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Abstract

Intensity modulated radiotherapy (IMRT) allows dose distributions which adequately consider organs at risk
(OAR) and dose homogeneity to the target volume. This is practically reached by conforming the beam profiles
to the shape of the planning target volume (PTV), by shaping the fluence with multileaf collimators (MLC) or
compensators. Though compensator production is time consuming and seems less convenient than the use of
MLC, compensators offer much easier quality assurance. In this study the effects of certain simplifications of
compensator production were studied. Compensators were produced and ionization chamber measurements in
a water phantom and film measurements in a solid phantom were performed to verify the compensators. The re-
sults of the measurements were compared to the fluence distributions given by the planning system. The measu-
rements were meant to show how realistic the investigated simplifications were, and to reveal a suitable and re-
liable testing method for compensators. Monte-Carlo calculations employing the EGS 4 Code were further
performed to support the measurements.
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Zusammenfassung

Mit Hilfe der intensititsmodulierten Strahlentherapie (IMRT) ist es moglich, Dosisverteilungen zu erzeugen, in
denen Risikoorgane (OAR) sowie eine homogene Dosis im Zielvolumen adiquat beriicksichtigt werden. Prak-
tisch wird dies dadurch erreicht, daf die Strahlquerschnitte mittels Multi-Leaf-Kollimatoren (MLC) oder Kom-
pensatoren an die Form des Planungszielvolumens (PTV) angepafit werden. Obwohl die Herstellung von Kom-
pensatoren zeitaufwendig ist und unbequemer erscheint als der Einsatz von MLC, ist hier durch die Moaglichkeit
einer wesentlich einfacheren Qualititskontrolle ein entscheidender Vorteil gegeben. In dieser Arbeit wurde un-
tersucht, welche Effekte bestimmte Vereinfachungen wihrend der Kompensatorherstellung haben. Kompensa-
toren wurden angefertigt und mit ihnen zu Verifikationszwecken Messungen in verschiedenen Phantomen durch-
gefiihrt. Anschlieffend wurden die Mefergebnisse mit den vom Planungssystem berechneten Fluenzverteilungen
verglichen. Die Messungen sollten zeigen, wie realistisch bestimmte Vereinfachungen sind und eine praktikable,
zuverlissige Methode fiir die Qualitéitskonirolle von Kompensatoren liefern. Zur Untermauerung der Messun-
gen wurden ferner Monte-Carlo-Berechnungen mit dem EGS 4-Code durchgefiihrt.

Schliisselworter: Kompensatoren, IMRT, Qualititssicherung

Introduction

Intensity modulated radiotherapy (IMRT) using external pho-
ton beams is a new and very promising technique since it al-
lows dose escalation and sparing of organs at risk (OAR) [12,
14]. This becomes possible because not only the beam outli-
nes are tailored to the shape of the planning target volume

(PTV), but also the fluence distributions across the fields are
optimized. Such a 3D conformity of the irradiated volume is
especially desirable if OAR are located in the immediate
neighborhood of the target volume, as it is e. g. the case for
tumors in the thorax.

Two main methods exist to realize intensity modulation of
external beams: one is to use multileaf collimators (MLC) for
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beam shaping, the other to install compensators in the paths
of the beams [6, 12]. The latter ones are blocks made of a high-
ly absorbing material with varying thickness according to the
fluence distributions of the respective fields. While MLC al-
low a very elegant intensity modulation performance both in
a static (Step-&-Shoot) and dynamic technique (AMLC), qua-
lity assurance for MLC is simply a nightmare. Compensators,
on the other side, are, particularly with regard to their pro-
duction, less convenient since this process is time consuming.
However, compensators offer a much easier quality assurance
which is their great advantage. A high accuracy when fluence
profiles are realized is naturally one of the main requirements
for IMRT treatment success, and this question of accuracy
can be answered much easier for compensators than for MLC
[5,6,12, 141].

