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te danken aan Jan Battermann. Hem dank ik voor de gesprekken dienaan-
gaande gedurende ons wekelijkse paardrijden op de Veluwe.

M

i

i y



C H A P T E R 1

GENERAL INTRODUCTION

The treatment of malignant tumours with ionizing radiation is based
on differences in radiation damage of tumour tissue and normal tissues.
This radiation damage is directly correlated with the dose delivered to
these tissues. In contradistinction to other therapeutical agents used in
medicine, the amount of radiation delivered can be accurately assessed,
sometimes by in vivo measurements but mostly by calculation. Especially
the capability to calculate complete dose distributions makes it possible
to optimize the treatment with ionizing radiation.

Some tissues are more sensitive to radiation than other tissues. As
will be discussed in the next section, the sensitivity depends on the
proliferation rate of the tissue cells. The treatment of malignant tumours
with ionizing radiation is based on this difference in sensitivity.

When an organ is irradiated, no influence on its functioning can be
noticed at low doses but from a certain threshold on, th: organ shows
sharply increasing function interference and loss of organ structure with
increasing dose, see also the curve for tissue necrosis of Figure 2 (Curve
N). This threshold up to a certain dose depends strongly on the volume
irradiated. For example, a small volume of a few cubic centimeters can be
irradiated with doses up to 100 gray while the total body tolerates much
less than 10 gray.

These radiobiological effects will be discussed in more detail in the
next section.
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S o m e r a d i o b i o 1 o g i c a 1 r e m a r k s

The direct effect of ionizing radiation on a cell is sterilization, called
reproductive death, due to changes in DNA molecules caused by
ionizations and excitations of the ionizing particles. The distribution of
ionizations along the track is a random one, thus the chance of a hit in a
cell is statistically determined. In this context a hit is such a cumulation of
ionizations and excitations that the cell is damaged. The effect of a small
dose AD to N reproductive cells will lead to AN sterilized cells: AN =
—a.N.AD, a being the probability to stop reproduction. Thus N/No =
exp(—a.D) with No the initial number of reproductive cells and N the num-
ber of reproductive cells left after application of dose D. It is clear from the
last expression that the dose needed to reduce the number of reproductive
cells to such a small number that the remaining cells can be controlled by
intrinsic mechanisms of the human body, increases with the logarithm of
the initial number of cells No.

At low doses the cumulated damage is not always lethal and the cell
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Fig. 1. Influence of fractionated irradiation of mammalian cells. Curve A re-
presents the surviving fraction of the cells as a function of a single dose. The surviving
fraction after a single dose D (500 cGy) is indicated. The shoulder in the first part of
the curve is caused by repair of sublethal damage. When after a few hours the repair
has been completed and a second dose is given, the repair occurs again and curve B
shows another shoulder. If the second dose is again D (total dose 1000 cGy) and a
third dose is given after again a few hours, curve C is obtained, etc. Curve F is the
survival curve when repeated fractions of dose D are given with a time interval
sufficient for repair of sublethal damage. This curve is thus determined to a great
extent by the initial shoulder.



will recover from this "sublethal damage" in a few hours after irradia-
tion. Because of this recovery effect, the cell survival curve of a
multifractionated irradiation differs considerably from the logarithmic
curve based on single doses (Fig. 1).

The amount of energy transferred to a medium by ionizations and
excitations of an ionizing particle per unit length of track is called the
Linear Energy Transfer (LET) in that medium. An increase in charge
and/or mass of the ionizing particle gives an increase in concentration of
ionizations and excitations, thus an increased LET. The LET of megavolt
electrons and of electrons set into motion by megavolt photons is about
0.3 keV/um; the LET of electrons from orthovolt photons (250 kv) is
about 2 keV/um and of 14 MeV neutrons is about 12 keV/um.

The occurrence of irrepairable damage in DNA macromolecules
depends both on the LET of the radiation and on the occurrence of free
oxygen in the cell. The ions along the track of the ionizing particle cause
directly breaks and cross-links in the DNA chains but also indirectly by
reacting with oxygen to form oxygen radicals, which on their turn react
with DNA molecules.

With increasing LET, the fraction of multiple hits in the nucleus
increases as compared to single hits. This can be expressed
as an increase in relative biological effectiveness (RBE). Because of this
more direct lethal character, another effect of high LET radiation is the
reduced influence of the free oxygen concentration in the cell.

The effect of radiation is also dependent on the stage of the cell cycle
at the moment of irradiation. The most sensitive stage is the mitotic phase
while cells in DNA synthesis are rather radioresistant.

So, the effect of a single dose of radiation on a cell depends on the
LET, on the concentration of free oxygen in the cell and on the stage of
the cell cycle.

The radiosensitivity of many types of tumour tissue depends on the
sensitivity of the tissue of origin. In principle the mitotic activity of
tumour tissue is greater than that of the tissue of origin but the growth
rate of tumours will be less than expected from their cell cycle time. This
is caused by the fact that not all cells are continuously proliferating, by
the existing cell loss in the tumour and by the fact that the usually bad
vascularization of the tumour prevents sufficient nutrition of many cells.

The disturbed relation between tumour growth and vascularization
results in areas with necrosis surrounded by hypoxic cells. As already
mentioned, these hypoxic cells are more resistant to radiation. If,
however, the irradiation is fractionated, an increasing fraction of the
hypoxic cells becomes oxygenated during the fractionated treatment.
This is caused by the fact that the well oxygenated cells will be killed by
the irradiation, reducing the tumour in size.



A second and more important reason for fractionation is given by
the more effective homeostatic mechanisms of normal tissues to repair
rardiation damage and to restore tissue functions, as compared to
tumour tissue.

S o m e c l i n i c a l r e m a r k s
The clinical effects of radiation depend strongly on the treated

volume. If only a small part of an organ is irradiated, the surrounding
tissues take over its functions and regrowth is more easily completed.

With the introductory remarks of the previous section the following
clinical observations can be explained:
1. The minimum dose needed to sterilize a tumour increases with

increasing tumour volume because a greater number of tumour cells
must be sterilized and because the number of hypoxic cells, if present,
increases.

2. The maximum dose tolerated by normal tissues of an organ decreases
with increasing volume irradiated because the repair of this volume
becomes more difficult.

3. Fractionation of the irradiation increases the maximum dose tolerated
by the normal tissues more than the minimum dose for tumour
control, due to the more effective homeostatic control of normal
tissuf.

From these remarks it is clear that precise knowledge about the
extensions of the tumour, including microscopic invasions into the
surrounding tissues, is of utmost importance in order to keep the treated
volume as small as possible, allowing for the highest tumour dose
possible. For the biological optimization, mentioned at 3, it is essential
that the fractionation scheme is precisely reproducible.

The therapeutic range, i.e. the interval between the dose for tumour
control and the dose for necrosis of normal tissue for the same
probability of effect (Fig. 2) is unfortunately rather small for most
malignant tumour processes, especially for large target volumes. If,
however, the irradiation can be confined to the target volume only, a
much higher dose ca:i be applied withouth complications. Therefore
small accessible tumours like small gynaecological tumours, tongue
tumours and bladder tumours, are often treated locally by placing
encapsulated radioactive sources against or inside the tumour. Locally a
very high dose will then be achieved while, due to the inverse square law,
the surrounding tissues receive only a low dose. Even today this old form
of radiotherapy gives still the best results for these tumours.

Until the 1950's only roentgen beams generated by X-ray tubes
operated at voltages up to 300 kV, were available for treatment of deep
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Fig. 2. Probability of uncomplicated cure versus dose.
Curve C: probability of local tumour control versus dose.
Curve N: probability of tissue necrosis versus dose.
Curve W=l-N: probability to prevent tissue necrosis versus dose.
Curve U=C.W: probability of uncomplicated cure versus dose.
R: therapeutic range for a probability of 0.5.

seated tumours. Due to the wide angle scattering of the Compton
photons, these beams are not sharply defined inside their geometrical
boundaries. Thus with field sizes necessary to encompass a tumour
volume, always a much larger volume receives a considerable dose. Also
the penetrating power of these beams is not sufficient enough. Even in the
case that two or more beams were directed to the tumour, the skin dose at
the entrance portals was often the limiting factor and not the dose in and
around the tumour. In such a case the treatment was continued until it
was clinically observed by symptoms such as skin desquamation that the
skin tolerance was reached.

With the introduction of megavolt photon beams, the possibilities
for external beam radiotherapy increased dramatically. For full benefit
the support from physics in the treatment planning became indispensible.
Due to the forward scattering of the Compton electrons, the maximum
dose delivery of a megavolt photon beam occurs at a certain depth under
the skin, which makes biological dosimetry by observing skin changes
impossible. Furthermore, again due to the forward scatter, the beams are
sharply confined within their geometrical boundaries. But the most
important improvement was of course the much more penetrating power.
It became possible to obtain a high dose only in the target volume by
directing several beams to it.

However, because for most tumours the therapeutic ratio is small
(Fig. 2), it is still necessary to combine all possibilities to optimize the
treatment. A small improvement in treatment can mean cure instead of
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tumour recurrence. It should be borne in mind that radiation therapy is
essentially an "all or nothing" therapy. Either all malignant cells are
sterilized or tumour regrowth occurs. It is therefore of extreme im-
portance that both the target volume is determined as accurate as
possible and that the beams are directed such that the difference in dose
to the target volume and to the surrounding tissues is as large as possible.
Furthermore the beam intensity and behaviour in tissue should be known
as accurate as possible in order to deliver the maximum dose tolerated
by normal tissue. Finally, the dose delivery should be optimally frac-
tionated according to clinical experience.

T r e a t m e n t p l a n n i n g

The treatment of a patient with radiation therapy can be summa-
rized as follows. The radiotherapist determines the extension of the
macroscopic tumour and the regions of possible microscopic extension or
lymphatic spread and indicates the vulnerable organs in the vicinity of the
target volume. Then he decides about the radiation modality and suggests
a treatment technique. The radiation physicist, assisted by the planning
radiographers, evaluates the suggested treatment techniques and presents
dose distributions of different treatment plans to the radiotherapist. The
best treatment plan is then decided upon and executed. The combination
of all these activities should be called treatment planning. It is, however,
common practice to denote as treatment planning only the physical
determination of suitable dose distributions, aiming at uniformity of dose
to the target area and minimization of dose to adjoining tissues with
emphasis on dose reduction to vulnerable tissues.

