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< Dosimeters used (TLD, OSL and RPL) are suitable for out-of-field dosimetry.
< Generally agreement is within 3% compared with ion chamber reference measurements.
< Peripheral doses for the same PTV can vary by a factor of 4 for various modalities.
< Results revealed that the TPS used, regularly underestimated out-of-field doses.
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a b s t r a c t

In this part of work carried out by Working Group 9 (Radiation Protection Dosimetry in Medicine) of the
European Radiation Dosimetry Group (EURADOS), water tank experiments described in this issue (Bordy
et al., in this issue) were extended to a BOMAB-like phantom. This phantom is more clinically realistic
than a water tank, sufficiently to allow the simulation of some clinical treatments. In the experiments to
be described, four types of prostate treatment were simulated: Volumetric Modulated Arc Therapy
(VMAT, 6 MV), Tomotherapy (6 MV), IMRT (6 MV and 18 MV), 5-field conformal radiotherapy (15 MV)
and 4-field conformal radiotherapy (6 MV and 18 MV). Irradiations were performed in two centres,
University Hospital of Santa Chiara, Pisa, Italy and Centre of Oncology M. Sk1odowska-Curie Memorial
Institute, Krakow, Poland. Whatever the difficulties and uncertainties in risk estimation, its foundation
lies in the knowledge of the absorbed dose to the irradiated organs. Thus the measurement of out-of-field
doses is a crucial pre-requisite for risk estimation and is the subject of the EURADOS Working Group 9.
For photon out-of-field dose measurements TLD, OSL and RPL dosimeters were used. Comparison of
dosimeters under the same irradiation conditions showed that dosimeters generally agreed to within 3%
compared with ion chamber reference measurements. Other comparisons were possible with these data.
They include a comparison of doses (beam profiles) in different positions in the BOMAB phantom,
a comparison of different treatment modalities in the two contributing clinical centres (Pisa and Krakow)
and a comparison of dose profiles resulting from the different treatment techniques and the corre-
sponding doses calculated by the treatment planning systems used to generate the treatment plans.
Finally, preliminary measurements of surface doses at selected points on the trunk of the BOMAB
phantom were made using diode detectors. Comparison of out-of-field doses for different modalities in
the two clinical centres shows that differences in out-of-field doses for the same Planning Treatment
Volume (PTV) can be even a factor of 4. For sparing adjacent organs-at-risk the best results were obtained
for IMRT. On the other hand the lowest out-of-field doses were for MLC conformal therapy.

� 2012 Published by Elsevier Ltd.

* Corresponding author. Tel.: þ385 1 4561053; fax: þ385 1 4680 098.
E-mail address: saveta@irb.hr (S. Miljani�c).
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1. Introduction

The greatest challenge for radiation therapy or any cancer
therapy is to attain the highest probability of cure with the least
morbidity. The simplest way in theory to increase this therapeutic
ratio with radiation is to encompass all cancer cells with sufficient
doses of radiation during each fraction, while simultaneously
sparing surrounding normal tissues. The induction of cancers
following radiotherapy (second cancers) has been known for many
years although the estimation of the probability of radiation
carcinogenesis is not straightforward. The overall cancer risk is
influenced by the (usually non-uniform) dose to several radiosen-
sitive organs distant from the radiotherapy target volume.
Improvements in cancer treatment have increased survival times
and thus increased incidence of second cancers may be expected in
the future. In addition, increased whole body exposure may result
from developments in radiotherapy. Startingwith two-dimensional
(2D) treatments, external radiotherapy consisted of a single beam
from one to four directions. Beam setups were usually quite simple;
plans frequently consisted of opposed lateral fields or fourfield
“boxes”. 3D conformal radiotherapy (3DCRT) is the term used to
describe the design and delivery of radiotherapy treatment plans
based on 3D image data with treatment fields individually shaped
(advanced types use multi-leaf collimators (MLCs)) to treat only the
target.

Conformal radiotherapy permits the delivery of a radical
tumour dose while limiting the dose to normal tissue structures,
thus minimising the adverse effects of treatment. As its name
implies, Intensity-Modulated Radiation Therapy (IMRT) allows
modulation of the intensity of each radiation beam, so that each
field may have one or many areas of high intensity radiation and
any number of lower intensity areas within the same field, thus
allowing for greater control of the dose distribution with the
target. In conjunction with Image-Guided Radiotherapy (IGRT) this
approach should give better clinical results, with regard to both
improved tumour control and sparing of organs-at-risk (OAR). On
the other hand, increased whole body exposure may result (IAEA,
2008; Bucci et al., 2005). In addition, a variety of novel IMRT
delivery methods have been investigated. One of these is Tomo-
therapy (or Helical Tomotherapy), in which the radiation is
delivered slice-by-slice. Tomotherapy achieves higher spatial
resolution than step-and-shoot IMRT, but requires longer delivery
time and more monitor units (MUs) during daily treatment. As the
number of MUs required for treatment delivery increases, so does
the primary beam leakage dose (Mackie et al., 1993; Mutic and
Low, 1998). Another approach, called “Volumetric Modulated Arc
Therapy” (VMAT) proposed by Otto (2008) uses a dynamic
modulated arc to deliver IMRT. The VMAT technology simulta-
neously coordinates gantry rotation, MLC motion, and dose rate
modulation, facilitating highly conformal treatment and optimal
sparing of the critical structures around the target (Pardo-Montero
and Fenwick, 2009). VMAT appreciably reduces beam-on times in
comparison with IMRT (Zhang et al., 2010). Recently there have
been a number of published papers dealing with comparison of
3DCRT, IMRT and novel forms of IMRT: VMAT and Tomotherapy
with regard to plan qualities and treatment efficiency for prostate
cancer (Aoyama et al., 2006; Palma et al., 2008; Wolff et al., 2009;
Aznar et al., 2010; Zhang et al., 2010; Tsai et al., 2011) and for other
cancer types (Bertelsen et al., 2010; Viellot et al., 2010; Lee et al.,
2011; Lu et al., in press). However, there are still insufficient
data on the comparative measurement of out-of-field doses for
these radiotherapy modalities and their influence on second
cancer risk.

In the experiments to be described, four types of prostate
treatment were simulated: VMAT, 6 MV, Tomotherapy (6 MV),

IMRT (6 MV and 18 MV), 5-field conformal radiotherapy (15 MV)
and 4-field conformal radiotherapy (6 MV and 18 MV). Irradiations
were performed in two centres, University Hospital of Santa Chiara,
Pisa, Italy and Centre of Oncology M. Sk1odowska-Curie Memorial
Institute, Krakow, Poland.

