5% (Figure 6). Hence, the TLD-100 in this
study 1is usable in clinical dose verification.
Furthermore, the dose discrepancies between the
average of the three TLD readings and TPS were
found to be <4% (Figure 7).

The applicability of the phantom in predicting
the doses at eight clinical organs of interest was also
studied. For three identical fractions, the average
of TLD reading at each OAR was computed and
compared with its corresponding calculated doses
as obtained from TPS uses pencil beam algorithm
(Table 2). There was a close relationship between
the average measured and calculated doses with a
mean correlation of 0-985, and standard deviations
of 3:2% and 4% at OAR and PTV regions,
respectively. In our centre, we set our acceptance
criteria as 5% at high-dose regions (PTV) and 10%
at low-dose regions (OAR) for dose verification
in a phantom with ion chambers, TLD and
MOSEFET. An important source of errors in TPS is
the dose computation of each spot to obtain the
truly optimum final dose distribution. Inaccuracies
in the spot dose distributions inevitably lead to
systematic errors in the spot weights and may even
be amplified in the optimisation.

In the anthropomorphic phantoms, there was a
small air gap between each of the slabs of the
phantom, which could not be completely elimi-
nated. This is mainly developed because of the size
differences between the holes and TLDs that was
made slightly bigger to avoid TLD’ scratching or
breaking when assembling and constructing slices
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Figure 7. Comparison of average TLD measurements (¢Gy) and 3D-CRT treatment planning calculated doses for the dose verification.

Table 2. The average of three delivered doses at different OAR regions using phantom’s plan in comparison with Radiation Therapy Oncology
Group Protocol (RTOG 0615)

Organ at risk  No. of TLDs  Dose constraints (Gy) Plan 1 (average of three shots)
M,, £ SD (cG) M, (Gy) TPS (Gy) Dose difference (%)

Optic chiasm 3 <54 Gy 85 + 32 29:75 23:625 25-93
R eye 4 <45 Gy 47 £ 26 16-45 2261 —27-24
L eye 4 <45 Gy 466 + 39 16-31 22:435 —27-30
L parotid 4 <26 Gy 188 + 4-4 65-8 71-435 —7-89
R parotid 4 <26Gy 193 + 2-4 67-55 70-98 —4-83
Brainstem 4 <54 Gy 249 £ 25 8-715 8-12 7-33
Larynx 16 <45 Gy 166 + 4-4 581 51-38 13-08
Spinal cord 13 <45 Gy 156 + 20 54-6 58-38 —6-47
PTV 70 42 =700Gy 190 + 4-0 66-5 6972 —4:62
Mean —3-56
SD (%) 17-39

Abbreviations: TLD, thermoluminecent dosimeter; TLDs, number of TLD; M,, (Gy), average measurement doses in Gy using TLD; TPS(Gy),
calculated doses using treatment planning system; R, right; L, left.

The total delivered doses at each OAR
region in comparison with the constraints doses
at critical normal structure as recommended by
Radiation Therapy Oncology Group Protocol

to build the model. These air gaps could result in
increased exposure to the TLDs owing to the
decreased amount of attenuation present and lead
to such dose discrepancies.
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Table 3. Dosimetric verification of three nasopharyngeal patients’ treatment plans (3DCRT) using head and neck phantom

Organ at No. of Dose
rissll< TLDs  constraints Plan 1 Plan 2 Plan 3
Dose Dose Dose

M., TPS difference M,, TPS difference M., TPS difference

(Gy) (Gy) (%) (Gy) (Gy) (%) (Gy) (Gy) (%)
Optic chiasm 3 <54 Gy 26:4  27-8 —5-0 35-2 383 —8-1 40-3 442 —8-8
R eye 4 <45 Gy 28-9 23-2 24-5 15-7 184 —14-7 29-2 33:5 —12-8
L eye 4 <45 Gy 16-2 22-4 —27-7 223 246 —9-3 18-4 20-4 —-9-8
L parotid 4 <26 Gy 50-2 54-1 —7:2 375 39-1 —4-1 249 273 —8-8
R parotid 4 <26 Gy 45-2  39-4 14-7 32:7 302 8-3 23-5 27-3 —13-9
Brainstem 4 <54 Gy 25-3 28-4 —10-9 25-8 292 —11-6 33:2 315 5-4
Larynx 16 <45 Gy 50-5 56-3 —10-3 54-7 53-7 1-9 47-5 53-2 —10-7
spinal cord 13 <45Gy 52-8 58-3 —9:4 53-9 568 —5-2 425 443 —4-1
PTV 70 51 =70Gy 66-1 70-4 —6-1 664 69-9 —5-0 68-8 70-5 —2'4
Mean —4-2 —5-3 -7-3
SD (%) 15-2 7:0 60

Abbreviations: TLD, thermoluminecent dosimeter; TLDs, number of TLD; M,, (Gy), average measurement doses in Gy using TLD; TPS(Gy),

calculated doses using treatment planning system; R, right; L, left.

(RTOG 0615)" are shown in Table 2. For 3D-
CRT plan, the doses were obviously above the
constraint doses in three regions: parotid gland,
larynx and the spinal cord. The functional changes
of the parotid glands depend on the radiation dose

and the irradiated volume>* an((i it could be
avoided until a dose <26 Gy.>* >

Subsequent verification of three clinical head
and neck 3D-CRT plans demonstrated the
efficacy of the phantom in making a range of
patient-specific dose measurements in regions
of dosimetric and clinical interest. Agreement
between measured values and those predicted by
the TPS system was found to be generally
accepted, with a mean error on the calculated
dose to each point of —5:6% (range: —7:3% to
—4:2%; n=3) for all regions (Table 3).

CONCLUSION

This is a new handmade design of anthropo-
morphic head and neck phantom intended for
dosimetric verification of 3D-CRT plans. It was
designed with movable slices with delineated
clinical organs and allow for the variety of
measuring devices to be used, which enable the
prediction of delivered doses at any organ of
interest. The phantom’s results have a preliminary,
proved to be a valuable tool in the development
and implementation of clinical head and neck
3D-CRT, allowing for the verification of absolute

dose in regions of clinical and dosimetric interest.
Implementation of this phantom in IMRT plan
verification would be considered in future work.
Further modifications as finishing and holding
technique will also be considered.
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