Several radiation modalities are available for small tumours. Super-
ficial lesions can be treated with orthovolt X-rays generated by potential
differences of 20 kV to 250 kV. Small tumours of accessible organs like
tongue, bladder or breast, are often treated by inserting encapsulated
radioactive sources as needles or wires in the tumour. Gynaecological
tumours of small to moderate sizes are treated with intracavitary therapy,
in which encapsulated sources are placed in the vagina against the
tumour.

Superficially lying tumours can also be treated with beams of
electrons with energies roughly ranging from 3 to 25 MeV. Deeply seated
tumours are treated with high energy photon beams. The different
radiation modalities will now be discussed in some detail with emphasis
on treatment planning aspects.

O r t h o v o l t a g e t h e r a p y
The generating voltage of the X-ray beam and the focus to skin

distance (FSD) are selected according to the depth of the tumour under



the skin. The influence of the FSD on the penetrating power of a beam is
covered by the inverse square law. The attenuation of a beam in tissue is
caused by the absorption of radiation due to photoelectrical absorption
and Compton scattering, and by the decrease of the radiation intensity
with the square of the distance to the focus. With the same surface dose,
the dose at a given depth thus increases with increasing FSD. This
possibility to influence the relative dose at a certain depth is only of
practical value with large relative changes of FSD and thus restricted to
the short FSD's applied in orthovoltage therapy.

This oldest form of radiotherapy is simple to apply and support from
physics is only needed for the measurement of relative doses for the
different field sizes as a function of depth in water (the percentage depth
dose tables), for the measurements of output factors as a function of field
size and for the construction of isodose charts.

M e g a v o l t a g e X - r a y t h e r a p y

In megavoltage X-ray therapy the radiation sources are situated at a
distance of about one meter from the surface of the body. By means of
diaphragms beams of the required dimensions are obtained. Usually a
number of beams entering the body from different directions are used in
order to obtain the desired dose distribution. This combination of beams
can be done either by applying them in succession from different

. directions or by continuously moving the source around the patient along
; a circle or part of it; the latter technique is called moving beam therapy.

It is sometimes necessary to superimpose an external radiation
distribution on a distribution from internal sources. This is for example
routinely done in the treatment of cervical cancer.

These combinations and superpositions are evaluated by calculations,
sometimes still by hand but today mostly by computer programs. The
calculated dose values can be checked by direct measurements at
accessible places in a patient or by measurements in a phantom, usually a
water tank, substituted for the patient.

In order to perform such calculations, a detailed knowledge of the
dose distribution of a single beam is required. Dose distributions can be
obtained with an ionization chamber or a semiconductor probe in a
water tank. Photographic films are also used to obtain dose distributions.
One or more films are sealed water-tight in thin plastic and inserted in a
water tank. After irradiation the film is processed.

To measure all dose distributions needed routinely is a long and
> tedious process; therefore dose distributions are usually generated by
| computer programs, based on a limited range of measurements. Some

physical aspects of this approach will be explained first.
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Photons in a megavoltage X-ray beam originate from a small focus
or source. In a patient or phantom these photons convert their energy to
electrons mainly by Compton scattering interactions. Because a high
fraction of the photon energy is converted to the Compton electron, the
electron will mainly start off in the same direction as the interacting
photon. Its direction changes increasingly due to interactions along its
track, mainly ionizations and excitations. A beam can thus be more or
less described by projective models in which rays originate from the focus
or source.

When a beam is directed vertically into a phantom, the dose in a given
point at depth d on the central axis of the beam can be expressed as a
percentage of the maximum dose in the phantom. For a symmetrical
beam the point of maximum dose, the so called peak absorbed dose, lies
on the beam central axis at a depth below the surface depending on the
photon energy (0 cm for orthovoltage radiation, 0.5 cm for Co-60
radiation, 1 cm for 4 MV X-rays, 2 cm for 8 MV X-rays, etc.). This
percentage depth dose is called the central axis percentage depth dose at
depth d. The decrease of the central axis percentage depth dose values
with increasing depth d is caused by the absorption and scattering
processes in the medium, but also by the decrease of the photon flux
density due to the increasing distance from the source, i.e. due to the
inverse square law.

Absorbed doses measured along horizontal transverses parallel to a
field edge at a series of given depths and relative to the dose at the central
axis at the same depth, have a variety of names: transverse dose ratios, off
axis-on axis dose ratios or off centre ratios. When plotted, the curves are
called percentage cross plots. When corrected for the divergency of the
beam, the cross plots are remarkably similar due to the mainly forward
scattering of the Compton electrons. The lateral scatter component,
which increases with depth, causes the change of the profiles.

In computerized treatment planning a beam can be generated
numerically when the central axis percentage depth dose curve and a few
percentage cross plots are stored.

For different focus to skin distances inverse square law corrections
can be used to account for the change in percentage depth dose; the
change in divergency of the beam can be taken into account to correct the
off axis-on axis dose ratios. This simple approach for computer use
suffices for most clinical situations and has been used in our program for
calculation of dose distributions in megavoltage X-ray therapy.

However, a more complex description of the beam in which the
effect of scatter is separated from the total attenuation is important for
calculating dose distributions in irregularly shaped fields which are often



needed in clinical practice. If the area of the cross section of the beam
approaches zero, the scattering volume reduces to zero and only the
attenuation of the primary radiation with the forwardly directed scatter
component remains. From measurements with different areas of the
beam cross-sections the influence of the lateral scatter component can be
obtained. Several methods have been developed to take this scatter
component into account separately from the primary radiation with the
forwardly directed scatter. The most powerful method is probably the
scatter-air ratio (Cunningham, 1972). For more details and extensive
references is referred to the book of R.G. Wood (1974).

When a number of plain beams are combined in order to deliver the
required dose to the tumour, it is often impossible to obtain a homo-
geneous dose distribution in the target volume. Special wedge shaped
absorbers, made of brass, tungsten or lead, are then inserted in one or
more beams to homogenize the dose distribution in the target volume.
These absorbers are called wedge filters or wedges. When one or more
beams traverse different paths from the surface to the target volume or
pass through a vulnerable organ, different contributions of ihe beams to
the target may be required. The relative contribution of a beam is
specified by the so called beam weight. Usually a beam weight 1 gives 1
gray (100 rad) as the peak absorbed dose of the beam.

Two different methods to obtain an optimized treatment plan are in
use: personal clinical judgement by a visual interactive procedure on a
treatment planning system and mathematical evaluation by a computer
program. For mathematical evaluation of treatment plans two different
techniques are described in the literature: function minimization by
programming techniques like linear or quadratic programming and
function minimization by exhaustive search. These two techniques will
now be briefly discussed.

1. Function minimization by programming techniques.
Up till now programming techniques have been used to optimize

only a restricted number of dose distribution features like target dose
homogeneity and vulnerable region dose. The problem with this tech-
nique is the formulation of the object function which has to be
minimized; this function must have a prescribed relationship with the
parameters.

Bahr et al (1968) used a fully automated linear programming
procedure to optimize treatment plans after defining minima and maxima
for dosage in areas of interest. One of his parameters was the beam entry
but the number of entries found was rather high for practical purposes.

This problem of too many beam entries was overcome by Ebert (1977)
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who used constraints by fixing the number of beams and situating each
beam in a prescribed spatial sector of the patient outline. Both ap-
proaches try to minimize the integral absorbed dose to the patient, which,
however, is considered not to be of main importance in treatment
planning.

Hodes (1974) used a semi-auiomatic procedure by letting the
computer operator set the beam entries for several likely directions and
specifying a series of wedges and field sizes for each direction. Then the
operator entered dose values directly at selected points in the patient's
cross section. Next the optimized dose distribution was calculated and
displayed.

Redpath et al. (1976) used quadratic programming for calculation of
optimal beam weights. However, beam entries and field sizes were found
by visual interaction; the wedges were selected by exhaustive search.

2. Function minimization by exhaustive search.
Already in 1967 the judgement of dose distributions with score

functions was done by Hope et al. (1967). Their program performs an
exhaustive search of dose distributions by varying beam entries, wedge
filters and beam weights and chooses that one which minimizes a total
score function. This total score function was constructed from score
functions depending on the following features of the dose distribution:
dose gradient across the tumour, dose to tumour relative to maximum
incident dose, integral dose, shape of treated area relative to chosen
treatment area, dose in particularly vulnerable regions and dose in
regions of possible direct tumour extension or lymphatic spread.

Recently Cooper (1978) realized a combination of visual and
computer optimization. In his work two treatment evaluation functions
are used, one regarding the tumour dose uniformity and the other
regarding the dose minimization in vulnerable regions. When the plan-
ning operator has found a suitable dose distribution by visual interaction,
the deratives of both evaluation functions to the variables beam entry,
field width and wedge are calculated. From the values of these deratives,
changes in these treatment parameters are suggested to the planning
operator. Variation of beam weights is also possible. The resulting new
plan is again evaluated and the process is repeated until no further
improvement can be obtained.

Our method for optimization of external beam treatment plans is
based on score functions. We extended its application to include optimi-
zation of incidence directions (Van der Laarse et al., 1976). Further
refinements included the calculation of the optimum position of the
isocentre for a given set-up and the calculation of optimum wedge filters.
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N e u t r o n b e a m t h e r a p y
The use of fast neutrons for radiotherapy is based on the high LET

of this radiation which makes it more effective in sterilizing tumours with
many hypoxic cells. In how far this is counterbalanced by beam
characteristics inferior to megavolt photon beams is subject of current
research.

Neutron beam treatment planning is nearly similar to megavoltage X-
ray beam treatment planning. In neutron beams it are the neutrons which
penetrate deeply into the irradiated medium before interacting with the
nuclei of the medium, transferring their energy to protons, a-particles
and other nuclei.

E l e c t r o n b e a m t h e r a p y
Electrons emerge from the accelerating tube as a pencil beam. To

treat large areas, this beam has to be spread out over the field. One way of
spreading out of the pencil beam is achieved by introducing one or more
scattering foils in the beam. To confine the beam to the required field size
a collimator, also called electron applicator, must be used; this applicator
extends to the body surface of the patient. The walls of such an applicator
scatter electrons back into the beam, and thus influence the dose
homogeneity over the field.

A totally different way of spreading out is by scanning of the pencil
beam over the required field area by means of a scanning magnet
assembly. With a scanning beam, collimators extending to the patient are
not needed; trimming bars attached to the main diaphragms suffice.