Whatever the difficulties and uncertainties in risk estimation,
its foundation indisputably lies in the knowledge of the absorbed
dose to the irradiated organs. Thus the measurement of out-of-
field (sometimes referred to as peripheral) doses is a crucial pre-
requisite for risk estimation. Prostate treatments have been
identified as a valuable benchmark for analysis by this Working
Group. The prognosis for these patients (and those undergoing
some other cancer treatments involving radiotherapy) has steadily
improved (Harrison, in this issue; this proceedings according to
CRUK, 2012). This means that an increasing number of patients
will survive for periods comparable to or greater than the latent
period (5 yearse10 years or more) for expression of a second
cancer, thus suffering a finite risk of carcinogenesis.

Dosimetry measurements were extended from water tank
experiments to a BOMAB-like phantom. This phantom is more
clinically realistic than a water tank, sufficiently to allow the
simulation of some clinical treatments as it is composed of body,
legs, arms and head sections in the form of water tanks of circular
or elliptical cross section. The reason for using the BOMAB design
was to have an intermediate phantom between a water tank and
a realistic anthropomorphivc phantom. It has the advantage of
being “body” shaped, but its elliptical cross section makes it easier
to model. Thus the results from this phantom are useful mainly for
comparison with dose calculation algorithms (not for organ dose
and risk estimates) and for comparison between dosimeters.

For photon dose measurements, thermoluminescence (TL),
optically stimulated luminescence (OSL) and radio-
photoluminescence (RPL) dosimeters were used. Dosimeters were
first irradiated under the same irradiation conditions in a water
tank and compared with ion chamber reference measurements.
Other comparisons were possible with this data. They include
a comparison of doses (beam profiles) in different positions in the
BOMAB phantom, a comparison of different treatment modalities
in the two contributing clinical centres (Pisa and Krakow) and
a comparison of dose profiles resulting from the different treatment
techniques and the corresponding doses calculated by the treat-
ment planning systems used to generate the treatment plans.
Finally, preliminary measurements of surface doses at selected
points on the trunk of the BOMAB phantomwere made using diode
detectors. The aim is to investigate the possible relationships
between surface doses and underlying doses within the phantom
and thus to explore potential practical ways in which organ and
tissue doses may be estimated when full-scale simulation is not
possible in the clinic.

2. Material and methods

2.1. Treatment features

Treatment modalities for the clinical simulation of prostate
therapy shown in Table 1 were performed mainly in two centres,
University Hospital of Santa Chiara, Pisa, Italy and Centre of
Oncology M. Sk1odowska-Curie Memorial Institute, Krakow,
Poland. Only Tomotherapy was performed in Campo di Marte
Hospital in Lucca, Italy. For 15 MV 5-field MLC and 6 MV IMRT in
Pisa, the treatment planning system (TPS) was a CMX XiO Rel.
4.40.05. For VMAT (“RapidArc” Varian implementation) a VARIAN
Eclipse External beam Planning vers. 8.6 was used and for Tomo-
therapy (HI-ART TomoTherapy), a TomoHD treatment system e

TomoDirect� Treatment Delivery Mode. For 4-field MLC and IMRT
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in Krakow, the TPS was Eclipse 8.6 (Varian). The value of monitor
units in Table 1 for Tomotherapy has a different meaning than for
the other modalities and is not actually comparable to the others.

The gantry angles were: 0, 270, 50, 90 and 310� for 5-field MLC
in Pisa; 180, 45,103, 257 and 315� for IMRT in Pisa; 0, 75, 135, 255
and 285 for IMRT in Krakow and 0, 90,180, and 270� for 4-field MLC
in Krakow. Reference beams (single 10 � 10 cm2

fields) were used
in Pisa (6 MV) and Krakow facilities (6 and 18 MV).

More details about treatments modalities are given in the paper
by d’Errico et al. (in this issue).

All results in this paper are given for a dose of 2 Gy at the iso-
centre which is a commonly used fraction in radiation therapy.

2.2. BOMAB like phantom

The BOttle MAnnikin ABsorber phantom was developed by
Bush (1949) and has since been accepted in North America as the
industry standard (ANSI, 1995) for calibrating whole body counting
systems. A variation of this phantom was developed at the
University of Pisa for this work (d’Errico et al., in this issue). It
consists of a human trunk approximated by an ellipsoid, with
cylinders representing the head, arms and legs. The phantom was
constructed from Poly(methyl methacrylate) (PMMA), contains
PMMA channels (pipes) to hold dosimeters, and is water-filled. It is
sufficiently realistic to allow the simulation of some clinical treat-
ments. The BOMAB phantom trunk is shown schematically in Fig. 1.
Doses were measured in the BOMAB phantom over an axial

distance of approximately 50 cm, at positions along five pipes, one
on the longitudinal axis of the phantom and the remaining four
adjacent and parallel. Rod elements 5 cm long with recesses for
dosimeters were placed in the pipes. In the figure, the position of
the planning treatment volume (PTV) is indicated (Only for OSL
dosimeters distances between dosimeters were shorter in the PTV
region). A BOMAB CT scan and simulated organs are shown in Fig. 2.
We should emphasise some limitations of the “organ” dose concept
using BOMAB phantom. These organs (“prostate”, “bladder”,
“rectum”) will receive scatter from the PMMA “lungs” whereas in
reality we might expect these doses to be lower because of the
decreased scatter from real lung. Also, positions and dimensions
representing the rectum and bladder in the rods are only an
approximation of the real organs. The organs’ positions and
dimensions were exactly the same in Pisa and Krakow irradiations
but it was not possible to have exactly the same treatments plans. In
Fig. 5 from the paper of Harrison (in this issue), the BOMAB
phantom is shown as used for out-of-field dose measurements in
a simulation of a prostate treatment.

2.3. Dosimetry methods used for photon dose measurements

Photon dosimetry methods applied in this work were thermo-
luminescence (TL), radiophotoluminescence (RPL) and optically
stimulated luminescence (OSL). The basic principles of the
methods, their characteristics, methods of their calibration and use
were described in the paper by Kne�zevi�c et al. (in this issue). Some
data about these dosimetry methods relevant to the present work
are also shown in Table 2. The following points are noteworthy:

(i) The dimensions and shape of dosimeters can influence their
angular dependence. Special attention should be given for
positions close to the target edge when a very sharp dose
gradient exists.

(ii) Another important property is energy dependence of dosim-
eters. Dosimeters were calibrated in 60Co field in terms of
“absorbed dose to water” according to the procedure
described in IAEA TRS 398 (2000). In the out-of-field region of
the water tank exposed to endpoint energies of 6e20 MV
there is a large contribution of scatter components with
energies less than 0.2MeV (Bordy et al., in this issue) for which

Fig. 1. Schematic diagram of the BOMAB phantom. A sagittal section through the central pipe (pipe 1) is shown. All dimensions are given in mm, length (D) is 600 mm, the planning
treatment volume (PTV) is 45 mm.

