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ORIGINAL ARTICLE

Analysis of the dose calculation accuracy for IMRT in lung: A 2D
approach

PAVEL DVORAK, MARKUS STOCK, BERNHARD KROUPA, JOACHIM BOGNER &

DIETMAR GEORG

Division of Medical Radiation Physics, Department of Radiotherapy and Radiobiology, AKH Vienna, Medical University

Vienna, Waehringer Guertel 18-20, A-1090 Vienna, Austria

Abstract
The purpose of this study was to compare the dosimetric accuracy of IMRT plans for targets in lung with the accuracy of
standard uniform-intensity conformal radiotherapy for different dose calculation algorithms. Tests were performed utilizing
a special phantom manufactured from cork and polystyrene in order to quantify the uncertainty of two commercial TPS for
IMRT in the lung. Ionization and film measurements were performed at various measuring points/planes. Additionally,
single-beam and uniform-intensity multiple-beam tests were performed, in order to investigate deviations due to other
characteristics of IMRT. Helax-TMS V6.1(A) was tested for 6, 10 and 25 MV and BrainSCAN 5.2 for 6 MV photon beams,
respectively. Pencil beam (PB) with simple inhomogeneity correction and ‘collapsed cone’ (CC) algorithms were applied for
dose calculations. However, the latter was not incorporated during optimization hence only post-optimization recalculation
was tested. Two-dimensional dose distributions were evaluated applying the g index concept. Conformal plans showed the
same accuracy as IMRT plans. Ionization chamber measurements detected deviations of up to 5% when a PB algorithm was
used for IMRT dose calculations. Significant improvement (deviations�2%) was observed when IMRT plans were
recalculated with the CC algorithm, especially for the highest nominal energy. All g evaluations confirmed substantial
improvement with the CC algorithm in 2D. While PB dose distributions showed most discrepancies in lower (B50%) and
high (�90%) dose regions, the CC dose distributions deviated mainly in the high dose gradient (20�80%) region. The
advantages of IMRT (conformity, intra-target dose control) should be counterbalanced with possible calculation
inaccuracies for targets in the lung. Until no superior dose calculation algorithms are involved in the iterative optimization
process it should be used with great care. When only PB algorithm with simple inhomogeneity correction is used, lower
energy photon beams should be utilized.

Intensity modulated radiotherapy (IMRT) is ac-

cepted as a state-of-the-art treatment technique for

advanced photon beam therapy for head-and-neck

and prostate cancer patients. The spectrum of

typical IMRT indications is under permanent in-

vestigation and lung targets have always been a focus

for IMRT [1�3]. However, radiation therapy in the

presence of inhomogeneous tissue (lung, bone) is

associated with potential uncertainties in dose cal-

culation, which fundamentally depend on the basic

beam data used in the treatment planning system

(TPS) and on the algorithms and/or corrections

applied to account for density variations. Today,

pencil beam (PB) models that are basically a

compromise between accuracy and calculation speed

are most widely used in inverse planning (IP)

modules of TPSs.

Inherent limitation of a PB model, especially in

lung, has been the subject of numerous papers, e.g.

Knöös et al. [4] and Engelsman et al. [5]. Today, it is

a well known fact that particularly for the highest

photon energies clinically unacceptable underdosage

can be introduced when using field sizes for con-

formal treatments based on a ‘beam’s-eye-view’

technique and the PB model. Only recently were

the first studies published dealing with impacts of

inhomogeneities on IMRT. Laub et al. [6] compared

dosimetric measurements in IMRT beams, based on

compensators, with films and thermoluminescent

dosimeters (TLD) with Monte Carlo and pencil
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beam calculations in a thoracic phantom. No sig-

nificant overestimation by the PB algorithm was

found of doses inside the target or in lung. The

authors stated that the expected PB dose calculation

errors were suppressed, because the dose to the low-

density region was reduced by using a non-coplanar

beam arrangement and intensity modulation, which

resulted in improved dose conformity. These find-

ings are in contrast to the findings of Scholz et al. [7]

who compared IMRT plans based on a PB model

and a superposition algorithm for dose calculation

during optimization. They concluded that in target

regions with intricate tissue inhomogeneities, either

superposition or Monte Carlo techniques have to be

used during optimization and for the final dose

calculation of IMRT plans.

An overview of current knowledge and recom-

mendations related to the problem can be found in

AAPM Report No. 85 [8]. The principal limitations

of the PB model are an inadequate modeling of

lateral electron transport and/or modeling of situa-

tions where electron equilibrium is not established,

such as small segments used for IMRT delivery.