Although the scanning beam method possesses the possibility to
treat any rectangular field, it has one serious drawback: the treatment of
arbitrarily shaped fields is difficult. When using applicators such a field
can be made in a rectangular piece of low melting heavy metal alloy and
attached to the corresponding applicator end (Van der Laarse et al.,
1978), but with a scanning beam the field must be cut out in a lead slab
placed over the patient.

Most electron beam treatments use single fields and are usually
confined to superficial tumours. Until recently it was not considered of
much importance to develop sophisticated treatment planning and dose
computational methods. It is remarkable that electron beam treatment
planning is not even mentioned in the survey of computers in radio-
therapy by Wood (1974). The increased use of electron beams for
treatments together with the increasing complexity of the treatment
plans, pressed the development of computational methods in the last few
years. The recent advances in tomographic scanning have increased the
accuracy in target volume determination and have provided the necessary
information about depth, extent and characteristics of inhomogeneities
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like lungs and bones; both have a large influence on the dose distributions
obtained with electron beams.

Computerized treatment planning of electron beams is receiving
much interest nowadays. The approaches to describe an electron beam in
a patient can be broadly categorized in three groups: 1) empirical, with a
beam description more or less similar to X-ray treatment planning with
stored central axis depth doses and off axis-on axis dose ratios at a series
of given depths; 2) semi-empirical, in which the large amount of data
needed in category 1 are reduced by the use of formulae; and 3)
analytical, in which the dose distributions are calculated by mathematical
expressions based on physical principles.

Nearly all effort in electron beam treatment planning up to now has
been devoted to the determination of dose distributions of rectangular
fields including the effect of tissue inhomogeneities. In the empirical
approaches, only the dose distributions of beams which have been
digitized by storing percentage depth doses and off centre dose ratios, can
be calculated. The effect of tissues of different density on the dose
distribution is taken into account by calculating the thickness of tissue
with unit density having the same absorption as the thickness of tissue
actually traversed. When this so called absorption equivalent
thickness has been determined, the corresponding depth dose can be
calculated (Holt et al., 1977).

The semi-empirical approaches use empirical formulae, like a gen-
eral age diffusion equation (Kawachi, 1975), to describe the isodose lines.
In the general age diffusion equation the variation of percentage depth
dose with field size is taken into account by factors, mathematically
resembling error functions, while the so called shape parameters deter-
mine the beam shapes. Also this approach is only valid for rectangular
field sizes.

The analytical approaches are based on modelling of electron beams.
Probably the most promising approach to generate dose distributions is
the pencil beam model (Osman, 1976). In this model the field area of the
electron beam is resolved into a grid of small areas and it is assumed that
each area is irradiated by a pencil beam. Such pencil beams have been
measured using a special collimator (Lillicrap et al., 197S) but due to the
large amount of scattering in broad electron beams the description of
such a broad beam with a series of measured pencil beams is less
successful. The method developed in our department (Bruinvis et al.,
1981) in which the parameters which describe the pencil beam, are
deduced from the clinically used large fields, is more promising.

Today the only approach which can take irregular field sizes into
account is by the pencil beam method. This approach also offers
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possibilities to correct for oblique incidence; the latter causes an air gap
between one side of the electron applicator end and the patient surface.
Finally corrections for inhomogeneities are possible as well.

More details about electron beam treatment planning and extensive
references can be found in the Medical Physics Monograph No. 2 (1978).

B r a c h y t h e r a p y

Intracavitary and interstitial radiotherapy are often called brachy-
therapy, i.e. radiotherapy with radioactive sources at short distances
from the target volume. This modality is obtaining more and more
interest due to the increased availability of suitable radioactive isotopes
(Cesium-137, Cobalt-60, Iridium-192 and Gold-198) and the use of
afterloading techniques. Cesium-137 has largely replaced Radium-226 as
radioactive source in needles and tubes. It is also available as small pellets
encapsulated in stainless steel envelopes. For gynaecological treatments
these spherical sources are used in remotely controlled afterloaders. The
applicator of such an afterloader consists of catheters which can be
loaded with programmed trains of sources and non-active pellets acting
as spacers. Cobalt-60 instead of Cesium-137 pellets are used when high
dose rates are required. Thin Iridium-192 wires are used for afterloading
of hollow needles, inserted in the target volume.

The physical aspects of treatment planning for brachytherapy start
with the mathematical reconstruction of the localization of the sources in
the patient from two radiographic images taken at different angles. Then
dose distributions are calculated in specified planes through the target
volume. With afterloading techniques the dose distributions to the target
volume are calculated as follows. Firstly reconstruction radiographs are
taken with the applicator or hollow needles filled with dummies. After
reconstruction of the localization of the sources different dose distribu-
tions are then evaluated by simulating suitable loadings of the applicator
or hollow needles.

C u r r e n t s t a t e o f c o m p u t e r p l a n n i n g

The last International Conference on the Use of Computers in
Radiation Therapy (7th ICCR) was held in Japan in September 1980. The
subjects of this thesis are related to the current state of computer
planning as presented at that conference.

The number of physicists in radiotherapy departments actually
developing computer programs for treatment planning is decreasing,
caused by the availability of commercial treatment planning systems.
However, there is an increased cooperation between industry and
radiotherapy departments in the development of these systems which has
already resulted in some high-class treatment planning systems.
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Optimization of external beam treatment planning by function
minimization with techniques as linear or quadratic programming has
still not led to programs capable of optimizing dose distributions without
manual interference. A revived interest in the use of function minimiza-
tion by exhaustive search, using score functions, could be noted at the
conference after the presentation of our paper "Optimization of External
Beam Treatment Plans using Score Functions" (Chapter 3).

The need for development of fast three dimensional dose calculation
algorithms was stressed. It will, however, take some time before the
current calculation of dose distributions in a series of parallel planes will
be superseded by real three dimensional procedures.

The use of computerized tomography (CT) to obtain the necessary
anatomical information has been realized in most main centres. Some
computer planning systems correct for inhomogeneities with effective
attenuation coefficients calculated by the CT scanner in the grid points of
the cross sections of the patient. Especially for electron beam treatment
planning this information will be most valuable.

Electron beam treatment planning in general received much atten-
tion at the conference. All computer programs presented used empirical
formulae like the general age diffusion equation. From the discussions it
became clear that this approach does not lend itself easily to calculate
arbitrarily shaped electron fields. Our pencil beam approach, in which
the pencil beam parameters are deduced from clinically used large fields,
gives the same or even better results for rectangular fields compared to
the diffusion equation approach, but is also capable of handling arbi-
trarily shaped fields. Furthermore our approach makes three dimensional
corrections for inhomogeneities and oblique incidence possible because
their influences can be assessed separately for each pencil beam.

Compared with previous ICCR conferences, the strongly increased
interest in treatment planning of brachytherapy was most remarkable.
This is undoubtedly caused by the introduction of remotely controlled
afterioaders in many radiotherapy departments.

The facilities of the Selectron Treatment Planning System (Chapter
6) to reconstruct catheters and specific points separately from isocentrical
and orthogonal radiographs as well as the possibility to calculate the
influence of screening segments around the tip of the ovoid catheters,
received much attention. Our planning system appeared to be the only
one with such facilities.

The combination of dose distributions around internal sources with
dose distributions from external beams was a topic of discussion. A
suitable correction for the different biological effects of the continuous
low dose rate during brachytherapy and the intermittent high dose rate
fractions during the external beam treatments, as well as corrections for
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the time gaps between the application of the two modes of treatment was
not presented. This serious problem is still unresolved.

A i m o f t h e t h e s i s

The aim of my work is to try to optimize dose distributions for
radiation treatment planning, based on anatomical information as
patient contour, target volume, critical organs etc.

The optimization of the time versus dose relation (fractionation) for
optimal treatment effect has not been considered in this work. In external
beam treatment planning isoeffect relations, mostly NSD (nominal
standard dose) based, are universally used for calculating the effect on
healthy tissue by the fractionation scheme applied. The calculation of the
difference in radiation effect of an external beam treatment with the same
final dose distribution but with either all fields or only one field treated in
each session, is given in detail by Mishy and DeGinder (1978). If in an
external beam treatment plan all fields are treated per therapy session, the
fractionation scheme can be decided upon after completion of the
physical optimization of the dose distribution. However, when the
treatment is a combination of different radiation modalities, the physical
and biological optimization of the treatment are related. Such a treat-
ment is for example the combination of intracavitary therapy with contin-
uous low dose rates and external beam therapy with fractionated high
dose rates for gynaecological tumours. It is clear that the simple addition
of absorbed doses from these two radiation modalities does not represent
the final effect of the combined treatment on the tumour. As mentioned
in the section "Current state of computer planning", this serious problem
is still unresolved and clinical experience is of utmost importance when
considering changes in the treatment regimes. Based on above considera-
tions it was decided in this thesis not to consider biological influences on
the optimization of dose distributions.

It will be clear from this introduction that even a small improvement
in dose distribution will directly lead to an improvement in treatment
result. However, this improvement will be extremely difficult to sub-
stantiate due to individual fluctuations in the reaction of patients to a
given treatment. The clinical evaluation of the effect of the treatment
planning procedures described in this thesis is therefore also not at-
tempted.

A c c u r a c y

External beam treatment planning
The uncertainty in the determination of absorbed dose at a reference

point in a water phantom irradiated with megavolt photons is about 3 per
cent (ICRU, 1969) and is determined mainly by the uncertainty in the
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calibration factor and the uncertainty in the stopping power ratio used to
transfer from the calibration radiation (Co-60 or 2 MV X-rays) to the
radiation actually used. The uncertainty in determining neutron ab-
sorbed doses will be in the range of 7 to 10 per cent (ICRU-1977). The
higher value results from additional uncertainties in the average energy
expended to create an ion pair and in the mass energy transfer coeffi-
cients. These uncertainties are generally not of much clinical importance
as long as the output of megavoltage beams is determined according to
internationally accepted protocols. With the introduction of calorimeters
as absolute dose measuring devices, the overall uncertainty may in the
near future reduce to about 1 per cent for photons and 2.5 per cent for
neutrons.