Table 1
Modalities of clinical simulation of prostate therapy.

Pisa MU/ Krakow MU/

Varian Clinac 2100 C 2 Gy Varian Clinac 2300 CD 2 Gy

6 MV single 10 � 10 cm2

field (ref)
251 6 MV single 10 � 10 cm2

field (ref)
240

15 MV single 10 � 10 cm2

field (ref)
218 18 MV single 10 � 10 cm2

field (ref)
199

15 MV 5-field MLC 266 6 MV 4-field MLC 277
6 MV IMRT 432 18 MV 4-field MLC 218
6 MV VMAT (RapidArc) 481 6 MV IMRT 466

18 MV IMRT 350
6 MV Tomotherapy 2495
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energy dependence of dosimeters could be different from that
of water depending on the effective atomic number of the
dosimeter material. It is well known that OSL dosimeter
material and RPL glass overestimate dose in that energy range.
For OSL, the response was corrected for spectra at different
depths in water (Bordy et al., in this issue) whereas RPL type
GD-352 M used in this work has a built-in Sn energy
compensation filter. For both types of LiF:Mg, Ti TLDs used it
was estimated that there is no need for applying any energy
correction.

(iii) For endpoint energies greater than about 8 MV, there are dose
contributions from fast neutrons from (g, n) reactions in high-
Z materials in the treatment head and the neutron sensitivity
of photon dosimeters should be considered. The relative tissue
kerma sensitivity, ku, is defined as the ratio of the measured
response of the dosimeter material to neutrons (hn Kn,d) to the
measured response to 60Co gamma radiation (hs Ks,d) relative
to the tissue kerma for neutrons (Kn,t) and gamma radiation
(Ks,t) respectively (ICRU, 1984; Gibson, 1986):

ku ¼ ��
hnKn;d

��
Kn;t

����
hsKs;d

��
Ks;t

��
(1)

The neutron sensitivity depends not only on the composition of
the detector material itself and on the cross sections of their
constituents to different neutron spectra but also on the
surrounding media. For irradiations in the BOMAB phantom, recoil
protons from PMMA containing 8% hydrogen could be absorbed in
dosimeters giving an increment of dose originating from neutron
interactions in PMMA.

According to the manufacturer, the OSL detectors are insensitive
to neutrons. Although there are data in the literature about
responses of OSL to heavy charged particles (Sawakushi et al., 2008)
these responses could be neglected due to low neutron dose
component as discussed later.

For TLD-700 (7LiF:Mg, Ti) it was found that relative neutron
sensitivity, ku, varies with neutron energies ranging from about 4%
for PueBe neutrons (Krpan et al., 2008) to 7.5% for neutrons of
14.5 MeV (Miljani�c et al., 2007). Concerning thermal neutrons,
despite the fact that TLD-700 contains only a small amount of 6LiF
(w0.007% inmass) in the enriched 7LiF, due to high cross section for
the 6Li (n,a)3He reaction, response to the thermal neutrons cannot
be neglected. The ratio of kerma factors of TLD-700 to tissue
approximation for thermal neutrons is around 7 (ICRU, 1984) and
the mean relative response, ku, of 5.3 � 3.4 was calculated from the
seven cited papers (Gibson, 1986). This is a reason why special
attention should be given to the response of TLD-700 to gamma
radiation in the presence of thermal neutrons (Liu et al., 2001). Kry
et al. (2005a) stated that in the energy range of neutrons around
medical accelerators, TLD-700 is largely unresponsive to neutrons,
detecting only about 1% of the neutron dose. Because the out-of-
field neutron dose is typically of the order of 10% of the out-of-
field photon dose, the neutron dose contribution produces only
a 0.1% error in a measurement of photon dose under the conditions
described in this paper. In their experiment neutron dose equiva-
lent was determined by measuring the neutron fluence with acti-
vation foils and moderators. Thermal neutron fluence was
measured using a bare gold foil suspended at the centre of the room
(Kry et al., 2005a). They also concluded that the thermal neutrons

Table 2
Dosimetry methods used for photon dose measurements.

Institution Dosimeter

Type Dimensions (mm) Energy dependence Relative neutron sensitivity,
ku (Equation (1))

Commissariat à l’Énergie Atomique
(CEA), Saclay

Optically stimulated
luminescence (OSL)

Adapter: 10 � 10 � 2 Corrected for spectra in
different depths in
water phantom

Insensitive (according to manufacturer)
Disc: 4 5 � 1

Institute of Nuclear Physics (IFJ), Krakow Thermoluminescence
(TLD), type MTS-7
(7LiF:Mg, Ti)

4 4.5 � 0.9 Not corrected The same as for TLD-700

RuCer Bo�skovi�c Institute (RBI), Zagreb Radiophotoluminescence
(RPL), type GD-352 M

Holder: 4 4.3 � 14.5 Build-in Sn energy
compensation filter

Thermal: 4.3 � 0.1a

PueBe: 0.032 � 0.005aRod: 4 1.5 � 12
14.5 MeV: 0.041 � 0.005a

RuCer Bo�skovi�c Institute (RBI), Zagreb Thermoluminescence
(TLD), type TLD-700
(7LiF:Mg, Ti)

4 4.5 � 0.9 Not corrected Thermal: 5.3 � 3.4b

PueBe: 0.041 � 0.007c

14.5 MeV: 0.075 � 0.003d

a Miljani�c et al., 2008 (RPL type SC-1).
b Gibson, 1986.
c Krpan et al., 2008.
d Miljani�c et al., 2007.

Fig. 2. BOMAB CT scan and simulated organs.
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contribute less than 1% to the dose equivalent to the patient and in
their work of dose calculations using a Monte Carlo model they
included only those neutrons with energy greater than 0.6 eV (Kry
et al., 2007). On the other hand, the results obtained by Vanhavere
et al. (2004) showed that the thermal neutron component of the
neutron dose increases from around 5% at 0 cm depth to around
40% at 10 cm depth in phantom but the total neutron doses
decrease rapidly with the depth in phantom (contrary to the free-
in-air situation). The calculation of photoneutron dose in soft
tissue phantom irradiated by 25 MV X-ray was also performed by
Agosteo et al. (1993). The default energy cuts of the code were
considered for the transported particles, i.e. 1 keV and thermal
energy for photons and neutrons, respectively. The maximum total
photoneutron absorbed dose of 37 mGy/(X-ray therapy Gy) was
found in the target volume of the four-field box irradiation
phantom (Agosteo et al., 1993). This result would also give the
negligible response of TLD-700 despite its high thermal neutron
response in comparison to tissue.

