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ABSTRACT

Background. The accuracy of dose calculation by any treatment planning system for linear accelerator based
intensity modulated radiation therapy (IMRT) has always been a concern in radiotherapy. The
commissioning data taken with standard ion chamber broaden the measured beam penumbrae leads to inaccuracy in IMRT planning. To
achieve good results, aradiation detector with small volume and high spatial resolution has to be used for penumbra measurements.
Materials and methods. The penumbra measurements at several depth and field sizes were performed in water phantom and solid water
phantom with 0.13cc ionization chamber and radiographic films, respectively. The IMRT dose calculations were done with an anisotropic
analytical algorithm (AAA) using commissioning data taken with and without the use of film dosimetry. The accuracy of these calculations
was investigated from the two highly modulated test patterns constructed using Eclipse treatment planning system.

Results. The widths of 80%-20% penumbrae showed increasing trend with increase in the depth of phantom and nearly independent from
field sizes except for smaller fields. The highly modulated test patterns exhibit good agreement between the AAA-Film model calculated and
measured dose at both 10 cm and 20 cm depths. However, AAA-IC model calculated are significantly lower than measurements at local
maxima and higher than measurements atlocal minima.

Conclusions. These results clearly affirms that accurately measuring of beam penumbrae improves the accuracy of dose distributions

calculated by treatment planning system and itis important when commissioning the IMRT.

Introduction

Intensity-modulated radiation therapy (IMRT) is an advanced
conformal radiotherapy that delivers highly precise radiation doses
to the irregular shaped malignant tumors using computer-
controlled linear accelerators (1). The dose distributions in IMRT are
systematically synthesized by superimposing several nominal
uniform beam segments of different shape. The superposition
radiation beams can be done in static or dynamic way. In IMRT
planning, calculated and delivered dose depends on multileaf
collimators (MLCs) leaf characteristics, i.e., tongue and groove
design (2,3) leaf end curvature and radiation leakage through MLC
(4,5). An inaccurate calculation of the penumbra can result in cold or
hot spots between two adjacent beam segments.

Sharp beam edges with small aperture margin have clear advantages
for sparing of normal tissue (6) and the dose gradient is a limiting
factor to minimizing radiation exposure to nearby critical structures
(7.8).

A key issue in commissioning of any treatment planning system is to
confirm the accuracy of calculated dose with actual dose delivered to
the patient. One area that is fundamental to the commissioning
process is ensuring the accuracy of the standard data taken with
linear accelerator and used as input to the beam models in the IMRT
treatment planning system (9-12). Most of beam models commonly
used standard data taken with large volume ionization chambers
(0.1- 0.2 cm3) at the time of commissioning. The large size standard
detectors exhibit penumbra broadening due to high dose gradients
and lack of charge particle equilibrium. As a result detector read-out
value may deviate from the actual absorbed dose in the target
volume. The volume effects of detectors were investigated
experimentally by the measuring the penumbra widths. A high

precision measurement of beam penumbra requires a detector with
high sensitivity, high spatial resolution and practically no energy
dependence. The dosimetry of small fields have been reported for
parallel-plate chambers, TLDs, diamond detectors, plastic
scintillators, ionization chambers, MOSFET detectors, Si diodes,
radiochromic and radiographic film (13-15).

'The high spatial resolution, limited energy dependence, nearly tissue
equivalence and dynamic range of radiochromic and radiographic
films are particular attractive for dosimetric measurements in
penumbral regions (16). Different approaches have been used to test
the accuracy of dose calculated by various algorithms in treatment
planning system. Eclipse treatment planning system (Varian Medical
Systems) employs pencil beam convolution (PBC) and the
anisotropic analytic algorithm (AAA) algorithm to calculate the
radiation dose.

Inthe field axis, the results obtained from PBC model agrees well with
the measurements. However, this model exhibit large discrepancies
in the penumbral region, especially for rectangular and square-
wedged fields (17). On the other hand, AAA model based on pre-
calculated Monte Carlo simulations (18) and takes into account
electron contamination and extra focal radiation (19). Although
there has been much discussion of dosimeters for the verification of
IMRT fields there has been less attention to dosimetry in the basic
data collection stage of IMRT commissioning (9, 11). The accuracy of
PBCmodelin IMRT has been reported in literature (20).

The aim of present work is to investigate the ability of radiographic
film to measure radiation doses in the penumbral region and
accuracy of IMRT field calculated by anisotropic analytical algorithm
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(AAA) model used in the Eclipse Treatment planning system. The
beam profiles in penumbral regions were adjusted using data taken
with radiographic film. The IMRT calculation using the high-
resolution film-corrected data gave good agreement with
measurements.