Relative dose measurements, as measurements of central axis per-
centage depth dose values and off axis - on axis dose ratio values, are
usually performed with an uncertainty smaller than 1 per cent relative to
the maximum absorbed dose, depending to a great extent on the stability
of the treatment unit and of the dose measuring device. If a dose
distribution contains regions with a large dose gradient, the uncertainty
of measured dose values in these regions is strongly dependent on the
accuracy of positioning the measuring probe and on the spatial resolution
of the probe. The accuracy in the positioning of a radiation dosimeter in a
water tank is typically 0.5 mm, corresponding to an uncertainty of 3 to 5
per cent in absorbed dose in regions with a large dose gradient.

The accuracy of dose values calculated with computer algorithms
currently in use for megavoltage X-ray beams lies typically within 2 per
cent of the maximum value of the dose distribution (Wood, 1974), but
can be more than 5 per cent in complex cases (Cunningham and Van
Dyk, 1980). Undoubtedly the use of computerized tomography and true
three dimensional treament planning will increase the accuracy of dose
calculations in complex cases in the next years.

The spacing of the grid points between which the isodose lines are
interpolated, can be the main source of inaccuracy in the position of
isodose lines in regions with a large dose gradient. Dose distributions
calculated by programs which use a grid spacing larger than, say, 8 mm,
should be checked for regions with high dose rate gradients. Our external
beam planning programs for megavoltage photon and neutron beams
use a grid spacing of 4 mm.

Summarizing these aspects of accuracy in external beam photon
therapy, it can be stated tentatively that in general the accuracy in
delivering the prescribed dose to a given point will be within 5 per cent of
the calculated dose (ICRU, 1969). In complex treatment plans this
accuracy will be less.

The accuracy of calculated dose distributions for electron beams is
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more difficult to assess due to the regions with a high dose gradient
surrounding an electron beam. A recent accuracy statement was made by
Nüsslin: the accuracy of dose calculation should be better than 5 per cent
of the maximum absorbed dose (Nüsslin, 1980) but in a personal
communication he added that in regions of high dose gradients the
accuracy of the position of the calculated isodose lines should be better

" than 5 mm. To specify the accuracy of our program for electron beam
treatment planning we extended the latter criterion. Our only require-

4 ment is that everywhere in the beam the calculated isodose lines should be
'j within 3 mm of the measured lines (Bruinvis et al., 1981). Because of these
-: high dose gradients in electron dose distributions, we adapt the spacing of
< the grid points between which the isodose lines are interpolated, to the

required dose distribution; a typical value being 2 mm.

Brachytherapy treatment planning
Dose distributions in interstitial and intracavitary therapy differ

from external beam therapy in the dose homogeneity over the target
volume. In external beam therapy the dose inhomogeneity over the target
volume is typically about 10 per cent and is an important feature of the
dose distribution. In interstitial and intracavitary therapy this definition
for dose inhomogeneity is of no value because the sources are placed
inside or against the target volume.

In brachytherapy the treatment result depends mainly on the occur-
i rence of low dose regions in the target area (risk of tumour regrowth) and

of the volume of high dose regions (risk of necrosis of normal tissue).
Thus, the optimization of the arrangement of the sources is of more
importance than an increase in dose accuracy of a few per cent. The
accuracy of calculated dose values is typically about 3 per cent of the
calculated value (Diffey and Klevenhagen, 1975).

One could wonder why it makes sense to consider dose differences of
a few per cent in the centre of the target volume when the isodose line
surrounding the target volume is usually the 90 per cent or even the 80 per
cent isodose line (cf. Chapter 3, Figs. 5 and 6). This is explained by the
definition of the target volume which includes not only the macroscopic
tumour but also the surrounding volume of normal tissue possibly
invaded by microscopic tumour extensions. This margin around the
detected tumour mass is typically 1 cm. The small volumes of possible
tumour extensions in this margin require less dose than the solid tumour
mass.

C o n t e n t s

This thesis is based upon a series of articles, which have been



18

published or accepted for publication (Chapters 2, 3, 4, 6, 7 and 8) or
which have been prepared for publication (Chapters 5 and 9). The size of
these articles was often restricted by the journals or proceedings in
question. This is the reason that in two chapters the original draft has
been presented, instead of the more condensed version published (Chap-
ters 6 and 8).

A drawback of articles in different journals or proceedings is the lack
in uniformity of lay-out, of references etc.

The main part of this thesis is presented in the chapters 2 to 6.
Chapter 2, titled "Pseudo-optimization of radiotherapy treatment plan-
ning" (Brit. J. Radiol., 1976) and chapter 3, titled "Optimization of
external beam treatment plans using score functions" (Proceedings 7th
ICCR, 1980) present our approach for mathematical optimization of
external beam treatment planning.
Chapter 4, titled "Wall scattering effects in electron beam collima-
tion" (Acta Radiol. One, 1978) presents extensive work done on electron
beam collimation, using electron Scattering from the walls of the electron
applicator to obtain a homogeneous dose delivt ry over the field. This
chapter was included because the experiments described in it provided the
experimental data for the computer program to calculate dose distribu-
tions of arbitrarily shaped electron fields.
Chapter 5, titled "Calculation of absorbed dose distributions in
arbitrarily shaped electron fields" presents the physical aspects of this
electron beam computer program.
Chapter 6, titled "The Selectron Treatment Planning System" (Proceed-
ings 7th ICCR, 1980) describes various aspects of our treatment planning
system for intracavitary radiotherapy with the Selectron remotely con-
trolled afterloading apparatus. It incorporates several techniques for the
reconstruction of the localization of the catheters and contains an
algorithm to calculate the influence of screening segments in the ovoids.

Chapters 7, 8 and 9 present work related to above chapters.
Chapter 7, titled "Treatment planning at the Amsterdam d+T fast neutron
therapy facility" (Proceedings Workshop Neutron Therapy Planning,
1980) describes various aspects of adapting the existing program for
megavolt X-ray treatment planning to neutron beam treatment planning.
Chapter 8, titled "A procedure for tracking isodensity lines in film
dosimetry" (Acta Radiol. One, to be published) describes a micro-
processor based device to plot complete dose distributions by tracking
isodensity lines, corresponding to isodose lines, on irradiated photo-
graphic film sheets.
Chapter 9, titled "A comprehensive computer program for dose planning of
interstitial and intracavitary radiotherapy" reports some aspects of our
program for intracavitary and interstitial therapy.
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ABSTRACT
A chain consisting of three computer programs has been

developed for treatment planning of external beam radio-
therapy without manual intervention. Apart from the data
necessary to identify the patient, the institute, etc., the input
consists only of the anatomical information indicated on an
outline sheet.

Firstly, combinations of incidence directions for a two
or three-beam set-up are judged by the first program. Then
a limited number of these combinations is selected by this
program. For every beam of each selected combination
a set of wedges and weights is calculated. Next the dose
distributions belonging to each combination with wedges
and weights are judged by the second program. Finally,
the isodose pattern of the dose distribution judged the best
is determined by the third program.

The judgement of incidence directions is done by coarse
score functions corresponding to a set of criteria. The
judgement of dose distributions is done by detailed score
functions corresponding to another set of criteria. These
criteria with their score functions are treated in some detail.
The use of the programs in the clinic is discussed and results
are shown.

Radiotherapists and physicists would be relieved
from a great deal of tedious treatment planning and
could devote more attention to other aspects of
radiotherapy if a computer program existed which
did on its own all the routine planning for external
beam treatment. We have developed a chain of pro-
grams for the planning of radiotherapy treatment
with megavoltage X or y rays. Apart from the data
necessary to identify the patient, the institute, etc.,
the input consists only of the anatomical informa-
tion registered on the outline sheet.

For the evaluation of incidence directions and the
judgement of dose distributions we use different
sets of score functions. As early as 1967 the judge-
ment ol dose distributions using score functions was
done by Hope and Orr (1965) and by Hope et al.
(1967). Some of their score functions have been
used although modified. However, our way of reach-
ing the final score is essentially different. In our case
the final score consists of a weighted sum of the
score-function values instead of a weighted sum of
powers of score-function values.

'Part of this paper was presented at the 3rd Congress of the
European Association of Radiology, Edinburgh, 1975,
June22-27.

Early approaches, in which the program was free
to select incidence directions as well as weights,
were made by Gallagher (1967) and Bahrera/. (1968).
They used the method of linear programming for
the optimization of treatment planning. The same
technique was also used by Jameson and Trevelyan
(1969) to optimize pelvis treatments with a pelvic
wedge. More details about these approaches are
given by Wood (1974).

An outline of our programs, together with their
input, will be given, and the criteria with their
corresponding score functions will be treated in
some detail. The program for the calculation of dose
distributions is similar in performance to programs
published by others (Bahr tt al, 1968; Stirling,
etal, 1964; Mauderli and Fitzgerald, 1965; Van de
Geyn, 1965; Allewaert, 1972) and therefore will not
be explained. The daily routine use will be dis-
cussed, and results will be shown.

METHODS

The method of obtaining an optimized treatment
plan can be divided into four stages:
(1) selecting a number of appropriate combinations

of incidence directions for the beams;
(2) determining suitable wedge filters and weights

for each beam of a combination;
(3) selecting the final plan out of the plans corres-

ponding to the above mentioned combinations
of incidence directions with their wedges and
weights;

(4) calculating the dose distribution of the final
plan.

Combinations of incidence directions are selected
by evaluating them with a set of coarse score func-
tions based on beam-incidence criteria. The coarse-
ness of the score functions increases the speed of
calculation, and is required because of the large
number of possible combinations. Wedge-filters are
determined by calculating the angle over which the
isodoses of each plain beam have to rotate in order
to be angled at 180 deg. to each other (two beams)

\ .
\ • •
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I
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or at 120 deg. to each other (three beams) (see also
Fig. 3A and B). For every beam of each combina-
tion a series of weights is provided. Treatment
plans are judged with a set of detailed score functions
based on dose-distribution criteria. These score
functions use dose values, calculated at points in-
side and outside the target area, and around vul-
nerable regions. In order to distinguish between
these two sets of score functions, the score functions
based on beam-incidence criteria will be called the
coarse score functions, while the score functions
based on dose-distribution criteria will be called the
detailed score functions.

Outline of the programs
The program chain consists of three programs:

(1) MFSEARCH, a program that, by means of
coarse score functions, assigns a score value to
all combinations of incidence directions for
two or three beams. Based on these score values
it then selects a number (e.g. six) of combinations
of incidence directions. Finally a set of wedges
and weights is calculated for every beam of a
selected combination* of incidence directions.