For RPL, relative neutron sensitivity determined for type SC-1 is
somewhat less than for TLD-700 as shown in Table 2 (according to
Miljani�c et al., 2008). The sensitivity of MTS-7 (7LiF:Mg, Ti) should
be very similar to that of TLD-700 (Kne�zevi�c et al., in this issue).

2.4. Surface dose measurements

For surface dose measurements in University Hospital of Santa
Chiara, Pisa, 8 diodes, QED (p-type silicon) blue detectors, produced
by Sun Nuclear Corporationwere used. Dimensions of the detectors
were 0.8 � 0.8 cm2, the sensitivity 32 nC/Gy, and the thickness of
build-upmaterial of 1.03 g/cm2. Detectors were calibrated in a 6MV
beam (at a field size of 15 � 15 cm2) in terms of absorbed dose to
water by comparison with an ionisation chamber. During the irra-
diations, 4 diodes were placed on the anterior surface of the
phantom trunk at distances of 10, 20 30 and 40 cm from the
transverse plane passing through the isocentre and 4 others were at
the right lateral side of the trunk at distances 10, 20 30 and 40 cm
from the same plane. Due to relatively low diodes sensitivities, they
were irradiated in two consecutive irradiations of BOMAB filled
with dosimeters for certain modalities.

3. Results

3.1. Comparison of dosimetry systems

Prior to irradiations at reference clinical linac, dosimeters were
calibrated in standard calibration conditions at 60Co source as
described in IAEATRS 398 (2000). Then, dosimeters were compared
in a reference clinical linac (Saturn 43) beam in awater tank at CEA-
LIST/LNE LNHB, Saclay. Radiation qualities of 6, 12 and 20 MV were

used. The reference calibration point in the water phantom was at
a depth of 10 cm in water, on the central axis of the beam, field size
was 10 � 10 cm2. Doses were measured in the water tank over an
axial distance of approximately 50 cm, at positions along a pipe (the
beam axis was at 13.5 cm distance from the phantom inner wall).

Comparison of TLDs and RPL with a reference ionisation
chamber (IC) is shown in Fig. 3 for all three radiation qualities. The
mean ratios with standard deviations for doses in the out-of-field
region in the range from 1.5 to 150 mGy were within 3%: (i)
6 MV: TLD/IC ¼ 0.982 � 0.027; RPL/IC ¼ 0.976 � 0.034, (ii) 12 MV:
TLD/IC ¼ 0.997 � 0.025; RPL/IC ¼ 1.029 � 0.025, (iii) 20 MV: TLD/
IC ¼ 0.999 � 0.046; RPL/IC ¼ 1.027 � 0.041. For 6 MV irradiations,
TLD-100 (natLiF:Mg, Ti) from RBI was used instead of TLD-700. More
details about irradiations and results at reference clinical linac are
presented in the paper by Bordy et al. (in this issue).

In clinical irradiations in the BOMAB phantom the following
dosimeters were used for dose distribution measurements: (i) Pisa:
in all modalities (6 MV 1-field, 15 MV 5-field MLC, 6 MV IMRT, 6 MV
VMAT and 6 MV tomotherapy) TLD MTS-7 and RPL were used. OSL
was used in 15 MV 5-field MLC; (ii) Krakow: in all modalities (6 MV
1-field,18MV 1-field, 6MV and 18MV 4-fieldMLC, 6MV and 18MV
IMRT) TLD MTS-7 was used, RPL and TLD-700 were used in 18 MV
1-field, 6 MV and 18 MV IMRT. OSL was used in 18 MV 4-field MLC.
Results of the dosimeters comparison are shown for modalities
where 3 types of dosimeters were irradiated: in Fig. 4 for 1-field
10 � 10 cm2 in Krakow and 5-field MLC in Pisa, in Fig. 5 for 6 MV
and 18 MV IMRT in Krakow. Doses are given for central “prostate”
pipe (pipe 1). Variation of doses in the out-of-field region (above
1mGy)was larger than in awater tank in the reference clinical linac
beam: Standard deviations of groups of three dosimeters in all 5
pipes per modality were: 7%, 10%, 6% and 9% for 18 MV “reference”
field (Krakow), 15 MV 5-field MLC (Pisa), 6 MV and 18 MV IMRT
(Krakow), respectively.

3.2. Comparison of doses in different positions (pipes) in the
phantom

Dose distribution measurements with OSL CEA dosimeters in 5
pipes are shown in Fig. 6: a) left: 5-field MLC, 15 MV, Pisa and b)
right: 4-field MLC, 18 MV, Krakow. Pipe 1 corresponds to “prostate”
and pipes 4 and 5 to “bladder” and “rectum”, respectively. Pipes 2
and 3 are adjacent to the “prostate” pipe at the coronal plane. For
irradiations by 5-field MLC, 15 MV in Pisa, the dose to “bladder” is
38.5% and in “rectum” 24.1% of that measured in “prostate”. For
irradiations by 4-field MLC, 18 MV, Krakow doses in “bladder” and
“rectum” are 52,9% and 53,0% respectively of the “prostate” dose.
Although doses in the treatment volumes for “prostate”, “bladder”
and “rectum” differ significantly, differences in out-of-field doses in
different pipes do not show large differences.

Fig. 3. Comparison of dosimeters in a reference clinical linac beam in a water tank at CEA-LIST/LNE LNHB, Saclay. IONO refers to ionisation chamber measurements.
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3.3. Comparison of different treatment modalities

Comparison of out-of-field doses for different treatment
modalities is shown in Fig. 7, a) for irradiations in Pisa and b) for
irradiations in Krakow. Results are given for the central (prostate)
pipe, for irradiations in Pisa mean values of RPL and TLD IFJ were
used and for irradiations in Krakow results were obtained with TLD
IFJ dosimeters. Without 1-field irradiations, the results show that
the ratio of maximum (Tomotherapy) to minimum (15 MV 5-field
MLC) doses ranging from 2.4 to 3.8 in Pisa and from 1.6 to 2.4
(the highest for 6 MV IMRT and the lowest for 18 MV 4-field MLC).
For IMRT modalities there is a pronounced “hump” at about 20 cm
distance from the isocentre origin from the head leakage (Ruben
et al., 2011). The same effect is also visible for MLC but less
pronounced. Generally, the lowest peripheral doses were obtained
for MLC conformal therapy although comparing 18 MV IMRT and
18 MV 4-field MLC in Krakow, one can see that DMLC/DIMRT > 1 for
distances less than 15 cm from the field edge andDMLC/DIMRT< 1 for
distances above 15 cm from the field edge.