Materials and methods

The present measurements were carried on a Clinac DBX linear
accelerator (Varian Medical Systems) equipped with millennium 80-
leaf MLCs for 6 MV photon beams in a water phantom (blue
phantom2, 48 cm 48 cm 41lcm) at various field sizes and depths.
Commissioning data used in treatment planning system was taken at
different depth with water proof ionization chamber (CC13, IBA
dosimetry, Germany) using Omni pro accept V7 (IBA Dosimetry
GmBH, Germany) software. Film measurements with extended dose
rate (EDR2, Kodak, Radiation Products Design, Inc.) were also
performed on a DBX linear accelerator for 6 MV photon beam in 30
30 30 cm3 solid water slab phantom SP34 (Gammex Inc. Middleton,
WI) at 100 cm source to surface distance (SSD). All the films were
placed perpendicular to the central axis, as shown in Figure 1 and
irradiated atroom temperature (22° C +2°C).

Fig.1. Experimental setup of film irradiation for penumbra
measurement in solid water phantom.

The sensitometric curve of film optical density and radiation dose
was generated from single extended dose rate (EDR 2) film exposed
with nine 6x6 cm?2 fields with radiation doses raging from 10 to 362
cGy. Irradiated films were analyzed with VIDAR film scanner (VXR-
16) and Omni pro IMRT software (IBA dosimetry, Germany) to obtain
thevalue of optical densities at various region.

The penumbra measurements were performed in cross line with
ionization chamber and film dosimetry in water phantom and solid
water phantom, respectively. The films were placed at 100 cm source-
to-surface distance at the various depths. The depths were kept as 1.4,
5, 10, 20 and 30 cm. For each depth, separate films were exposed for
square fields of 4, 6, 10, 20, 30 and 40 cm2 with 100 cGy dose. In IMRT
measurements two sets of 6 MV data were taken with ionization
chamber and radiographic films. The first set of data included depth
dose and lateral profile data gathered in a water phantom, using a
water proof ionization chamber, and referred as AAA-IC. The second
set of input data used in AAA commissioning was very similar to the
first, with the exception that the penumbral regions of the open field
profiles were adjusted to coincide with the penumbrae measured by
radiographic film. The second set of corrected data is referred AAA-
Film.

Results

The cross beam profiles and the penumbral portion of the off axis
data for the 10 x 10 cm2 open field measured with ion chamber and
radiographic film at 10 cm depth are shown in Figure 2 (a)

(b), respectively.
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Fig.2. (a) Cross profiles measured with ion chamber (IC) and
radiographic film for 10 x10 cm2 field size at 10 cm depth. Blue and
cyan color lines represent the difference between measured ion
chamber and film corrected profiles and (b) the penumbral region of
a 10x10 cm2 open field at 10 cm depth measured using IC and
radiographic film. The IC chamber data were adjusted using film data
torepresent the shape of real penumbra.

Fig.3. Variation of average penumbra broadening with (a) several
measuring depths and (b) various open field size length.

Figure 2 clearly demonstrates that measured beam profiles are in
good agreement in the square open field and exhibit large deviation
in the penumbra region. The measured penumbra widths at several
depths and field sizes in water phantom for 6 MV photon beam are
listed in Table 1. The sharpest 80%-20% penumbra of 2.91 mm was
obtained at a depth of 1.4 cm. It is clear from Table 1that the width of
penumbra calculated using film dosimetry and ionization chamber
measurements showed increasing trend with increase the depth of
the phantom. However, the dependency of the penumbra width on
field sizes only predominant for smaller fields and nearly
independent for larger field sizes. The variations of average
penumbra with depth and field size are also shown in Figure 3a and
Figure 3b, respectively.

Table 1: 80%-20% penumbra width (mm) calculated for various
beam configurations usingIC and radiographic film.

Depth |Radiation Field sizes

(cm) |detectors

4 X4 cmA 6X 6 |10X10| 2020 |30X30| 40X40
cm® | em® | em®| em® | cm®

1.4 Film 291 324 | 298 | 3.24 | 3.14 3.10
Ic 5.04 520 | 453 | 523 | 540 5.35
5 Film 3.22 329 | 326 | 3.32| 3.57 3.33
c 504 | 520 | 580 | 604 | 607 | 6.00
10 Film 3.39 4.06 | 3.95 | 450 | 5.77 3.11
c 5.60 6.00 | 647 | 7.20 | 7.776 5.98