(2) MFOPTIM, a program that, by means of de-
tailed score functions, judges each of the dose
distributions determined by the setting of the
beams obtained by MFSEARCH. On the basis
of this judgement it selects the best of these
dose distributions.

(3) MF3DEXT, a program that calculates the dose
distribution selected by MFOPTIM and prints
this distribution on a line printer or plots it on a
plotter.

A flowchart of these programs is given in Fig. 1.
The programs have been written in ALGOL-60,
using 40 K words central memory on a Control
Data Cyber 73 computer.

Input of patient data
The entering of data necessary to identify the

patient, the institute, etc. will not be discussed.
The description of the contour and the target area
is done by providing the lengths of the radii drawn at
regular intervals from a chosen centre of the target
area (see Discussion) to the patient contour and to
the target contour (Fig. 2). In the same way the
contour of each vulnerable region is described with
radii drawn from a centre chosen inside the region.
Furthermore, the positions of these centres relative
to the target centre and the permissible dose in each
of these regions relative to the mean dose in the
target area are given.

Upperbounds for the values of some score func-
tions are given to the programs in order to save
computational time by immediately rejecting dose
distributions exceeding one of these upperbounds.
The program chain is also provided with those
beam-incidence directions which are impossible or
unwanted.

\ input of patients' crow section /

\
input of setting of «och b e a m /
^ with wedge ond weight /

\
input of beam ƒ

settings ƒ

for all combinations of incidence
directions:
- judges beam incidence combinations with

coarse score functions

selects combinoticni with the lowest scores

for «ach selected combination of
incidence directions:
- calculates suitable wedge filters for

each beam
- determines beam weights \

inpur of wedges 7
and weights /

for each set up with incidence directions,
wedges and weights:
- judges dose distributions with detailed score

functions

selects the dose distribution(s) with the lowest
score

I calculation of the isodose pattern j

FIG. 1.
Flow-chart of the program chain.
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FIG. 2.
Description of the patient cross-section and the position of

the points in which the dose delivery is calculated:
(1) radii to describe the contour of the cross-section, target
area and vulnerable regions,
(2) sample points inside and outside the target area,
(3) sample points on the contour of the vulnerable regions.

Judgement of incidence directions
For the judgement of incidence directions

MFSEARCH uses coarse score functions based
on the following six criteria:
(1) dose delivery to tumour relative to incidence

dose;
(2) equality of dose delivery to target area;
(3) dose delivery to vulnerable regions;
(4) integral absorbed dose;
(5) obliqueness of the beam entries to the patient

contour;
(6) mutual beam positions.

To each criterion a score function is attached.
The deviation of the function value from zero indi-
cates the deviation from the ideal case. For discus-
sion of these score functions, the case of two beams
(i and j) will be treated in the next part of this
section.

1. Dose delivery to tumour relative to incident dose:
EXT=EXTTRMt+EXTTRM, with EXTTRM=
1-exp (-jar)
r is the distance measured along the central axis of the beam
from the skin to the target centre, p is the effective linear
absorption coefficient of the beams in tissue. The fraction
of the depth dose left after traversing a distance r in tissue
is taken as exp(—fir). The fraction of the depth dose ab-
sorbed after traversing r, the absorbed fraction, is then:
l-exp(—fir). This rough approximation with which the
beam absorption in tissue is described, has been shown to
be sufficient for the judgement of combinations of inci-
dence directions.

The score function EXT km been designed such that for
all acceptable cases its value is less than 1. A value greater
than 1 means that the tumour dose {exp(—/Wj)+exp( —pn)}
is smaller than both of the incident doses (each with the
value 1).
2. Equality of dose delivery to target area:

EQUAL=Z{1 -exp (-fi.lrf-r,l)}.
This function becomes 0 when rt=rt and 1 when the ab-
sorbed fraction is 0 -5 over a distance Iry-r̂ l.

3. Dose to vulnerable regions:
CRIT=CRITTRM,+CJUTTRM, with CRITTRM

being the summation over all vulnerable regions of f.txp
(—ful)/Dp . dis the distance from the skin to the centre of
the vulnerable region, parallel to the central axis of the
beam. Dp is the permissible dose in the vulnerable region
expressed as a fraction of the mean dose in the target area.
The coefficient ƒ accounts for the distance of the centre of
the vulnerable region in question from the beam, ƒ = ! when
the beam goes through the vulnerable region; we chose
/=0'2 when the beam misses the vulnerable region at a
distance less than 5 mm and / = 0 when this distance is
more than 5 mm. Because of its structure CRIT is a score
function which can exceed the value 1 in acceptable com-
binations of incidence directions.
4. Integral absorbed dose:

FLD=FLDTRM,+FLDTRM, with
FLDTRM*=(FIELD*-FIELDmiu)l6.

For every incidence direction k the corresponding field size
(FIELD*) is determined as the smallest diamcer, rounded
off to 0-5 cm, which encompasses the target area. FIELDmxn
is the minimum value of all field sizes FIELD*. When
FLDTRMv=t, FIELD* and FIELDmm differ by 6 cm.
This value of 6 was arbitrarily chosen and is not essential,
because in the expression for the total score FLD is multi-
plied by a weighting factor. The score function FLD
favours small beams above broad beams and in this way
influences the integral absorbed dose.
5. Obliqueness of the beam entries to the patient contour:

CURV= CURVTRM, + CURVTRM, with
CURVTRM =0-6 tan W).

•f> is the angle of the central axis of the beam with the
perpendicular to the contour at the point of intersection of
the central axis with the contour. $ is often called the
"angle of incidence". CURVTRM=1 for (6=60 deg; the
factor 0-6 is also chosen arbitrarily (see 4).
6. Mutual beam positions:

m is the number of radii used to describe die patient
contour and the target area. The restrictions for I and j pre-
vent combinations of incidence directions being evaluated
more than once. See Fig. 2 for the meaning of the numeri-
cal value of i and j . When the radii are drawn at every IS
deg., rn=360/15=24. In this case, when two beams are
perpendicular to each other, /—«=6 and consequently
INV—0. When two beams are opposing or coincide, j—i=
12 or 0 and in both cases INV= 1.

In the case of three beams t', ƒ and k, the score functions
EXT, CRIT, FLD and CURV ate constructed in the
same way: adding the separate beam contributions. To keep
the function value in the same range as in the case of two
beams, the beam contributions are multiplied by 2/3.
For example:
EXT= i (EXTTRMi+EXTTRM,+EXTTRM*).

EQUAL and INV are constructed slightly differently:

The construction of the score function INV is such that
the value 0 is obtained when the beams make an angle of
120 deg. with each other; the value 1 is obtained when the
angle between i and j and between j and k is either 0 deg.
or 240 deg.

The total score consists of a weighted sum of the
different score functions. At the present time good
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B

FIG. 3.
Calculation of wedge-filter angle.

(A) Combination of two beams.
1,2: central axes of the beams.
3: outline of the patient.
4,5: isodose lines obtained when the wedge-filter is not

inserted into the beam.
^: angle of central axis with perpendicular to the skin.
flS': angle of isodose lines 4,5 with perpendicular to the

central axis.
6: angle between the bisector of the central axes and

either one of these axes.
a: angle (in degrees) between the isodose lines 4,5 and the

bisector of the central axes.
(B) Combination of three beams.

1,2,3: central axes of the beams.
4: bisector of axis 1 and axis 3.
5,6,7: perpendiculars to the isodose lines:
8,9,10: of the respective beams.

results are obtained with the following weighting
values:

SCORE=2. EXT+2. EQUAL+1. CRIT+
1. FLD+1. CURV+ 2.g.INV.

When the distance of the chosen target centre to the
skin is less than or about the depth at which elec-
tronic equilibrium is reached (with 8 MV X rays
2 cm) £=0, otherwise g=l. The case with £ = 0
will hereafter be called a plan with a superficially
lying target (See Fig. 5). This elimination of INV
from the score is necessary because the dose deliv-
ered increases very rapidly just under the skin and
then remains rather constant over some distance (2
cm for 8 MeV X rays). Wedge-filters and angles
between incidence directions are then of little im-
portance in achieving good treatment plans.

A combination of incidence directions is immedi-
ately rejected when one of the following maximum
values is exceeded:

EXT: 1.2, EQUAL: 1, CR1T: 1, CURV: 1.

Wedge-filters and weights
Once the (e.g. six) best combinations of incidence

directions are selected, wedge-filters and weights are
determined for each beam of such a combination.

In the case of two beams, wedge-filters are in-
serted in each of the beams such that the isodose lines
are parallel to the bisector of the angle between
both beams. Thus the isodose lines have to rotate:
a=90—0+^' deg. (Fig. 3A).

The treatment set up only gives the angles of
incidence (<f>) and the angle between the beams (26).
This means that the influence of oblique incidence
(<f>) on the angle of the isodose lines with the central
axis (<£') must be expressed. It can be shown that
tan (^')=0-6 tan (<f>) for 8 MV X rays and 100 cm
focus-target centre distance. For 60Co and 80 cm
source-target centre distance tan (^')=0-7 tan (<}>),
both factors depending somewhat on the field sizes.

The value of 0 is derived from the incidence direc-
tions of the two beams and is the same for both
beams. It turns out to be sufficient, even in the case
of oblique incidence, to insert in each of the beams
a wedge-filter with a wedge angle of 90—0+^' deg.
A wedge-filter with a wedge angle of a degrees is a
wedge-filter which, in the case of normal incidence
of the beam to the skin, will turn the isodose lines of
this beam through an angle of a deg. A plain field
is considered as due to a wedge-filter with an angle
of 0 deg. Because of the rough approximations in
the derivation of the wedge angle and because of the
limited number of wedge-filters available, three
wedges are selected for each beam with their wedge
angles near 90—0+$' deg. The program reduces
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the number of wedges to two if three wedges are not
available. In the case of three beams, a wedge is
inserted in each beam such that the isodose lines of
each beam make an angle of 120 deg. with the iso-
dose lines of the other beams (Fig. 3B). The deter-
mination of suitable wedge-filters is analogous to the
case of two beams. Usually two wedges are deter-
mined for each beam.

In the case of a superficial-lying target, only the
oblique incidence of a beam is compensated', thus a
wedge-filter with a wedge angle <f>' is inserted in each
beam (Fig. 5). The reason for this has already been
discussed.