From Fig. 7 b), irradiations in Krakow, the influence of energy for
the same treatment modality is indicated. In all cases as energy

increases, the peripheral dose decreases giving D6MV/D18MV: 1.3e
2.2 for IMRT, D6MV/D18MV: 1.1e1.8 for 4-field MLC and D6MV/
D18MV: 1.1e1.3 for 1-field 10 � 10 cm2. The equivalent results were
obtained in water tank in Saclay (Bordy et al., in this issue).

The results of peripheral dose measurements are also shown in
Table 3. Mean values of doses in 5 pipes (mGy per 2 Gy at
isocentre� 1 standard deviation in percent) for differentmodalities
and for 4 distances from the field edge (isocentre) are shown. These
values represent variations within slices along the longitudinal axis
and also differences in out-of-field doses for different modalities.
For the calculation, the mean values of 1e3 dosimeters of particular
type for a given modality are used (see 3.1).

Comparison of the results in two centres for the same irradiation
modalities is interesting. Two examples are shown in Fig. 8: a) for
6 MV 1-field 10 � 10 cm2 and b) for 6 MV IMRT. The differences in
peripheral doses in two centres, as expected, are small for reference
1-field 10� 10 cm2 with DKrakow/DPisa in the range 0.9e1.1 (without
the furthest point or 0.9e1.2 taking the furthest point into account).
For IMRT, differences were larger, DKrakow/DPisa: 1.4e1.8 (taking into
account the furthest point: 1.4e2.2). The results are in agreement
with the differences in treatment planning given in Fig. 9.

3.4. Comparison of TPS and dosimeters

Dose profiles from different treatment plans in Pisa and Krakow
are given in Fig. 9. Distance (in cm) is given from the inner face of
the posterior transverse surface of the trunk.

It is clear that the shape of the TP curves corresponds to the
results of peripheral doses measured with dosimeters, but gener-
ally dosimeters show larger doses then the TPS as distance from
isocentre increases. Dose distributions by TPS are given for
distances up to about 15 cm from the isocentre. Beyond this
distance, dosimeters show much larger doses than could be pre-
dicted by the TPS as shown for example in Fig. 10, where compar-
ison of TPS and dosimeters for 15 MV 5-fields MLC - Pisa and 18 MV
4-fields MLCe Krakow is given. Results are for “prostate”, “bladder”
and “rectum” axes. The ratios of dosimeters and TPS values in the
part of the curve closer to the field edge shown in Table 4 are in the
range 1.15e2.25. The estimation of the sparing of adjacent sensitive
organs from PTV dose data is shown in Fig. 11. Maximum doses for
“bladder” (pipe 4) and “rectum” (pipe 5) as the percentage of TP
dose for “prostate” (pipe 1) are given for modalities in Pisa (P) and
Krakow (K). Generally doses in rectum pipe are lower than in
bladder pipe, with exception of 4-field MLC in Krakow as shown in
Fig. 6 and also for IMRT in Pisa. The reasons are in the beam angles
applied which give the same doses in the rectum and bladder for 4-
field MLC and higher doses for the rectum in case of IMRT in Pisa.
The best results for sparing bladder and rectum are obtained for
IMRT in both hospitals and for 5-field MLC in Pisa.

3.5. Surface e depth dose results

In Pisa, surface doses were measured for 5-field MLC, IMRT and
VMAT modalities. The measured doses were compared with
underlying doses within the phantom. It was assumed that mean
slab dose is an adequate approximation to organ dose within the
slab. The mean slab doses (with corresponding SD) for the different
distances from the field edge are shown in Table 3. The results for
mean pipe dose or mean surface versus distance were fitted using
equation:

4 ¼ k0 þ k1e
�aD0 þ k2e

�bD0 þ k3e
�cD0

(2)

where 4(D’) is mean surface or mean pipe dose and
D0 is distance from the isocentre.

Fig. 4. Comparison of dosimeters irradiated in a BOMAB phantom by 18 MV 1-field
10 � 10 cm2 (Krakow) and 15 MV 5-field MLC (Pisa).

Fig. 5. Comparison of dosimeters irradiated in a BOMAB phantom by 6 and 18 MV 5-
field IMRT (Krakow).
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Ratios of fitted mean pipe dose and mean surface dose for three
different modalities are shown in Fig. 12 revealed quite different
relationships for MLC, IMRT and VMAT.

4. Discussion

4.1. Comparison of dosimetry systems

The comparison of RPL and TL dosimeters under the same
irradiation conditions in a water tank showed that dosimeters
generally agreed to within 3% in out-of-field region compared with
ion chamber reference measurements in reference clinical linac
beam. For OSL, dosimeter response was corrected for spectra at
different depths in water (Bordy et al., in this issue). Variation of
dosimeter measurements in BOMAB-like phantoms for different
modalities was larger, standard deviations ranging from 6 to 10%.
The possible reason is due to the changing gantry angles during the
irradiations that could influence the angular dependence of
dosimeters that was not the case in 1-field irradiation under
reference conditions. For RPL of the same glass dimensions as in our
work, Son et al. (2011) showed that the variation of sensitivity at an
angle of 0� was almost 9% lower in comparison to 90� for a 6 MV
photon beam. For nanoDot OSL dosimeters (5 mm diameter disk,
0.2 mm thick) when irradiated with the incident photons beam
parallel to the plane of the dosimeter, nanoDot response was 4%
lower at 6 MV and 3% lower at 18 MV than the response when

irradiated with the incident beam normal to the plane of dosimeter
(Kerns et al., 2011). For LiF, no data on angular dependence could be
found in the literature for dosimeters with dimensions used in
these experiments. Neutron contribution to the dose absorbed in
dosimeters could be another source of uncertainty, but according to
previous published data sensitivity to neutron absorbed dose
probably could be neglected.When comparing different dosimeters
types at differentmodalities of irradiation in Figs. 5 and 6 (and in all
other irradiations) one can see that there are no systematic devi-
ations between dosimeters which suggests that energy depen-
dence of dosimeters is well compensated (in case of RPL) well
corrected (in case of OSL) and can be neglected for LiF based TLDs.
In this investigation, the uncertainty in the mean dose decreases
when the number of dosimeters of various types (and hence
independent measurements) increases.

4.2. Components of out-of-field doses and their characteristics for
different modalities

The new advances in imaging, treatment planning and delivery
are providing radiation oncologists with the ability to conform dose
closely to the target (tumour) volumewhile minimizing the dose to
organs at risk. However, this transition from 2DRT to 3DCRT and/or
IMRT has resulted in clear changes to the dose distribution that
previous clinical experience and second malignancy studies are
based on. The review by Purdy (2008) shows that in general there is

Fig. 6. Dose distribution measurements with OSL CEA dosimeters in 5 pipes; left: 5-field MLC, 15 MV, Pisa and right: 4-field MLC, 18 MV, Krakow.