These limitations can lead to qualitative as well as

quantitative deviations when applying IMRT in lung

region. To the knowledge of the authors no quanti-

tative 2D data is available which deals specifically

with IMRT.

The motivation for the present study was based on

a treatment planning study published recently by our

group [9], in which substantial differences between

dose distributions calculated by the PB and the CC

algorithms were observed. The purpose of this study

was to compare the dosimetric accuracy of IMRT

with the accuracy of uniform-intensity conformal

plans for targets in the lung achievable with PB and

collapsed cone (CC) algorithms. By measuring 2D

dose distributions and applying the g criteria this can

be done in a straightforward way.

Material and methods

Phantom design

A special phantom, simulating a tumor-in-lung

treatment condition, was manufactured from cork

and solid water. The phantom is schematically

illustrated in Figure 1. The total cork layer thickness

was 12 or 14 cm, depending on experiment. A

polystyrene cylinder (5 cm diameter, 5 cm height)

was located in the center of the phantom. For

treatment planning this cylinder was defined as

clinical target volume (CTV) and a 5 mm isotropic

margin was used to construct the PTV.

Solid water plates were used to mimic thoracic

walls around the cork material. The phantom was

designed in such a way that a small ionization

chamber could be inserted into the tumor model

and in two positions on the phantom axis in the cork

slabs just above the tumor model (30 and 50 mm).

Those chamber channels that were not used for

measurements were filled with cork material. In this

study only the isocentric measuring channel was

used. A second identical tumor model was made of

two half-cylinders in order to position films in its

center.

CT images of the whole phantom were acquired

with 4 mm slice thickness. The phantom orientation

was chosen such that the rotation axis of the

cylindrical tumor model was perpendicular to cra-

nial-caudal axis.

Treatment planning systems

Two commercial TPSs were subjected to the study:

Helax-TMS Version 6.1/6.1A, (Nucletron BV,

Veenendaal, The Netherlands) and BrainSCAN

Version 5.2 (Brainlab AG, Germany). Helax-TMS

was commissioned for 6, 10 and 25 MV high energy

photon beams provided by an ELEKTA Precise

linear accelerator (Elekta Oncology Systems,

Crawley, UK) whereas BrainSCAN was limited to

6 MV beams from the same linac. While Helax-

TMS was used in conjunction with a standard MLC

(1 cm width at isocenter), the BrainSCAN system

was used in combination with an external micro-

MLC (m3, Brainlab) with variable leaf width (3�
5.5 mm at isocenter) and therefore mimics the

Novalis system (Brainlab AG, Germany). Both

TPSs apply PB models and equivalent path length

(EPL) inhomogeneity correction. Helax-TMS al-

lows for selection of a superior CC algorithm [10]

for final dose calculation.

Figure 1. Lung phantom made of cork and solid water: Axial (left) and sagittal (right) cross-sections indicating location of a cylindrical

tumor model and ionization chamber channels. Films were placed horizontally at the isocentric plane and 40 mm above and below it.

2D analysis of dose accuracy for IMRT in lung 929



On the other hand, both IP modules apply PB

models and EPL inhomogeneity corrections during

optimization. The two TPSs differ in fluence resolu-

tion which is, in one dimension, defined by leaf

width. Furthermore, they differ in the optimization

algorithm for IP and in leaf sequencing, i.e. the

quadratic difference between desired and actual dose

is used in Helax-TMS while the Dynamically

Penalized Likelihood is applied in BrainSCAN

[11]. Leaf sequencing is parameterized by mean

(BrainSCAN) or maximum (Helax-TMS) segment

numbers, and in the latter TPS also by a ‘minimum

segment area’. Two IMRT plans with similar dose

distributions can differ substantially in segment

number, segment size and shape according to

different optimization and leaf sequencing algo-

rithms. That is why leaf sequencing can affect the

dosimetric accuracy.

Ionization measurements

All ionization measurements were performed utiliz-

ing a small-volume ionization chamber (PTW type

31002, 0.125 cm3), which was cross-calibrated in a
60Co beam against a Farmer type chamber (PTW

type 31006, 0.6 cm3). The IAEA TRS-398 protocol

[12] was used for determination of the absorbed

dose.

The ionization measuring point was inside the

polystyrene tumor model, so the requested quantity

was the absorbed dose in the material of the model

and no additional correction was necessary.