20 Film 3.92 4.27 | 428 | 518 | 554 7.50
c 6.34 6.78 | 7.70 | 940 | 10.00 9.80

30 Film 3.95 4.79 | 498 | 6.68 | 6.60 7.90

ic
6.77 720 | 896 (11.02| 10.04 | 11.40

The dose calculation AAA algorithm used in eclipse treatment
planning system was originally developed by Ulmer et al. (21-23). The
use of exponential functions reduces boundary artifacts due to tissue
inhomogeneous factor and enables faster dose distribution
calculations. Inhomogeneities are taken into account by lateral
density scaling of the photon scatter kernel, depth dependent
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correction factors, and also a “history correction convolution,”
introduced in the depth direction to model changes of electronic
fluence conditions at interfaces. The initial photon spectrum just
below the target is taken from the Eclipse database and was pre
calculated by Monte Carlo simulation using (24). The beam is
divided into fanlines (beamlets) and the convolutions are
performed, for each beamlet comprised in the clinical beam, using
kernels and an intensity function. The final dose distribution is
obtained by a superposition of the dose contribution of each
individual beamlet. The shape of each kernel depends upon off-
axis ratio and can be constructed using the slopes of the open
beam profile through the penumbra region. For the AAA-IC and
AAA-Film algorithms, beam kernels were calculated by the Eclipse
planning system from the two data sets. A separate kernel was
calculated for each algorithm corresponding to the water depths
of 1.4, 5, 10, 20, and 30 cm. It is clearly seen from Figure 4 that the
effect of the steeper slopes of the film-corrected penumbrae in the
narrowing of the beam kernels representing the AAA-Film
algorithmrelative to the beam kernels of the AAA-IC algorithm.
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Fig.4. Pencil beam kernels calculated at different depths using (a)
IC and (b) Film-corrected data sets.

Two test patterns with a series of peaks and valleys were created
using static and dynamic intensity modulation with Eclipse
treatment planning system separately. The measurement depths
for each plan were kept at 10 cm and 20 cm, respectively. In case of
static test pattern (Figure 5a) the calculated individual dose
maxima for all six peaks were an average of 10% lower than the
measured maxima, and the calculated minima for all five valleys
were on average about 16 % higher than measurements. Similar
deviation has been noticed at 20 cm depth (Figure 5c¢).
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Fig.5. Comparison of AAA-IC and AAA-Film based static field
IMRT test patterns with measured dose in water equivalent
phantomat 10 cm [(a) and (b)] and 20 cm [(c) and (d)] depths.
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Fig.6. Comparison of AAA-IC and AAA-Film based dynamic field
IMRT test patterns with measured dose in water equivalent
phantomat 10 cm [(a) and (b)] and 20 cm [(c) and (d)] depths.

The comparison between measurements and calculations for the
AAA-Film model is shown in (Figure 5b and Figure 5d). In this case
the agreement between the AAA calculations and the measured
dose is much better and within 3 % for maxima and minima than
for the uncorrected AAA model, at both 10 and 20 cm depths.
Likewise, in case of dynamic test pattern (Figure 6a and 6c) the
calculated individual dose maxima for all six peaks were an
average of 9 % lower than the measured maxima, and the
calculated minima for all five valleys were on average about 13 %
higher than measurements. The comparison between
measurements and calculations for the AAA-Film model are also
shown in Figure 6b at 10 cm depth and Figure 6d at 20 cm depth.
Like static model, the dynamic IMRT based on AAA-Film model
show no significant differences between calculations and
measurements.

Discussion

This study shows that volume effect of ion chamber
underestimated the true dose inside the fields while
overestimating it outside the field. The measurements performed
with ionization chamber exhibit less sharp penumbra as compare
to the data taken with high spatial resolution radiographic film in
high dose gradient region. Hence, the width penumbra mainly
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depends upon measurement method rather than the algorithm
used for dose calculation in treatment planning system. Because
of the high spatial resolution of film and of the scanner, the
penumbra measured with film is close to the real penumbra of the
beam. It has been well established that penumbra width
measured with radiographic films are very close to those
measured by other high-resolution detectors such as silicon
detectors, TLD and diamond detectors (25,11,16). The present
results on penumbra measurements are in well agreement with

Volume: 2 | I

planning system will contain such errors if it used the
commissioning data taken with large volume ionization
chambers. The results presented here affirm the importance of
choosing an appropriate detector when gathering off-axis data for
IMRT commissioning.
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Galvin et al. (27) for the various linear accelerators used in
radiotherapy. The differences between measured and calculated
IMRT fields depend upon beam kernels evaluated by AAA model.
As aresult, the standard data measured with ion chamber led to
the inaccurate calculation of dose kernels than one measured

with high resolution film.

Conclusions

It is clear from present measurements that the accuracy of IMRT
dose calculations would be significantly depends upon the
resolution of the detector used in beam data collection. Main
source of discrepancies in measured and calculated IMRT data
can be attributed to detector volume effect in the commissioning
data. The detector broadened penumbrae led to the inaccurate
calculation of dose kernels in the AAA model. The error arises
from kernels derived from inaccurate penumbra measurements
could lead to inaccurate dose volume histogram (DVH)
calculations. Hence, the final doses calculated by treatment
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