Fig. 7. Comparison of out-field-doses for different treatment modalities: a) irradiations in Pisa and b) irradiations in Krakow.
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an increase in dose to the patient’s target volume that includes the
tumour and a limited amount of normal tissue, and an overall
reduction in the volume of normal tissue receiving a high dose.
However, particularly in the case of IMRT/IGRT, there is a larger
volume of normal tissue that is irradiated to low radiation doses.
Also compared to 2DRT and 3DCRT, IMRT requires a significantly
larger number of monitor units (MUs) to deliver a comparable
prescribed dose, which results in an increase in the whole body
dose as a result of leakage and scattered radiation. Thus, there is
some potential that this era of conformal therapy may actually
result in an increased rate of secondary malignancy (Hall and Wuu,
2003). Dose deposited in a patient or phantom by X rays consists of
primary and secondary components. Primary dose is delivered by
unscattered photons and is confined to the treatment field. Kase
et al. (1983) investigated the secondary radiation and their
components for 3DCRT.They showed that radiation outside the
treatment field arises from scatter generated by the patient
(internal scatter), machine (collimator) scatter, and from leakage
through the machine’s shielding and collimators. They found that
internal scatter can be described by a simple exponential function
of distance from the central axis for all energies and field sizes.
Machine scatter contributes 20e40% of total scattered dose
depending on machine, field size and distance from the field.
Leakage radiation contributes very little dose, but becomes
dominant component at the distances beyond 60 cm from the
central axis.

Ruben et al. (2011) investigated differences in scatter and
leakage between 6 MV IMRT and 3DCRT to describe the relative
contribution of internal patient scatter, collimator scatter and head
leakage. They found that IMRT results in higher total dose to the
patient than does 3DCRT. This increase is small in absolute terms
and reductions in internal patient scatter with IMRT are out-
weighed by increased machine scatter and leakage, at least for
small fields. Reductions from IMRT in dose to tissues from internal
scatter, which predominates close to the field edge, means that
calculations based solely on dose to distant tissues may over-
estimated carcinogenic risks. The relative contributions of different
components of scatter and leakage are likely to vary with field size,
beam energy, MU requirements of IMRT, and depth of measure-
ments. Under conditions tested by Ruben et al. (2011) total machine
scatter contributed 65% of secondary dose for IMRT but only 30% for
3DCRT. It important to point out that collimator scatter and head
leakage are also dependent on linear accelerator and collimator
design. Chofor et al. (2010) pointed out that any changes in beam
head design, possibly capable of reducing the peripheral doses in
photon therapy, have become amatter of great interest (Hall, 2006).
The fraction due to body/phantom scatter is largely unavoidable and
slightly depends on photon energy and two other contributions, are
technically modifiable and therefore avoidable.

Numerous authors have measured out-of-field doses in several
phantom designs, including water tanks and similar simple
geometrical phantoms, and anthropomorphivc phantoms. In an
extensive review on the peripheral doses occurring in external
photon-beam treatment Xu et al. (2008) reported 23 studies that
considered out-of-field dose from IMRT including Tomotherapy.
They summarised some out-of-field measurements for contempo-
rary radiotherapy techniques. Outside the treatment volume at
a given distance from the isocentre, out-of-field doses can vary by
an order of magnitude or more, depending upon the treatment
technique simulated and the linear accelerator employed. However,
the methods used to derive peripheral doses differed from one
author to another, making it difficult to assess the variability in
peripheral dose caused by geometry of the specific linac. Joosten
et al. (2011) performed measurements at five different linacs and
they found that peripheral doses could differ up to a factor 9 for
small fields (5 � 5 cm2) and up to a factor of 10 for wedged fields.

In our work, the organs’ positions and dimensions were exactly
the same in both Pisa and Krakow irradiations and the main goal
was to compare different modalities for the same irradiation
conditions in Pisa and Krakow for the same type of linac.

The results of comparison MLC 6 MV and IMRT 6 MV (Fig. 7 and
Table 4, Krakow) show that out-of-field doses for IMRT are lower

Table 3
Mean values of doses in 5 pipes (mGy per fraction of 2 Gy at isocentre � standard
deviation in percent) for different modalities and for different distances from the
field edge (isocentre).

Distance from the
field edge (isocentre)
(cm)

5-Field MLC IMRT VMAT Tomotherapy

15 MV 6 MV 6 MV 6 MV

Pisa
9.6 (11.85) 5.68 � 36.3% 10.88 � 6.5% 12.57 � 5.6% 17.41 � 6.7%
19.6 (21.85) 1.55 � 13.6% 4.12 � 19.7% 3.09 � 0.89% 3.88 � 4.0%
29.6 (31.85) 0.45 � 2.6% 1.02 � 7.7% 1.12 � 4.0% 1.46 � 6.7%
39.6 (41.85) 0.27 � 12.8% 0.61 � 6.6% 0.66 � 6.3% 0.94 � 3.8%

Distance from the
field edge (isocentre)
(cm)

4-field MLC 4-field MLC IMRT IMRT

6 MV 18 MV 6 MV 18 MV

Krakow
9.6 (11,85) 13.96 � 5.1% 7.64 � 6.1% 15.21 � 5.6% 8.04 � 3.8%
19.6 (21.85) 4.07 � 15.1% 3.11 � 21.3% 6.94 � 12.6% 5.73 � 13.6%
29.6 (31.85) 1.14 � 5.7% 0.90 � 8.9% 1.76 � 1.9% 1.36 � 3.7%
39.6 (41.85) 0.67 � 2.7% 0.57 � 5.6% 1.07 � 2.9% 0.76 � 17.5%

Fig. 8. Comparison of peripheral doses for the same irradiation conditions in Pisa and Krakow, for 6 MV 1-field and 6 MV IMRT.
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than that of MLC only at the distances closer to field edge (4.6 cm),
they are almost the same up to 14.6 cm and after become higher for
IMRT showing characteristic “bump” with maximum at about
19.6 cm. For further distances IMRT give about 50% higher doses
than MLC (for doses higher than about 1 mGy). Ruben et al. (2011)
also found a prominent spike in the machine scatter (largely from
leakage) over a distance of 5 cm, beginning approximately 15 cm
away from the edge of the field. They considered it a product of the
treatment head geometry, namely, leakage radiation penetrating
through the Y-yaw of the secondary collimator before passing
through a gap between the lateral edge of the MLC and the primary
collimator.