In this study the effects of certain simplifications during
compensator production on measured dose distributions were
investigated and compared to the original fluence distributi-
ons given by a treatment planning system. In addition to that,
for all measurements also Monte-Carlo simulations were per-
formed and compared with the results of the measurements
and the calculations of the planning system. It was tried to
find a method for efficient compensator testing and to find
out how important such testing is. In connection with the per-
formance of the measurements a method had to be found to
calculate the monitor units (MU) from the given fluence va-
lues because standard methods for open fields cannot be used
in the case of compensator modulation. The compensators
used in this study belonged to a typical IMRT plan for photon
radiotherapy of a target volume in the thorax. IMRT planning
was done with a commercially available treatment planning
system [13].

Materials and Methods

Sample Treatment Plan and Fluence Distribution Calcu-
lation with KonRad

For this study the inversely calculated fluence profiles of a ty-
pical IMRT treatment plan of a medium sized target volume
in the thorax of an Alderson-Rando phantom were taken as
basis. IMRT planning was done by means of the commerci-
ally available planning system KonRad (MRC Systems, Hei-
delberg).

For the KonRad calculations it is prerequisite first to spe-
cify certain volumes as OAR as well as to specify the number
and directions of the treatment beams. In the present sample
case the two lungs, the heart and the spinal cord were consi-
dered as OAR and for the performance of the treatment five
non-coplanar beams with hand-optimized directions were
chosen [7]. Based on this information, KonRad calculates the
fluence and dose distributions by iteratively optimizing a
physical target function [2, 13] — the final results are given as
fluence matrices.
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Figure 1 Transversal view of the thorax of the Alderson-
Rando phantom with the target volumes and the OAR outlin-
ed. Additionally shown are the directions (by gantry angle
and table rotation angle) and fluence distributions of the tre-
atment beams and for one field the beam’s-eye-view.

In Figure 1 a transversal slice of the thorax of the Alderson-
Rando phantom is presented in which the target volumes and
the OAR for the present case are outlined. The directions of
the five beams are sketched and specified by gantry angle and
rotation angle of the table around the isocenter. For all five
fields the fluence distributions perpendicular to the central
beam axes resulting from the calculations of the planning
system are plotted and also for one of the five fields in addi-
tion to that the beam’s-eye-view. For the fluence matrices
(9 *9 mm? pixel size) gray scale representation is used.

Experimental Verification

To generate the fluence profiles of the KonRad plan five com-
pensators were produced from MCP 96. Blocks with a square
base of 16 * 16 cm? and thickness 6 cm were cast, a CNC mill-
ing machine was then used for milling the modulation profi-
les into the blocks. This large block thickness was needed to
realize the steep fluence gradients calculated by the planning
system. Since the planning system writes out fluence values
for square pixels, all profiles were milled in line. However,
because of the malleability of MCP 96 and the thickness of
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the blocks a pre-drilling of the profiles was necessary. Re-
maining webs of MCP 96 between the lines after milling were
removed manually. The production process per compensator
took about 2 hours time.

The depths of the holes were calculated from the fluence
matrices employing the exponential attenuation law for pho-
ton beams. A constant attenuation coefficient p=0.43cm’!
was assumed which, however, holds for monoenergetic
6 MeV photons only. This means that the photon energy spec-
trum was neglected which was the first simplification made
in the production process. The thickness of 6 cm solid MCP
96 results in a transmission of 7.5 %. Besides the neglect of
the spectral energy distribution our approach included addi-
tional approximations: beam hardening as well as beam di-
vergence and photon scattering inside of the compensator
were also neglected.

For stability reasons all compensators were produced with
a remaining thickness of 0.5cm MCP 96 at their thinnest
spots. The compensators were mounted on satellite plates
which allowed to install them reproducibly into the beam
path. When installed, the distance between focus and middle
of each compensator was 64.2 cm. The idea when producing
the non-focussing compensators was that the holes should
have the same diameter they would have at 64.2 cm focus di-
stance if they were produced focussed. For a spatial resolu-
tion of 9mm in 100 cm focus distance this would have result-
ed in a theoretical diameter of the holes of 5.778 mm. Since
common drills with 6 mm diameter were used, this discre-
pancy was corrected during measurement performance by
scaling the focus-isocenter distance by a factor of 6/5.778.