Experimental setup

To enable the comparison of the dosimetric accuracy

of IMRT plans to the accepted standards of con-

formal radiotherapy, measurements with single and

conformal beams were carried out.

Single-beam arrangements. For single beam tests the

phantom was irradiated with the AP square field

(gantry angle 08) of 6.9�6.9 cm2 size. The dose

prescription was 2 Gy to the isocenter, which was

located in the center of the tumor model. Ionization

measurements were performed in the isocenter only.

Mean doses of small volumes, which corresponded

to the sensitive volume of the ionization chamber,

were calculated with the TPS (DTPS). Relative dose

distributions were measured with films stacked

between cork slabs perpendicular to the beam axis.

In total three films, one at the isocenter plane, one

40 mm above and one 40 mm below the isocenter

were positioned in the phantom. Two-dimensional

dose distributions were evaluated quantitatively by

applying the g index concept [13].

Single-beam experiments were performed for 6,

10 and 25 MV beams and respective treatment plans

were made with both TPSs applying the PB algo-

rithm with inhomogeneity correction. In addition,

Helax-TMS plans were recalculated with the CC

algorithm.

Multiple-conformal-beam arrangements. Conformal

treatment plans consisted of five coplanar beams at

gantry angles of 08, 708, 1108, 1508, 2108, with the

isocenter placed at the center of the tumor model.

Beam weights and field shapes were individually

optimized to achieve a clinically acceptable plan with

a homogenous dose distribution around the PTV

and 2 Gy delivered to the isocenter. Each treatment

plan was created with one nominal beam energy for

all beams. Yet again, calculations and measurements

were performed for 6, 10 and 25 MV with Helax-

TMS (PB and CC algorithms) and for 6 MV with

BrainSCAN (PB algorithm). Similarly to single-

beam experiments, ionization measurements were

performed in the isocenter of the lung phantom and

relative dose distributions were measured with films

in three planes.

Multiple-beam IMRT arrangements. The same beam

set-up as for multiple-conformal-beams was used for

IMRT plans. Identical experimental methods, eva-

luation parameters and treatment plan categories in

terms of beam nominal energy were used. Also TPS

and dose calculation algorithms stayed the same.

However, Helax-TMS and BrainSCAN differ in IP

algorithms, which might be reflected in dosimetric

parameters and deviations between calculations

and measurements. Helax-TMS IMRT plans were

normalized to a ‘mean CTV dose’ of 2 Gy while

BrainSCAN IMRT plans were normalized to 2 Gy at

isocenter. For both TPSs the IP strategy was to cover

the PTV ‘as close as possible’ with the 90% isodose.

‘Step-&-Shoot’ IMRT delivery was applied for both

the integrated MLC and the external micro-MLC.

Film measurements and g analysis

Film dosimetry was made with EDR-2 films

(Eastman Kodak Company, New York, US). All

films were processed using a computer controlled

film processor (KodakM35 X-Omat processor) and

digitized with the Vidar VXR-12 plus scanner (Vidar

Systems Corp, Herndon, VA) connected to a PC,

using a resolution of 0.169 mm. For the conversion

of optical density to dose, a so-called normalized

sensitometric curve was used [14] and relative dose

distributions were normalized to the isocenter dose.

930 P. Dvorak et al.



Film analysis was performed using the RIT 113

software package (Version 3.11, Radiological Ima-

ging Technology, Colorado Springs, USA). After

selecting a region of interest (ROI) and using a low

pass filter for noise reduction purposes, the resolu-

tion was reduced to 1 mm. A 1 mm grid size was also

used to compute dose distributions with each TPS.

Relative dose distributions obtained with the film

and TPS were analyzed applying the g index method

using an in-house developed software [15]. All g
calculations were based on a 3% dose and a 3 mm

DTA (distance-to-agreement) acceptance criterion.

The 3% dose difference was determined relative to

the prescribed dose (2 Gy in all experiments).

Results

Single-beam measurements

The first line of Table I shows results for single-beam

dose measurements in the isocenter. The CC

calculations at 6 MV and 10 MV did not differ

noticeably from the PB calculations.

A complete quantitative analysis of dose distribu-

tions expressed in terms of g index is given in

Table II, where the percentage area of the ROI

(10201 calc. points in total) which did not meet the

acceptance criteria, is listed. The ROI was defined

with respect to the beam axis and was identical for

rival cases, i.e. PB vs. CC, and BrainSCAN vs.