The comparison of the same modalities with different energies
(MLC 6 MV and 18 MV; IMRT 6 MV and 18 MV) in Krakow irradi-
ations (Fig. 7, Tables 3 and 4) shows that the peripheral photon
doses are always significantly lower for higher energies. A similar
finding was seen in the reference clinical linac (Saturn 43) beam in
a water tank for radiation qualities of 6, 12 and 20 MV. It was found
that when energy increases, water scatter decreases, collimator
scatter slightly increase, leakage increases and the combined result
is that total peripheral doses decrease as the energy increase (Bordy
et al., in this issue). The lower photon peripheral doses from 18 MV
in comparison with 6 MV photon beams equipped with MLC were
obtained by Stern (1999) and Mazonakis et al. (2008). Despite the

Fig. 9. Dose profiles on PTV pipe axis (pipe 1).

Fig. 10. Comparison of TPS and dosimeters for 15 MV 5-fields MLC - Pisa and 18 MV 4-fields MLC e Krakow e results are given for prostate, bladder and rectum axes. Q4
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fact that peripheral doses decrease when energy increases, there is
a further controversy about the optimal energy at which to conduct
IMRT (Followill et al., 2007). While high-energy therapy may offer
steeper dose gradients around the planning target volume and
increased skin-sparing (Followill et al., 2007), it may also lead to an
increased risk of secondary malignancy due to the presence of
neutrons for energies above 8 MV (Kry et al., 2005b). Kry et al.
(2005a) measured out-of-field doses for 6, 10, 15 and 18 MV
IMRT. They found large differences in peripheral doses between
Siemens and Varian accelerators; peripheral doses were lower, but
not significantly, as energy increased. In a recently published paper,
Kry et al. (2009) evaluated photon and neutron out-of-field dose
equivalents for 6 and 18 MV IMRT using Monte Carlo studies, and
showed that there are no significant differences in second cancer
risk between them. Taking into account neutron dose components,
Howell et al. (2006) calculated effective dose for 6, 15 and 18 MV
IMRT and found that 6 MV resulted in the lowest effective dose,
while 18 MV resulted in highest effective dose.

The comparison of different modalities for irradiations in Pisa in
Krakow irradiations (Fig. 7, Tables 3 and 4) shows that the highest
peripheral doses were measured for Tomotherapy and somewhat
less (but significantly higher than for IMRT) for VMAT.

For Tomotherapy, the beam on time needed to deliver a given
prescribed dose can be up to 15 times longer than that needed
using conventional treatment delivery. Because of that there is
concern that this technique has the potential to increase the whole

body dose due to increased scatter and leakage as found by Mutic
and Low (1998), Wiezorek et al. (2009) and in our work, but
despite that Ramsey et al. (2006) found the peripheral doses equal
to or less than the published peripheral doses for IMRT delivery in
most clinical RT applications, explaining their results by Tomo-
therapy delivery system designed to maximize the shielding for
radiation leakage.

For VMAT modalities there are no published data on peripheral
doses so far.

4.3. Characteristics of TPS calculations for different modalities and
comparison with dosimeter measurements

The objective of delivering a therapeutic dose to a well-defined
target while minimizing the dose to the surrounding normal tissue
and critical organs requires optimization of conformity of the
prescription dose to the planning target volume (PTV), dose
homogeneity within the PTV, and dose to the surrounding normal
tissue and critical organs. The priority of the treatment plan is to
apply the maximum dose to the tumour based on constraints of
surroundings organs at risk. These dose constraints are based on
clinical experience and aim at minimizing side effects (normal
tissue complications). Organs at risk identified for prostate cancer
are bladder and rectum. Lowering the dose to these organs is an
important part of the treatment planning process.

Table 4
Comparison of doses measured by dosemeters and from treatment planning for different modalities per 2 Gy at isocentre. Doses measured in Krakow using MLCs were
measured with TLD IFJ and for all other modalities are mean values of RPL and TLD IFJ.

Distance from the
field edge
(isocentre) (cm)

5-Field MLC 15 MV IMRT 6 MV VMAT 6 MV Tomotherapy 6 MV

Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS

Pisa
4.60 (6.85) 31.91 14.20 2.25 42.44 25.10 1.69 44.88 39.00 1.15 76.52 50.53 1.51
9.60(11.85) 7.82 / / 12.13 / / 13.79 10.20 1.35 19.48 / /

Distance from the
field edge
(isocentre) (cm)

4-field MLC 6 MV 4-field MLC 18 MV IMRT 6 MV IMRT 18 MV

Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS Dmeas

(mGy)
TPS
(mGy)

Dmeas/TPS

Krakow
4.60 (6.85) 59.33 47.65 1.25 35.59 24.80 1.44 56.83 44.60 1.27 30.24 19.70 1.54
9.60(11.85) 15.10 13.10 1.15 8.42 5.68 1.48 16.48 / / 8.38 / /

Fig. 11. Maximum doses for bladder (pipe 4) and rectum (pipe 5) as a percentage of
PTV dose for prostate (pipe 1) given for modalities in Pisa (P) and Krakow (K).

Fig. 12. Ratios of mean pipe dose and mean surface dose related to the distance from
the isocentre for 5-field MLC, 6 MV VMAT and 6 MV IMRT.
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Recently there have been a number of published papers dealing
with comparison of 3DCRT, IMRT and novel forms of IMRT: VMAT
and Tomotherapy with regard to plan qualities and treatment
efficiency for prostate cancer (Aoyama et al., 2006; Palma et al.,
2008; Wolff et al., 2009; Aznar et al., 2010; Zhang et al., 2010;
Tsai et al., 2011) and for other cancer types (Bertelsen et al., 2010;
Viellot et al., 2010; Lee et al., 2011; Lu et al., in press).