All measurements were performed at an Elekta SL20 li-
near accelerator with 6 MV photons. Measurements were
done in a water phantom (MP3, PTW-Freiburg) aligned par-
allel to the axes of the accelerator room coordinate system
using a diamond detector (Type 60003, PTW-Freiburg) as
field chamber and a flexible thimble chamber (Type 31002,
PTW-Freiburg) as reference chamber. The diamond detector
was chosen because of its excellent spatial resolution of
0.32 mm along its symmetry axis. The dependence of its res-
ponse on the dose rate was corrected [8], stable response was
achieved by pre-irradiating the detector before each measure-
ment. Employing the light field and plain x- and y-profiles as
well as depth dose curves the center of the sensitive volume
of the diamond detector was positioned with an uncertainty of
0.1 mm which allowed a precise correlation between the mea-
suring spot of the detector and its position.

For the verification of the compensators only measure-
ments along the direction of the highest spatial resolution of
the diamond detector were taken into account. Profile measure-
ments were performed with 0° gantry angle and field size
15*15cm?. The dose profiles were acquired in dose maxi-
mum depth d,,,,, measured in 1 mm steps, the offset between
adjacent profiles being 2 mm. For interesting profiles repeat-
ed scanning was done in 50 mm, 100 mm, and 200 mm depth
with the same step size. Check measurements between each

compensator assured that evaporation of water or tilting of
the phantom had no effect. All measuring procedures took
place computer-controlled by the evaluation software of the
MP3 (Mephysto Version 6.30, PTW-Freiburg).

As a second phantom for the verification of the compensa-
tors a homogeneous solid ,white” polystyrene phantom
(trade name: RW3) consisting of 30 * 30 cm? slabs was em-
ployed; RW3 is water-equivalent for high energy photons [4].
To record two-dimensionally the dose deposited in this phan-
tom CEA TVS EP films (CEA America Corporation) were
used. This film was chosen because of its small intra- and in-
ter-film sensitivity fluctuations, the vanishing energy depen-
dence of its gradation curve, and because the optical density
of this film proved to be linear with dose over a much wider
range than is the case for other verification films [3].

First calibration measurements were performed. For that
purpose CEA TVS EP films were positioned at the central
beam axis in 9.7 cm RW3 depth (Source Skin Distance SSD =
100 cm, 10* 10 cm? field size) and exposed in 5 MU intervals
from 5 to 80 MU. The films were developed with a PROTEC
machine (Type 1105, PROTEC Medizintechnik) which assur-
ed constant conditions during the developing procedure and
afterwards digitized using a Vidar VXR-12 Scanner (Vidar
Systems Corporation). Also non-irradiated films were scann-
ed. The films were then analyzed with help of the Medical
Imaging Software OSIRIS (University Hospital of Geneva)
[1]. For each film the gray values of the nine pixels centered
around the isocenter were averaged and their mean value was
assumed as the gray value that results when CEA TVS EP
films are irradiated with a certain number of MU. This num-
ber of pixels which corresponds to an area of approximately
1.2*1.2mm? was chosen for averaging because it is large
enough to average out smaller fluctuations in film sensitivity
while it is at the same time small enough to avoid influence
on the gray values originating from the central depression ef-
fect. In addition, an ionization chamber (Type 23331, PTW-
Freiburg) was inserted into the RW3 phantom and this arran-
gement was irradiated under the same conditions as the films.
By that it was possible to make an absolute dose calibration.
A regression analysis was used for obtaining the film calibra-
tion curve.

For the compensator quality control measurements per-
formed with films the following setup was used: for each
compensator a film was positioned perpendicular to the cen-
tral beam axis between 9.2 cm RW3 backscattering material
and 13 mm RW?3 build-up material which approximates to the
dose maximum depth d,,, in water for 6 MV photons [4]. It
was taken care that equal pressure was exerted on the whole
film to avoid air gaps between film and neighboring slabs [3].
For all measurements focus-film distance was 100 cm, gantry
angle 0° and field size 15* 15cm? in analogy to the water
phantom measurements. Before the irradiation of the modu-
lated fields could take place, the number of MU had to be
estimated. This number when irradiated should as completely
as possible exploit the linear part of the film gradation curve
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without the dose exceeding the linear dose-response of the
film. By means of the central beam tables for open static
fields it was assumed as a first approximation that for com-
pensators 135 MU yield a dose of 2.0Gy in 13mm RW3
depth and 100 cm focus distance. This number of MU was
corrected by the isocenter transmission for each field to ac-
count for the absorption by the compensators.