As will be explained in the next section, the
program for judgement of dose distributions,
MFOPTIM, has been written such that changing
weights for the beams and rejudging the modified
dose distributions uses very little computer time.
Therefore less effort has been spent on programming
the calculation -jf weights. In the case of two beams
we gave, wheu r%<r$, beam/ a weight 1 and beam i
a series of weights, e.g. 0-6, 0-7 . , . , 1*6. In the case
of three beams, when rj<r<- and rj<rt, beam k
gets weight 1 and beam i and j both get a series of
weights, e.g. 0-4, 0-6 2-0.

To summarize the stage of the planning procedure
at this point: MFSEARCH has now determined a
number of combinations of incidence directions.
Each beam of such a combination is provided with
appropriate wedge-filters and weights. For example,
with three combinations of incidence directions for a
three-field technique, two wedges for each beam and
two beams with eight weights, the third beam having
Weight 1, MFSEARCH offers to MFOPTIM:
3.2.2.2.8.8.1=1,536 different dose distributions to
be judged.

Judgement of dose distributions
In order to judge a treatment plan, MFOPTIM

follows the following procedure. The radii, drawn
from the target centre to the contour of the patient
cross-section, are provided with a number of sample
points. In the same way the contour of the vulner-
able regions is provided with sample points. The
position of these points is indicated in Fig. 2.

Next the dose distribution at each of these points
is calculated for each beam, with weight 1 and with
the wedge-filter assigned to it. The result is stored
by the program. The calculation is based on tabu-
lated off-axis/on-axis dose ratios and on a central
axis depth-dose function. The latter function takes
into account the dose increase from the patient sur-
face to the depth of electronic equilibrium. Because
the aim of MFOPTIM is to discriminate between

treatment plans, a high accuracy in the dose cal-
culation is not necessary, the computing speed being
more important. Oblique incidence of the beams on
the patient contour is taken fully into account.

Then, using the appropriate weights of the
beams, the total dose at each point is determined.
Finally, based on the dose values at all these points,
the values of the detailed score functions correspond-
ing to the judgement criteria are calculated. In this
way change of weights only means multiplying the
stored dose values with these modified weights and
rejudging the dose distribution.

These criteria and their corresponding detailed score
functions are formulated as follows:
(1) Dose homogeneity in the taget area:

TDH=(Di, max-Dt, mit>)/Ot
(2) High-dose zones near the target area:

HDZi=(number of pointsi with Di>0-9 Dt)/Ni
HDZi = (number of points» with Ü2 > 0-7 J9t)/-Vs

(3) High dose regions distant from the targer area:
FDMD /O, /(

(4) Dose to vulnerable regions:
For every vulnerable region is calculated:

DVLN— — . -p— and then all these values are added.
l>t tip

(5) Integral absorbed dose:

Explanation of the score functions:
(1) f t . max is the maximum dose value of the inner points;

i.e. points situated on the radii at 0*6 cm inside the
target contour.
Dt, mm is the minimum dose value defined in the same
way.
Dt is the mean dose value of the inner points.

(2) Pointsi are outer points situated on the radii at 0-6 cm
outside the target contour with dose values Di. PointS2
are outer points situated on the radii at 2 cm outside the
target contour with dose values Ds>. When a point lies
outside the patient contour, it is neglected.
N\ is the number of pointsi, JV2 is the number of pointsa.
Thus HDZi is the number of pointsi inside the cross
section with a dose higher than 90 per cent of Dt,
divided by the total number of pointsi. HDZi is defined
in a similar way.

(3) Far from the target area high dose regions will only occur
at the entrance area of the beams at the depth at which
electronic equilibrium is reached. In the case of a plain
beam at normal incidence, the high-dose region lies
around the central axis at this depth. When a wedge
niter is inserted into the beam the high dose region is
displaced from the central axis. The dose in this region
will be called the incident dose. The dose at the depth
of electronic equilibrium on the central axis is called the
field dose. The weight of a beam and the field dose are
linearly related to each other.
Din, max is the maximum incident dose found among the
incident doses of all beams of the treatment plan.

(4) Dv is the mean dose of all points lying on the contour of
the vulnerable region in question.
Dp is the permissible dose of this region expressed as a
percentage of Du

(5) 2 means summation over all beams.

'r'
I
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Wt is the field width of beam «'.
R, is the length of the central axis of beam t' through
the patient cross-section.
Di.i is the field dose of beam i.
2 r,2 is the sum of the squares of all radii from the target

centre to the patient contour and a is the angle in degrees
between two successive radii.

is an approximation of the area of the patient

cross-section.

The final score consists again of a weighted sum
of the different score functions and is characteristic
for the dose distribution, independent of the way
this distribution is achieved (see discussion for the
determination of the weighting factors). Good
results are obtained with:

score=2. TDH+10.HDZi+10.HDZ2+l .FDM
+3.2DVLN+1.ID;

2 being the summation over all critical regions.
For TDH, FDM and the different DVLN's,

upperbounds are introduced together with the
input of patient data. Plans with a value for one of
these detailed score functions higher than the cor-
responding upperbound are immediately rejected.
Often-used values for these upperbounds are:
TDH: 15 per cent, FDM: 80 per cent, the percen-
tages being percentages of the mean target dose.
When treating the bladder, the upperbound of the
ratio Z>v/A for the rectum is often 70 per cent,
with a permissible dose Dv of 50 per cent. For the
spinal cord these values are often taken as SO per
cent and 30 per cent.

CLINICAL USE
MF3DEXT and MFOPTIM have now been in

use for more than three years; MFSEARCH for
more than one year. In our department most mega-
voltage treatment plans are determined by these
programs (300 plans a year). Exceptions are the
plans with two opposing beams on straight surfaces
without wedge-filters and the difficult plans, e.g.
with non-coplanar beams. Two radiographers pre-
pare the input, operate the computer terminal and
deliver the final plan to the radiotherapists and the
physicist for evaluation. After the final plan has been
approved, they fill in the treatment instruction sheet
and are present at the first treatment of the patient.
This computer system has relieved the treatment
planning department from a great deal of routine
work.

The programs are run on the Control Data Cyber
73 computer of the Academical Computing Centre
in Amsterdam. Use is made of a remote batch ter-
minal, located at 200 metres from the radiotherapy
department. A high priority level for our programs

FIG. 4.
Computer-constructed treatment plan (8 MV X) for a

tonge—floor of mouth lesion.

is granted, so the time between input to and output
from the computer is usually short, about five
minutes for two or three treatment plans together
in one run. The time elapsed between the presenta-
tion of a patient outline to the radiographer and the
return to the radiotherapist of the optimized plan
is in most cases half a day.

Because the programs are batch-processed by the
computer, no manual intervention during the run-
ning of the programs is possible. Hence much atten-
tion was given to the fact that a bad result or no re-
sult at all would imply rerunning the programs. For
instance, when one or more upperbounds for score
function values prevent MFSEARCH or MFOPTIM
from obtaining a prefixed minimum number of
combinations of incidence directions or of reason-
able dose distributions, the program augments the
upperbound(s) in question and does the planning
again.

All programs of the chain are not necessarily
needed for a treatment plan. As indicated in Fig. 1,
it is possible to enter the program chain at several
levels. For instance, when the incidence directions
of the beams are fixed, only a series of suitable
wedge-filters and weights has to be determined by
MFSEARCH. MFOPTIM and MF3DEXT are
then needed to arrive at the final dose distribution.

The maximum number of beams to be handled is
three for MFSEARCH and four for MFOPTIM.
In both situations the central axis has to lie in the
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FIG. 5.
Computer-constructed treatment plan (8 MV X) for a
superficially lying target area, in this case a glomus tumour.
The patient outline is taken from os mandibularis to os

occipitalis.

patient cross-section and must go through the
chosen centre of the target area. Until now no
need has been felt to change these restrictions.

Examples of the dose distributions achieved by
the programs are given in Figs. 4 and 5.

DISCUSSION
A survey of the drawbacks of external beam

treatment planning with a computer (—terminal)
situated outside the radiotherapy department has
been given by Bentley and Milan (1971). It turns
out that a considerable disadvantage, especially
when more than one run is necessary to achieve a
satisfactory result, is the time which elapses be-
tween the presentation to and return from the com-
puter of a treatment plan. However, the power of
modern large computers, linked with a relatively
low-cost terminal, permits the use of extensive chains
of programs on a routine basis with possibilities
unrealizable with small computers.

Our programs follow a procedure which selects
the best plan out of a whole series of reasonable
treatment plans including the good and very good
ones. There are two reasons for calling this proce-
dure pseudo-optimization of treatment planning.
The first reason is that the final plan is selected out
of a limited amount (albeit a very large number) of
treatment plans. The second reason is that the
chosen criteria and the corresponding score func-
tions are only to a certain extent representative of the
result of the treatment.

The weighting factors for the score functions of
the detailed criteria for the judgement of dose
distributions (MFOPTIM) have been determined

according to the preferences of our radiotherapists.
The question is still open whether one can deter-
mine optimum values for all these weighting factors.
Reasonably good results can be obtained with quite
different sets of weighting factors. The set of
weighting factors in use is still being upgraded in
the following way.

The radiotherapist, the physicist or the planning
radiographer often offers a set of incidence direc-
tions with appropriate wedges and weights to
MFOPTIM or complete plans to MF3DEXT. A
comparison is made between these plans and the
corresponding computer-determined plan. In nearly
all cases the treatment plan determined by the
programs is better or the same. When the reverse
is true, much attention is paid to the reason for this
misbehaviour of the programs.

Determination of the weighting factors for the
criteria of MFSEARCH can be done by means of a
mathematical procedure. Each combination of beam
incidence directions corresponds to a series of dose
distributions because of the different wedges and
weights. The values of the coarse score functions
for the criteria of MFSEARCH can be linked with
the lowest total score value of MFOPTIM for these
dose distributions. In this way an equation can be
composed with six unknowns (the weighting factors
for the coarse score functions of MFSEARCH),
with six corresponding coefficients (the values of the
single score functions of MFSEARCH) and with the
lowest detailed score value of the resulting dose
distributions (the best total score determined by
MFOPTIM) on the right hand side of the equation.
From the plans acquired over more than one year,
sets of, e.g. 40 equations have been composed and
solved by a least-square method. This work is still
in progress and eventually will lead to a mathemati-
cally-defined set of weightings factors for the score
functions of MFSEARCH.

There are certain shortcomings in the score
functions used by MFSEARCH and MFOPTIM.
(1) The score function INV of MFSEARCH gives

the same value for coinciding beams as for
opposing beams. It is obvious that the first case
is worse than the second one.