Helax-TMS 6 MV PB.

Multiple-conformal-beam measurements

The results are summarized in the second line of

Table I. The agreement for Helax-TMS CC plans

was generally within 2%. For BrainSCAN, the

largest deviation of almost 6% was obtained. In

Table I corresponding data for IMRT as well as

single-beam experiments are included.

Results of the g evaluation for multiple-conformal-

beam arrangements are presented in Table III.

Similar trends as for single beam measurements

were observed, i.e. results of PB calculation wor-

sened with increasing energy, and the best agreement

was found for the CC algorithm at the highest

energy.

Multiple-beam IMRT measurements

Similarly to multiple-conformal-beam experiments,

results of IMRT tests are expressed as percentage

differences between calculated and measured iso-

centric doses. Results are summarized in line 3 of

Table I. Deviations of PB-based treatment plans

increased with energy and smallest deviations were

obtained after recalculating optimized IMRT plans

with the CC algorithm. For the Helax-TMS system,

the CC-recalculated IMRT plans show very good

agreement with measurements for all nominal en-

ergies.

In Table IV results of the g evaluation are listed,

for comparison to multiple-conformal-beam mea-

surements see Table III. Trends observed for multi-

ple-conformal-beam arrangements are reproduced

for IM beams, i.e. there was no significant deteriora-

tion of the dosimetric performance when applying

IMRT. Figure 2a-e shows g distributions derived

from calculated and measured dose distributions

including overlaid selected isodoses.

Table I. Percentage differences between calculated and measured isocentric doses for all test geometries and all possible TPS, algorithm

(PB vs. CC) and energy combinations.

HelaxTMS-6MV HelaxTMS-10MV HelaxTMS-25MV BrainSCAN

Beam geometry PB CC PB CC PB CC PB

single-beam �3.2 �2.6 �3.7 �2.4 �5.8 �1.8 �6.0

multiple-conformal �2.2 �1.8 �2.7 �1.4 �2.9 2.1 �5.9

IMRT �2.7 �1.5 �2.5 �1.0 �5.9 �0.2 �2.8

calculated according to formula: (1�DTPS/Dmeasured)�100%.

Table II. Single-beam test. Percentage area of the ROI (10201 calc. points) which failed the 3% dose and 3 mm DTA criteria i.e. with g]1.

Data refers to three horizontal planes at different depths; for all possible TPS, algorithm (PB vs. CC) and energy combinations.

HelaxTMS-6MV HelaxTMS-10MV HelaxTMS-25MV BrainSCAN

depth rel. to the isocenter [mm] PB CC PB CC PB CC PB

�40 70.7 23.6 73.7 1.6 53.8 0.1 70.1

0 (isocenter) 54.3 3.9 62.2 1.1 64.3 0.2 59.5

�40 58.2 41.1 67.3 36.7 72.8 0.6 63.9

2D analysis of dose accuracy for IMRT in lung 931



Discussion

The main objective of the study was to investigate

the impact of dose calculation algorithms on IMRT

treatment plans in lung and to compare quantitative

results of IMRT plans with simple single-beam and

multiple-conformal-beam arrangements. Results

presented in Table I, which were based on ionization

measurements, demonstrate a risk of target under-

dosage between 3�5% when using the PB algorithm

(including EPL inhomogeneity correction) for dose

calculation.

Multiple segments used for ‘step-&-shoot’ IMRT

dose delivery can be very irregular and complex in

shape, which may influence dose calculation accu-

racy and ionization measurements. For example, one

can expect smaller deviations for single- and multi-

ple-conformal beam geometries, where a detector is

always centered in a (relatively) larger field, com-

pared to IMRT where the detector can be partly

shaded. As presented previously in our treatment

planning study [9], Helax-TMS and BrainSCAN

IMRT solutions with similar overall dose distribu-

tions can differ substantially with respect to seg-

ments per beam and total number of MU. In the

present dosimetric study, the BrainSCAN IMRT

plan was composed of 74 segments in total (for five

IM beams) whereas Helax-TMS required only 19.