Dose Distribution Calculation with EGS 4

For the numerical validation of both the KonRad calculated
and the experimentally realized fluence profiles Monte-Carlo
simulations employing the EGS 4 code were performed [11].
This algorithm that is wide-spread in the area of Medical
Physics was implemented in our institute into the 3D-treat-
ment planning system VOXELPLAN (DKFZ-Heidelberg).

The Monte-Carlo simulations for this work were perform-
ed in a half-infinite homogeneous water phantom with voxels
of 2.732 * 2,732 * 10 mm? size and were based on a simple ac-
celerator head model for 6 MV photons [10, 9]. About 200
million events were simulated per field which resulted in a
calculation time of about 20h per field on a DEC Alpha
533 MHz. The KonRad fluence profiles were considered by
assuming the number of particles coming from the accelera-
tor head and travelling in 64.2cm focus distance through
square pixels of a plane perpendicular to the central beam
axis to be proportional to the fluence values in these picture
elements. For the calculations this meant infinitely thin com-
pensators which, certainly, was a simplification. Therefore ef-
fects like scattering inside the compensators or beam harden-
ing could not be considered. Further, the KonRad fluence
profiles were also slightly modified: to account for the non-
vanishing transmission of radiation through the compensators
in areas where they have maximum thickness it was assumed
that the relative fluence at each single point inside of the field
borders was at least 7. 5%. For all calculations a field size of
15* 15 cm? was applied.

Results and Discussion
Calibration Curve of the CEA TVS EP Film

For the CEA TVS EP film a nearly linear dose response was
found up to doses of 0.4 Gy (Figure 2). For higher dose va-
lues saturation behavior was observed due to the limited 12-
bit resolution of the scanner and due to film overexposure.
The result is somewhat in contradiction to the observations
made by [3].

For the performance of the film quality assurance measure-
ments in this study this result meant that the upper limit dose
D, that should be deposited in the films was to be chosen be-
low 0.4Gy. We chose D,,,,= 0.35Gy with the intention to
avoid any possible errors if our model for calculating the MU
would prove to be non-satisfactory. Non-linear regression
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Figure2 Calibration curve of the CEA TVS EP film (GV
Gray Value).

analysis of the measured gray and dose values yielded the fol-
lowing expression for the film calibration curve

GV (D)=12990.2 D> — 10150.3 D + 3936.0.

The equation is valid for 0<D<0.35 with GV as the 12-bit
gray value that belongs to a certain dose D (ID] =Gy). The
slope of the calibration curve is negative since the maximum
gray value (4095) characterizes the white, i.e. unirradiated pi-
xels while the other gray values down to the minimum value
(0 = black) characterize irradiated film pixels. The resolution
coefficient of the regression analysis proved to be R?=0.999
and shows that the gray values are sufficiently described by
this cubic equation. In the dose range suited for measure-
ments the gray values showed a standard deviation of £50 GV
resulting in a dose uncertainty of +3 %.

Verification of the Compensators

For all five compensators measurements were performed
with two aims: one was to verify the model according to
which the compensators were produced, the other was simply
to verify production. The measured dose distributions were
therefore compared with the fluence distributions given by
the planning system and the dose distributions resulting from
the Monte-Carlo simulations for each field. Although dose
and fluence distributions are two different entities, one may
take the comparison as a clue for further statements on com-
pensator quality.