(2) The mathematical procedure for the determina-
tion of the weighting factors for MFSEARCH
often results in a negative factor for EQUAL.
The reason for this is not fully understood.
However, it is clear that, when a beam goes
through a vulnerable region, MFOPTIM fa-
vours the case of an asymmetrical set up with as
little dose delivery by this beam as is permitted
by the other score functions.
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(3) In the same way it was found that the weighting
factor of CVRV ic negative when solving equa-
tions composed only of bladder treatment plans.
Probably the curvature of the lateral parts of the
patient contour influences the dose homogeneity
in the target area.

(4) The function FDM of MFOPTIM is charac-
teristic of the beam in question and not of the
total dose distribution. In the case of opposing
beams one would prefer to add to the incident
dose the exit dose of the other beam and use this
value for the criterion of high dose regions
distant from the target area.

An improvement of the planning procedure con-
cerns the location of the isocentre inside the
target area. The best location of the isocentre is
not always the same for all combinations of inci-
dence directions. A modification of MFSEARCH
will be undertaken in which the hand-chosen loc-
ation of the isocentre will be considered for each
combination of incidence directions and if necessary
will be changed by the program itself.

The mean cost of a three-field plan, determined
by all three programs, is about Dfl 35 (£6), including
the use of the terminal. Use of a commercial time-
sharing system situated in our department will prob-
ably double these costs, but even then they remain
acceptable considering the achievement of the plan-
ning procedure.
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on the Use of Computers in Radiation Therapy, Japan, 1980.

I n t r o d u c t i o n

Computer optimization of treatment planning can be done by
minimizing a penalty function, representing planning features like target
dose homogeneity, vulnerable region dose etc. The value of a penalty
function for a treatment plan is called the total score of a plan. The higher
the total score of a plan, the worse the plan is. So the score value
represents the punishment for bad features.

Minimizing a penalty function has been done by mathematical
programming techniques like linear programming (1-4) or by function
minimization using score functions (5-7). Because it is in principle
possible to attach to any planning feature a score function, we use the
latter approach in our optimization program.

T r e a t m e n t p a r a m e t e r s

In this section the different treatment parameters will be discussed in
relation to our program. Some parameters are unsuitable for optimiza-
tion because, once they are decided upon, they are kept fixed or because
an optimal value can be calculated directly.
— Radiation modality. The radiotherapist or physicist decides in the
first stage of the treatment planning procedure upon the radiation
modality, e.g. megavoltage X-ray beams or Co-60 beams. This parameter
is not used for optimization.
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— Number of beams. A two and three beam set-up is often tried for a
given case. Sometimes a four or six beam set-up is used but then with
-nearly always- predictable symmetric beam entries. The beam entries
for moving beam therapy are also known beforehand. Therefore it was
decided to optimize only the number of beams with regard to a two and a
three beam set-up. Fixed beam entries of a set-up with more beams can be
entered directly to the optimization program. f
— Incidence directions of the beams. This is in principle a continuous
parameter because a beam can enter from any direction. For practical
reasons, discretization of at least 5 degrees and usually of 10 or 15 degrees
is used.
— Position of the isocentre. For a given combination of incidence
directions, the optimal position of the isocentre is determined directly, as
will be discussed further on.
— Field sizes. For a given combination of incidence directions, the field
size just encompassing the target area is calculated for each incidence
direction after the optimal position of the isocentre has been determined.
Other field sizes are therefore not taken into account.
— Beam wedge filters. For a given combination of incidence directions,

22 21

Fig. 1. Input of patient outline and position of dose points. The contour of the
patient and of the target area is described by radii, drawn every 15 deg. The directions
of these radii, indicated by 0,1,...,23, become the possible incidence directions of the
beams. The contours oi the vulnerable regions are described similarly, see (6). On each of
the radii O,....,23, points are placed: 0.6 cm inside and 0.6cm and 2 cm outside the target
contour as indicated on radius 17. Also points are placed on the contours of the
vulnerable regions. Extra points are placed on the central axis and near the field edges
in the entrance area of each beam of a selected combination of incidence directions
(here: 7, 12, 19). The dose rates in these points are used to score the dose distribution
corresponding to the set-up of beams, wedges and weights.
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a theoretical wedge filter is calculated for each beam for the case that
each beam contributes equally to the target area. The existing wedges
near each calculated one are then used, some shallower and some steeper.
— Beams weights. Beam weights can be varied continuously and there-
fore many existing programs have some algorithm to optimize a p'an for
this parameter. Again for reasons of simplicity, our optimization pro-
gram takes one beam weight as 1 and the other ones as multiples of 0.1 in
a two beam set-up and of 0.2 in a three beam set-up.

D e s c r i p t i o n of p a t i e n t s t r u c t u r e s

The patient outline, the target contour and the vulnerable regions
are given in polar coordinates with the radii drawn at every 5, 10 or 15
deg. (Fig. 1). The directions of these radii are also the possible beam
incidence directions to be used for optimizing the combination of
incidence directions. Also those incidence directions must be entered
which are impossible or unwanted, e.g. because of passing through the
treatment table. Finally for each vulnerable region the permissible dose
must be given.

P r o g r a m s

The optimization program MFOPT and the program to calculate
dose distributions MFEXT run in a time-sharing environment on the
Control Data Cyber computer of the Academical Computer Centre in
Amsterdam. Recently the conversion of these programs to a PDP Ï1/34
minicomputer has been started in order to combine an interactive
computer planning system with our optimization routines.

Score func t ions

The improved version of our optimization program differs from the
one published (6) in improved score functions and it includes the already
mentioned calculation of the optimal position of the isocentre for each
combination of incidence directions.

Two kinds of score functions are used: labda functions and kappa
functions. Labda functions are functions of a single variable like target
dose inhomogeneity; kappa functions are functions of a series of dose
values, for example the dose values in points on a vulnerable region
contour.

All score functions used to judge combinations of beam incidence
directions as well as the function to judge the target dose inhomogeneity
are labda functions of the shape (A.+l)n-l with n>l . X is the mathemati-
cal expression for the feature studied, for example the X of the dose
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Fig. 2. Behaviour of the A.-type score function demonstrated with the function for
target dose inhomogeneity. n represents the importance for an increase in A. as a
function of its local value.

inhomogeneity over the target area corresponds with 10x(dose inhomo-
geneity fraction). The power weighting with n conforms to the generally
accepted opinion that an increase of X. is the more important the more X
diverges from 0; for example an increase in target dose inhomogneity
from 10 to 15 per cent (A. = 1 to 1.5) is much more important than an
increase from 0 to 5 per cent (X = 0 to 0.5), see Fig. 2.

In the judgement of dose distributions often the dose values Dj of a
number N of points at a region of interest are compared to the
permissible dose Dp in this region (Fig. 3). Because tissue damage
increases markedly when the dose value reaches the permissible dose, a
score function sensitive to even a few high dose values was chosen:

VULNERABLE REGION OOSE

N

OLD : )U J - V D / D J ,

1

VULNERABLE REGION WITH
PERMISSIBLE OOSE Dp

POINT i WITH RELATIVE DOSE O,

Fig. 3. Difference between the old X-type function and the new K-type function to
score the dose to vulnerable regions, n represents the importance of the occurrence of
even a few high dose values.



33

K =—2. exp(nDj/Dp)/exp(n) with n>l . n represents the importance

of the occurrence of high dose rate values.

O p t i m i z a t i o n o f c o m b i n a t i o n s o f i n c i den ce d i r e c t i o n s

Each possible combination of incidence directions is judged with
labda-type score functions. The expressions for X representing the
following features are given in detail in (6) and (7):
1. Dose delivery to tumour relative to incident dose;
2. Equality of dose delivery to target area;
3. Dose to vulnerable regions;
4. Integral absorbed dose;
5. Mutual beam positions.
Recently we introduced the next two score functions (7):
6. Ease in setting-up of patient: X=Ej+Ej for two beams i and j or

X = |(Ej+Ej+Ek) for three beams i, j and k, the indices being the
incidence direction numbers of the combination of incidence direc-
tions studied (Fig. 1).
If beam x is horizontal or vertical then Ex = 0. If beam x is angled at
45 deg. then Ex = 0.25. At other angles Ex = 0.5.

7. Symmetry of set up: A= I < j <k .

This score function is only used for a three beam set-up with incidence
direction numbers i, j and k. rn is the number of radii to describe the
patient contour, i.e. the number of all incidence directions.
A. = 0 when the angle between the beams i and j equals the angle
between j and k.
X = 1 when the difference between these angles is 120 deg.

O p t i m a l p o s i t i o n of the i s o c e n t r e , wedges and we igh t s

After the, say 6, best combinations of incidence directions for the
beams have been selected, the optimal position of the isocentre for each
selected combination is calculated as follows (Fig. 4). Firstly the smallest
field size encompassing the target area is determined for each incidence
direction. Then for a two beam set-up the isocentre is taken in the
intersection of the central axes of the beams corresponding to these
incidence directions and these field sizes. For a three beam set-up the
isocentre is taken in the geometrical centre of the triangle defined by the
three intersections of the central axes. After the optimal position of the
isocentre has been determined, the field sizes are adapted to their size at
the isocentre. Finally, for each beam of a selected combination of
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POSITION OF THE ISOCENTRE INSIDE THE TARGET AREA

BEAM

TARGET CONTOUR

BEAM'I

Fig. 4. Position of the isocentre inside a triangular target area as a function of the
incidence directions. Such triangular target areas occur often with head and neck
tumours. — central axes of the beams of a given combination of incidence directions
1,11 and HI, each encompassing the target area. 1,11 optimal isocentre for incidence
directions I and II, the optimal isocentres for the other combinations of two beams are
indicated similarly. I,II,III optimal isocentre for the three incidence directions shown.

incidence directions, the program calculates a set of wedges and weights
as described in (6).

O p t i m i z a t i o n of dose d i s t r i b u t i o n s

At this stage of the planning procedure the program has selected the,
say 6, best combinations of incidence directions. For each combination
the optimal position of the isocentre has been determined and for each beam
of a combination the field size, a series of suitable wedges and a series of
beam weights have been calculated. The program now calculates the dose
values in a number of points in and around regions of interest (Fig. 1) for
each treatment plan and scores the following features:
1. Dose homogeneity in the target area, scored with a labda function as

discussed in the section "Score functions".
The next three features are scored with kappa functions:
2. High dose zones near the target area. Two series of dose points are

used separately, one series situated 0.6 cm outside the target contour
and one series at 2 cm from the target contour.
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3. High dose zones distant from the target area. The highest dose values
distant from the target area will be found at the entrance areas of the
beams, especially in the case of opposing beams. Three points are
placed in each entrance area of the beams of the set-up studied, one at
the central axis, the other two near a field edge. The doses in these
points are used in the kappa-type score function.