The respective number of MU was larger for the

BrainSCAN IMRT plan (326 vs. 221). Besides the

high number of segments, the segments themselves

were generally much more complex in shape and

size, some of them even reaching a beamlet size

(3�4 mm2). Consequently, deviations of isocentric

ionization chamber measurements for BrainSCAN

were expected to be larger than those of Helax-

TMS. This trend was not observed and the deviation

of the BrainSCAN IMRT plan for 6 MV was almost

identical with that of the Helax-TMS IMRT plan

based on the PB calculation. Moreover, BrainSCAN

single-beam experiments showed larger deviations

compared to those of IMRT. Excellent results were

obtained for all tests including IMRT when calcula-

tions were made utilizing the CC algorithm. It can

be concluded that deviations for ionization-based

dosimetry in IMRT beams are influenced to a larger

extent by the dose calculation algorithm than by the

detector volume effects.

Nevertheless, the spatial resolution of a detector

used for commissioning can have an impact on

relative dose distribution. It is difficult to distinguish

between the influence of detector volume effects and

that of dose calculation, unless basic beam data used

in the TPS are measured with the same detector as

used for dosimetric studies. This was not the case for

the present study. A small volume ionization cham-

ber was used during commissioning and films were

used for 2D dosimetry. The detector volume effect

could explain the remaining deviations of the CC-

recalculated dose distributions at the beam edge

(Table V). In addition, state-of-the-art radiation

therapy requires dose calculation with a millimeter

resolution. That is particularly the case for micro-

MLC applications. Therefore it is reasonable to

verify dose distributions using detectors with clini-

cally relevant spatial resolution regardless of dose

calculation aspects.

Table III. Multiple-conformal-beam test. Percentage area of the ROI (29141 calc. points) which failed the 3% dose and 3 mm DTA criteria

i.e. with g]1. Data refers to three horizontal planes at different depths; for all possible TPS, algorithm (PB vs. CC) and energy

combinations.

HelaxTMS-6MV HelaxTMS-10MV HelaxTMS-25MV BrainSCAN

depth rel. to the isocenter [mm] PB CC PB CC PB CC PB

�40 25.7 36.1 23.9 11.3 45.3 7.7 7.0

0 (isocenter) 28.3 15.2 38.3 15.3 60.7 2.4 20.8

�40 28.4 1.9 34.1 5.6 46.0 0.0 14.9

Table IV. Multiple-beam IMRT test. Percentage area of the ROI (29141 calc. points) which failed the 3% dose and 3 mm DTA criteria i.e.

with g]1. Data refers to three horizontal planes at different depths; for all possible TPS, algorithm and energy combinations. (PB . . . pencil

beam; CC . . . collapsed cone).

HelaxTMS-6MV HelaxTMS-10MV HelaxTMS-25MV BrainSCAN

depth rel. to the isocenter [mm] PB CC PB CC PB CC PB

�40 14.0 13.5 16.6 11.0 40.2 5.3 10.1

0 (isocenter) 24.6 17.6 29.9 13.6 61.7 4.7 19.1

�40 24.6 7.7 28.9 6.4 47.6 1.8 12.0

932 P. Dvorak et al.



All g results showed a substantial improvement

when applying the CC algorithm. However, it is

difficult to quantify any potential clinical impact of a

deviation between measurement and calculation. A

ROI fraction with g]1 can not be directly used as

acceptance criteria unless a ROI is further specified.

In addition, g values do not indicate whether the

dose deviation is positive or negative, which further

complicates the estimation of potential clinical con-

sequences. In clinical situations the dose calculation

accuracy at distances far from the isocenter (e.g. at

positions close to an organ at risk) can be crucial.

Therefore, the ROI in the present study was chosen

‘as large as possible’ to cover most of the dose

calculation points. A more detailed investigation of g
results is presented in Table V, where five dose

bins were used to categorize deviations. While dose

distributions calculated with the PB model showed

most discrepancies in low (B50%) and high

(�90%) dose regions, for the CC based calculations

almost all deviations were observed in high

dose gradient (20�80%) regions. At relative dose

levels �90% almost no deviations with g�1 was

observed for the CC plans. This trend was also

present in single- and multiple-conformal-beam tests

(see Figure 3a-g for single beam test).

When using the CC algorithm, both ionization

and film measurement for 6 and 10 MV single-beam

tests showed better but still relatively large deviations

between measurements and dose calculation com-

pared with the multiple-beam geometries. In the g
analysis this is reflected in considerable different

results for the deepest measurement plane. This

could be probably explained by the phantom design.

Even with the CC algorithm problems can still exist

with the depth dose modeling of so many build-up

and build-down interfaces. It could be expected that

the single-beam geometry is more sensitive to this

phenomena than the multiple-beam geometry. To

the knowledge of the authors no 2D investigations

outside of the target existed and a more detailed

discussion would require investigation of the imple-

mentation of the algorithm, especially with respect to

the beam quality.