In Figure 3 the results of diamond detector (top) and film
measurement (middle) for field/compensator 1 as well as the
EGS 4 calculated dose distribution (bottom) for this field are
presented. All plots shown are contour plots with the 10 %,
20%, ... isodose lines as contours. Each distribution is nor-
malized to its isocenter (x, y = 0mm) value. The mere quali-
tative comparison of these dose distributions with the appro-
priate fluence distribution (s. Figure 1) already yields that the
fluence distribution could in fact and at least in its main parts
be generated by the compensator. Especially striking when
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Figure 3 Field 1. Relative dose distributions resulting from

diamond detector measurement (top), film measurement
(middle) and EGS 4 calculation (bottom).

comparing measured dose and fluence are only the discrepan-
cies in low intensity regions. These discrepancies can be at-
tributed to the fact that the planning system assumed that ra-
diation transmission through the compensator vanishes in
areas where this has its maximum thickness. These discre-
pancies can also be demonstrated between the measured and
the EGS 4 dose distribution which, apart from that, corre-
spond qualitatively very well. Although for all Monte-Carlo
simulations inside the field borders a radiation transmission
through the compensator of at least 7.5 % was allowed for,
the real transmission was substantially higher. This was caus-
ed by the fact that the compensators were cast and not made
of massive blocks. Casted blocks have a large number of
small air cavities which lowers the absorption and therefore
causes increased base transmission.

To make quantitative statements easier it is better to pick
out single profiles from the relative distributions to compare
these with each other. Figure 4 shows the dose profiles for
field 1 measured with diamond detector and film in dp,
along the line y = 0 mm — both profiles derived from the two-
dimensional distributions. It also shows the result of the EGS 4
dose calculation along the same line and the KonRad fluence
distribution. Further, the difference curves resulting from the
EGS 4 calculation and the diamond detector measurement
and from EGS 4 and the film measurement are plotted. As be-
fore, x = 0 mm corresponds to the isocenter. As could be pre-
sumed from Figure 3 it is by and large possible to verify the
measured profiles on the fluence distribution of the field if
one takes into account the uncertainties when performing the
measurements (inaccuracies in detector positioning, film ca-
libration curve uncertainties, ...) and the inaccuracies when
manufacturing the compensators (remaining MCP 96 webs,
non-focussing production, ...). However, there are also some
larger discrepancies. These occur in high intensity regions
and near steep dose gradients: the measured profiles as well
as the EGS 4 dose profile are smeared compared to the Kon-
Rad fluence profile. This smearing is caused by scattering in-
side the compensator and inside water and RW3, respectively.
The fact that scattering inside the compensator was also not
taken into account in the Monte-Carlo calculations explains
to some extent the slight differences (<3 %) between the ex-
perimentally determined distributions and the MonteCarlo
profile in high intensity regions. Scattering in the compensa-
tor should therefore be part of EGS 4 for future simulations.
Another reason for the discrepancies between the results of
the measurements and the EGS 4 result is the finite size of the
voxels in which dose values were averaged. From Figure4
one can extract the minimum radiation transmission through
the compensator which was at least partially considered when
performing the Monte-Carlo simulations. So in the low inten-
sity regions the actual dose which traces back to the base
transmission amounts to approximately 25 % of the isocenter
dose value. If this is seen relative to the maximum measured
dose it corresponds to a transmission of approximately 17 %
which is much more than the considered 7.5 %.
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As shown in Figure4 diamond detector and film measure-
ment are in good agreement. The deviations of <2.5% are
within the scope of the measuring uncertainties. Larger de-
viations between the measured dose distributions occur only
locally near steep gradients and are due to the differences in
spatial resolution between the two measuring methods. Since
similar results were also found for other offsets and for the
other compensators the very good agreement between the two
measuring methods leads to the conclusion that film measu-
rements which can be performed much more conveniently are
sufficient for quality control of IMRT compensators.