Aoyama et al. (2006) (for 5 patients) found an advantage of
Tomotherapy over conventional IMRT and 3DCRT for localized
prostate cancer in regard to dose sparing of rectal wall and penile
bulb with a slight decrease in integral dose received by normal
tissue (NTID) in comparison with 6 MV 3DCRT. Palma et al. (2008)
(for 5 patients) found that variable dose rate VMAT resulted in
a more favourable dose distribution than for IMRT and constant
dose rate VMAT techniques, and reduced the MUs required
compared with IMRT. Wolff et al. (2009) (for 9 patients) concluded
that all new techniques yield treatment plans of improved quality
compared to 3DCRT, with serial tomotherapy providing best OAR
sparing and VMAT being most efficient treatment option in their
comparison. Plans which were calculated with 3DCRT provided
good target coverage but resulted in higher doses to the rectum.
Aznar et al. (2010) (for 47 patients) compared RapidArc (RA) (Var-
ian VMAT) with 5-field IMRT; RA results in improved sparing of
rectum, however, at the expense of an increase in dose to the
femoral heads in prostate patients. The treatment time is signifi-
cantly reduced from RA (from 4.9 minwith IMRT to 1.1 min for RA).
Zhang et al. (2010) (for 11 patients) found that VMAT can reduce
beam on time by up to 55% while maintaining dosimetric quality
and is comparable to that of a standard IMRT approach. Tsai et al.
(2011) (for 12 patients) found that VMAT and step-and-shoot
IMRT have comparable dosimetry, but treatment efficiency is
significantly higher for VMAT than for IMRT and Helical Tomo-
therapy (HT). HT spares more rectal volume and has better
conformity, but requires the highest number of MUs. Although it
requires fewer MUs than HT, step-and-shoot IMRT is the least
favourable of the 3 techniques in rectal sparing.

Bertelsen et al. (2010) (for 25 patients) for head and neck cancer
found that target coverage in the IMRT and VMAT plans were very
similar. VMAT plans had equivalent or better target coverage and
sparing of OARs than IMRT, while both delivery time and MUs were
decreased. Viellot et al. (2010) showed that for 10 patients with anal
canal cancer RapidArc was able to deliver an equivalent treatment
plan to IMRT in terms of PTV coverage. It provided a better organ at
risk sparing and significant reduction of MU and treatment plan per
fraction. Lee et al. (2011) (18 patients with nasopharyngeal carci-
noma, NPC) using SmartArc, dual arc VMAT produced plans with
similar target coverage, as well as sparing OARs with 7field-IMRT.
Themajordifference betweenVMATand IMRT for a sequentialmode
in treating NPC appears to be improved efficiency, resulting in
a faster delivery time and the use of fewerMU. Results of Lu et al. (in
press) (12 patients with NPC) indicate that VMAT provides better
sparing of normal tissue, homogeneity, a conformity than IMRT, and
the same characteristics but shorter delivery time than HT.

In all the above papers it was claimed that the novel forms of
IMRT (VMAT and Tomotherapy) show better treatment efficiency
and usually better sparing of OARs. The most pronounced quality of
VMAT is much lower MU and delivery time in comparison with
conventional IMRT. In this work we compare treatment planning
systems for different modalities and from two centres and their
results compare with the results of dosimeters’ measurements.
Dose profiles for the planning target volumes for prostate in Fig. 9
show that out-of-field doses are quite different for different
modalities and their order from the highest to the lowest values is
the same as with dosimetry measurements shown in Fig. 7.
Differences in dosimetry results in Fig. 8 between 6MV IMRT in two

centres can also be attributed to differences in TPS applied in two
centres.

In Fig. 10, comparison of dosimeter readings with the TPS for
OARs, bladder and rectum is shown for 3DCRT MLC for Pisa and
Krakow irradiation. Dosimeters show larger values than TPS in all
cases. Howell et al. (2010a) also determined that Eclipse TPS
underestimated doses outside the treatment field by an average of
40% for a clinical treatment delivered on a Varian Clinac 2100. In
Table 4, comparison of doses measured by dosimeters and from the
TPS for different modalities per 2 Gy at isocentre is shown for
distances for which comparison was possible by TPS (for further
distances results for TPS are not possible). At a distance of 4.6 cm
from the field edge, the ratios of doses measured by dosimeters and
that from TPS vary from 1.15 up to 2.25. Accordingly out-of-field
doses from TPSs should only be used with a clear understanding
of the accuracy of dose calculations outside the treatment field.
Whereas in-field radiation doses can be accurately and rapidly
calculated using commercially available treatment planning
systems, these TPSs do not, however, accurately model doses
outside the treatment field, nor are they designed for such calcu-
lations. Studies that require accurate out-of-field should use other
dose reconstruction methods, such as measurements or simulated
phantom calculations. Measurements in phantoms are accurate
over a broad range of doses and closely reproduce the irradiation of
a patient. Radiation dose measurements in anthropomorphivc
phantoms are consider the “gold standard” in peripheral dose
assessment and have frequently been used to determine peripheral
organ doses in studies of radiation-induced late effects from photon
radiotherapy (Howell et al., 2010b). In this study, a BOMAB like
phantom was used which enables easier dose measurements with
close approximation of clinical situations.

The estimation of the sparing of adjacent sensitive organs from
PTV data shown in Fig. 11 are also in agreement with the shapes of
the PTV curves in Fig. 9. These results contrary to the majority of
above cited papers show the better results of bladder and rectum
sparing for conventional IMRT techniques, than for Tomotherapy
and VMAT. As a conclusion it is important to point out the impor-
tance of investigation and measurement of out-of-field doses
especially for the new RT modalities.

4.4. Surface dose measurements

One possible technique for dose and risk estimates is to make
surface dose measurements. The main idea is to relate surface
measurements to underlying mean slab dose, then to validate
relationships with BOMAB and anthropomorphivc phantom
measurements. The assumption is that the mean slab dose may be
taken to be an adequate approximation to organ dose within the
slab. Particularly at large distances from the target, where doses
due to leakage and collimator scatter exceed those due to patient
scatter, the circular symmetry of dose delivery will tend to reduce
the variation of doses at points within an axial slab. In Table 3 the
mean slab doses were calculated for certain distances from the field
edge. The ratios of mean pipe (slab) doses and mean surface doses
for different distances (Fig. 12) show quite different shapes for
different modalities. These preliminary results need further
investigation using diodes and/or passive dosimeters for surface
dose measurements.

5. Conclusions

Dosimetricmethods used in this study (TLD, OSL and RPL) can be
used for out-of-field dosimetry. All show good uniformity, good
reproducibility, and can be used down to low doses expected at
distances remote from the subsequent radiotherapy target volume.
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Comparison of TLD, OSL and RPL dosimeters under the same irra-
diation conditions showed that dosimeters generally agreed to
within 3% compared with ion chamber reference measurements.
Dosimetry measurements were performed in a BOMAB-like
phantom. This phantom is more clinically realistic than a water
tank, sufficiently to allow the simulationof some clinical treatments.

Comparison of out-of-field doses for different modalities in two
RT centres shows that differences in out-of-field doses for the same
PTV can even be a factor of 4. For sparing adjacent organs-at-risk
the best results for IMRT were obtained. On the other hand, the
lowest out-of-field doses were for MLC conformal therapy. Further
investigations are needed especially since results revealed the fact
that the TPS used, regularly underestimated out-of-field doses.
Special attention should be given to the surface dose measure-
ments as these suggest possibilities for direct dose determination
during RT treatment on patients.
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