In summary, IMRT plans calculated with the PB

or the CC algorithm have the same accuracy as

conformal plans. The data showed no influence of

small segments on the accuracy. IMRT plans re-

calculated with the CC algorithm yield much better

agreement with measurements especially at higher

energies. Such recalculated plans, however, do not

necessarily fulfill the requested treatment aims

specified during optimization. In uniform-intensity

conformal therapy field sizes can be adapted inter-

actively after dose recalculation. For IMRT there is

no such option. Therefore, for IMRT in lung, dose

calculation during optimization needs to be based on

more accurate algorithms. Such gain in accuracy is

naturally compromised by increased calculation

times. An effective solution to this problem was

presented by Laub et al. [16]. They proposed to use

a PB algorithm to compute the fluence updates for a

converging sequence of Monte Carlo dose distribu-

tions; i.e. first a dose-per-unit fluence operator is

calculated with a PB algorithm and then a Monte

Carlo dose distribution is applied. On the basis of

the Monte Carlo dose distribution, the fluence was

modified during the next iterative step. In the next

step, the Monte Carlo dose distribution is updated

according to the new fluence profile, and so forth.

The method was shown to converge to the global

minimum corresponding to the Monte Carlo dose

computation.

Compared to uniform-intensity conformal radio-

therapy, for IMRT there is an increased risk of

clinical impact in case of imprecisely calculated dose

distributions and dose escalation. The advantages of

IMRT like improved conformity and intra-target

dose control should be counterbalanced with possi-

ble inaccuracies, especially when applied for targets

in the lung (e.g. connected dose escalation) and until

no superior dose calculation algorithms are involved

in the iterative optimization process. When only PB

algorithm with simple inhomogeneity correction is

used, lower energy photon beams should be utilized.

Table V. Multiple-beam IMRT tests. Percentage of calculation points with g]1 within the ROI (29141 calc. points) in the isocenter plane

for five different TPS-calculated dose bins (dTPS). Last two rows correspond to the number of points with g]1 presented in Table IV.

HelaxTMS-6MV HelaxTMS-10MV HelaxTMS-25MV BrainSCAN

isocentric plane PB CC PB CC PB CC PB

(g]1) & (0%BdTPS520%) 59.8 1.2 49.6 0 57.1 0.0 65.9

(g]1) & (20%BdTPS550%) 18.8 51.9 25.5 31.1 14.3 17.9 3.5

(g]1) & (50%BdTPS580%) 2.3 41.9 1.6 62.6 9.4 77.0 1.8

(g]1) & (80%BdTPS590%) 2.3 4.8 1.3 3.9 3.7 5.1 2

(g]1) & (90%BdTPS) 16.8 0.2 22 2.4 15.4 0 26.8

g]1 of ROI (29141) [%] 24.6 17.6 29.9 13.6 61.7 4.7 19.1

g]1 of ROI (29141) [# of pixel] 7166 5138 8708 3961 17989 1361 5555

2D analysis of dose accuracy for IMRT in lung 933



Figure 2. Coronal g distributions at the isocentric plane of the lung phantom for multiple-beam IMRT arrangement: Grey areas indicate

dose calculation points with g]1 i.e. not meeting 3% dose or 3 mm DTA criterion. g distribution is displayed on background of TPS-

calculated (dotted lines) and film-measured (solid lines) isodoses (20%, 50%, 80% and 90%). Rectangles indicate the ROI chosen for g
analysis. a) BrainSCAN 6MV PB (pencil beam); b) Helax-TMS 6MV PB; c) Helax-TMS 6MV CC (collapsed cone); d) Helax-TMS 25MV

PB; e) Helax-TMS 25MV CC.
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Figure 3. Coronal g distributions at the isocentric plane of the lung phantom for single-beam arrangement: Grey areas indicate dose

calculation points with g]1 i.e. not meeting 3% dose or 3 mm DTA criterion. g distribution is displayed on background of TPS-calculated

(dotted lines) and film-measured (solid lines) isodoses (20%, 50%, 80% and 90%). Rectangles indicate the ROI chosen for g analysis.

a) BrainSCAN 6MV PB (pencil beam); b) Helax-TMS 6MV PB; c) Helax-TMS 6MV CC (collapsed cone); d) Helax-TMS 10MV PB;

e) Helax-TMS 10MV CC; f) Helax-TMS 25MV PB; g) Helax-TMS 25MV CC.
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