To allow an even more solid comparison between measure-
ments and EGS 4 dose calculations, for interesting profiles dia-
mond detector measurements from various depths were compar-
ed to the results of simulations performed in these depths. Such
profiles are presented in Figure 5 for field 1. All profiles shown
in this figure belong to the y-offset = —14.0mm and are norma-
lized to the maxima of the 15 mm curves. The solid curves re-
present the measurements, the dashed curves the results of the
Monte-Carlo calculations. The figure also contains two more
graphs which describe the difference between measurement
and Monte-Carlo simulation in 15 mm and 200 mm depth. The
comparison of the two 15 mm curves confirms — if one does not
take low intensity regions into account — the formerly seen dis-
crepancies of on the average <3 % caused by uncertainties du-
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EGS 4 calculation and diamond de-
tector or film measurement.

ring compensator manufacturing and by the neglect of scatter
inside the compensator in the EGS 4 calculations. In this con-
text one should mention the MCP 96 webs or spots that could
not be removed from the compensators during production and
which reached heights up to 3 mm. These spots can be identi-
fied in the measured dose distributions due to the excellent spa-
tial resolution of the diamond detector since they lead to cold
dose spots (<5 %) as observed for instance at x=15mm in the
diamond detector profile. It is important to take care that the
number of remaining webs is as low as possible.

The approximation of producing non-focussed compensa-
tors had no substantial impact on the dose distribution. For
example, comparing the dose values at 15mm depth at the
two coordinates x=-50 mm and x = 15 mm where the steepest
dose gradients are located, one can see that although these
two points have different isocenter distances, there is no sub-
stantial difference between measurement and calculation be-
tween the two points. The width of the profiles gets larger
with larger depth due to the divergence of the radiation beam.
But also in these depths measurements and calculations cor-
respond very well. The discrepancies even get smaller due to
photon scattering in water as can be seen in the difference
curve for 200 mm depth. Equal results were found for other
offsets. The good agreement between measurements and
Monte-Carlo calculations in different depths shows that
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neglecting beam hardening in the calculations has no essen-
tial effect on the dose distribution. The same is true for scat-
tering inside the compensator. It was therefore possible by
employing a simple compensator model to manufacture a
compensator which indeed produced the given fluence distri-
bution with a high accuracy.

The measurements, calculations and simulations performed
for the four other fields, and especially the comparisons of these
yielded similar results to that of field 1 which were presented
here. Therefore a presentation of these fields was omitted.

Another aim of the measurements was to check the com-
pensators for mistakes during production. When comparing
measured dose distributions and fluence distributions it was
found in some cases that compensators and satellite plates
were misaligned. This observation proved that production
mistakes can easily occur and that they definitely have to be
taken into account.

10 V 0

] differences between measurement and
Monte-Carlo calculation in 15 mm and
200 mm depth, respectively.

r [mm

Conclusions

This study showed that it was possible to realize the fluence
profiles of a sample treatment plan employing the simple
compensator model proposed here. It was in all main parts
possible to verify the compensator modulated dose distribu-
tions within the measuring uncertainties and the inaccuracies
that accompanied compensator production on the respective
fluence distributions. Larger discrepancies between measu-
red dose values and fluence values occurred only in low in-
tensity regions, where the treatment planning system did not
take base transmission into account, and near steep fluence
gradients. Steep fluence gradients are critical because they
are difficult to realize and should therefore be avoided. A wel-
come side effect of flatter fluence profiles would be that com-
pensators could be much thinner and therefore be lighter
which would make their usage in every day’s clinical routine
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practicable. Also the compensator production itself would be-
come more convenient. And flatter fluence profiles would
yield in a reduction of the sensitivity of compensators for po-
sitioning errors which limit treatment success.

The good agreement (deviations <3 %) between diamond
detector and film measurements showed that film measure-
ments are indeed sufficient for compensator quality checking.
One is not allowed to dispense with such quality assurance
measurements, if one wants to exclude with certainty any
possible error during compensator production.

Between measurements and Monte-Carlo simulations also
in all main field parts a very good agreement (discrepancies
<5%) was found. The fact that the compensators were pro-
duced non-focussing and that the simulations did not take
into account beam hardening and scattering inside the com-
pensators lead to no relevant deviations.

It now remains to be investigated with what accuracy dose
distributions can be produced with these compensators in the
Alderson-Rando phantom to which the investigated treatment
plan belongs and, by that, how feasible IMRT in the thorax
under actual circumstances really is.
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