4. Dose to vulnerable regions. The points on the contour of each region
are used to calculate a score value. Then these scores values are added
to obtain a single value for this feature.

5. Integral dose. The expression for this feature as given in (6) is
unchanged.

6. Ease in setting-up of the patient. The score of this feature represents
the symmetry in the treatment set-up. For two beams the scoring is as
follows: if not the same wedge is used, 0.2 is added to the score. If not the
same weight for both beams is used, again 0.2 is added. The scoring
for three beams is similarly although somewhat more complicated.

D i s c u s s i o n

0.9x

Fig. 5. A treatment for a glomus tumour. Usually the contour for this target is
taken parallel to the patient axis instead of normal to it as in this plan. However, to see
what the optimization program would do with this difficult case, a complete
optimization, including incidence directions every 10 deg. was performed. The two
values at each vulnerable region, e.g. 40 and <60 for the myelum, give the permissible
dose and the maximally allowed dose respectively, both entered to the program as
percentages of the mean target dose.
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The optimization program only optimizes dose distributions in the
plane through the coplanar central axes of the beams. The extensions of
the target area and vulnerable regions at either side of this plane are taken
into account by projecting them in the central plane, as shown for the
myelum in Fig. 5. By taking the mean of the projected contours as the
patient contour in the central plane, a correction for the contours in
different planes is made.

It sometimes happens that the radiotherapist states the maximum
allowed dose in one or more vulnerable regions so that no suitable dose
distributions are found. The maximum allowed dose for the region which
causes the most rejections of plans, is then multiplied in the program by
1.5 and optimization restarts. However, because the punishment by the
score function for vulnerable region dose increases exponentially with the
dose delivery to the region, a suitable dose distribution is found with still
a limited dose in the vulnerable region in question.

The weighting factors for the score functions in the expressions for
the total scores of a combination of incidence directions and of a dose
distribution, represent the relative importance of the features scored. As
discussed in (6), the evaluation of a large number of planning cases was
needed to determine suitable weighting factors for the old score func-
tions. The weighting factors for the new score functions were much easier

Fig. 6. A treatment plan for a bladder tumour. This complete optimization was
performed with incidence directions every 15 deg. The incidence directions through
the couch were entered as forbidden directions. The plan shows the importance of
using 3 dose points in the entrance area, even when a wedge is used. As can be seen in
the entrance areas of the lateral beams, high doses also occur at the wedge side
opposite to the tip.
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obtained because of their pronounced reaction to less desirable situa-
tions. The current set of weighting factors was determined in a few trial
and error runs in May 1979 and untü now required only a few minor
adaptions.

A few treatment plans, completely optimized by our programs, are
given in the figures 5 and 6.

Summary

This paper presents the score functions used for the determination of
optimal incidence directions and explains the calculation of the position
of the isocentre for each optimal combination of incidence directions.

Also the score functions to judge the dose distributions, given by the
optimal combination of incidence directions with the corresponding
isocentre, beam wedge filters and beam weights, are treated.

Attention is given to the clinical importance of the score functions
for symmetry of treatment set-up and ease in adjusting the patient.

A few optimized treatment plans are presented.
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WALL-SCATTERING EFFECTS IN ELECTRON BEAM
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In radiation therapy the use of high energy electrons has gained increased interest
in recent years. Usually scattering foils and fixed field applicators are used to obtain
the treatment fields. The main problems then encountered are the field flatness, the
depth dose, the roentgen ray contamination and the amount of radiation outside
the field.

The dose distribution is influenced by the accelerator tube exit window, the
monitoring transmission chamber, the scattering foil, the main roentgen ray dia-
phragms and the electron applicator.

The flattening of electron fields by scattering depends strongly on the complete
collimation set up (SVENSSON & HETTINGER 1967, SVENSSON 1971). The main dia-
phragms and the walls of the applicator scatter electrons back into the beam. If these
walls are flared instead of parallel, they contribute less scatter. The amount of wall
scatter also reduces when the applicator walls are partly screened off for incident
electrons by means of the main diaphragms or through restricting the entrance
opening of the applicator. Finally, by the use of different scattering foils the contribu-
tion of wall scatter to the field can also be varied. The choice of the scattering foil is
also restricted by its contribution to the roentgen ray contamination of the electron
beam.

Once the shape and material of the applicator have been chosen, its entrance
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opening, the scattering foil and the setting of the main diaphragms are the free para-
meters left to create a flattened field.

BRADSHAW & MAYSENT (1964) investigated the effect of restricting the applicator
entrance opening, in order to obtain optimum field flatness for the electron beam
of a IS MeV linear accelerator. After investigating the behaviour of electrons scattered
from the various parts of an applicator, their approach is extended to the energy
range of 6 to 20 MeV in the present report.

The influence of lead scattering foils on the field flatness of electron beams from a
betatron has been analyzed by RASSOW (1968) and KOZLOV & SHISHOV (1976).
SVENSSON et coll. (1977) investigated for their 22 MeV microtron the combination of
two scattering foils in order to minimize energy spread and degradation. The
dependence of the dose distribution on the scattering foil, as a function of fieldsize
and electron energy, has been investigated specifically for our MEL linear accelerator
and applicators.

Material and methods

Electron beams with nominal energies between 6 and 20 MeV from a MEL SL75-20
linear accelerator have been used. The nominal energies (E) in MeV are specified
according to the HPA-report No. 4 (1971) as E = 2.5 HVD, with the half value depth
in water (HVD) in cm.

In the turret with scattering foils inside the accelerator head, space is provided for
three foils for electron treatment. The following foils were used: foil 1—single foil
of 0.08 mm Cu (diameter 49 mm), foil 2—compound foil of 0.2 mm Cu (diameter
18 mm) added to 0.49 mm Cu (diameter 49 mm) and foil 3—compound foil of
0.38 mm Pb (diameter 15 mm) to 0.08 mm Cu (diameter 49 mm). All foils are
positioned at 16 cm from the exit window of the accelerator tube. Foil 3 was already
present in the machine, so the wall scatter experiments were started with this foil.
Foil 1 and 2 originated from the field flatness experiments.

For radiation detection two polystyrene parallel plate ionisation chambers were
designed. The collecting area of these chambers is 3 mm x 8 mm, and the plate
separation is 2 mm; thus the volume is 0.05 cm3. One chamber is designed for
scanning of a horizontal beam, with the smaller dimension of the collecting area in
the scanning direction. The other chamber is identical, but constructed with a
U-shaped stem and is designed for scanning of a vertical beam. It can be used for
measurements close to the water surface (Fig. 1 a, b). The energy dependence of
these chambers, with 200 V polarisation voltage, for electron energies between 6
and 20 MeV was compared with a Farmer graphite walled 0.6 cm3 ionisation cham-
ber. The difference in energy dependence is less than one per cent, so for these
chambers the CE values given for the Farmer chamber in the HPA-report No. 4 were
used. The polarity effect with such small chambers is high because the charge
deposited by electrons directly hitting the collecting area, is not negligable com-
pared to the air ionisation. For the present chambers the difference between
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Fig. I. a) Experimental set up
for measurement of electron
scatter contribution from dif-
ferent parts of one wall. ®
Water phantom and remotely
controlled ionisation chamber,
profiles measurement parallel
to /. © Applicator wall parallel
to the central axis of the beam,
divided in 8 parts, 1-7 alumi-
nium, 8 perspex. ® Accelerator
treatment head, b) lonisation
chamber for measurements at
small depths with a vertical
beam, c) © Inset, positioned at
top of the wall.

ionisation current at + or - 200 V collecting voltage is 4 per cent. The saturation at
these voltages is more than 99 per cent. Relative curves, like beam profiles and
depth doses, obtained with these polystyrene chambers, show negligable difference
when compared with the ones obtained with the Farmer chamber. The measure-
ments were performed in a water phantom of 60 cm x 50 cm x 40 cm with
remotely controlled 3-dimensional chamber positioning.

For evaluation of the dose distributions, scans crossing the central axis of the
beam were made. The scanning levels for considering the field flatness were at a
depth of 0.8 cm and at the depth of maximum dose delivery for each energy. Central
axis depth doses were measured with the vertical beam set up and the U-shaped
chamber, starting from the water surface.

The flatness of a field was considered acceptable, when the dose delivery over the
whole field up to 0.5 cm from the applicator walls, at the above mentioned depths, did
not differ by more than 5 per cent from the dose at the central axis. The quality of a
central axis percentage depth dose curve was considered by the therapeutic range
(depth of the 85 % dose level) and the slope of the steep section of the curve, as
suggested by BRAHME & SVENSSON (1976).

Field sizes with dimensions smaller than 16 cm are within the maximum exit aper-
ture of the SL 75-20 treatment head. For these field sizes an applicator concept with
parallel walls (Fig. 2) was chosen because of its simplicity in mechanical construc-
tion. For field dimensions larger than 16 cm flared wall applicators were taken.
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Fig. 2. Construction of parallel wall applicator.
® Main diaphragms, defining the electron
beam to the entrance aperture of the applicatc :
© Mounting flange. @ Additional aluminium
shielding. ® Aluminium applicator wall. ©
Perspex end part. ® Field defining cerrosafe
end frame.

Aluminium was chosen as applicator material because of its low production of
roentgen rays when struck by electrons (LINDSKOUG & DAHLER 1971, NAYLOR &
WILLIAMS 1972). The walls are I cm thick and 35 cm long, ended by 5 cm of perspex
extending to the phantom surface (for treatment field visibility), which gives a total
length of 40 cm and a scatter foil-skin-distance of 95 cm.

The use of field defining frames, attached to the end of the applicators, to
provide intermediate and irregular field sizes, was investigated. These frames were
made of a low melting alloy, cerrosafe (Mining & Chemical Products Ltd., Alperton,
Wembly, Middlesex, United Kingdom; composition: 42.5% bismuth, 37.7% lead,
11.3% tin and 8.5% cadmium) and perspex.

The accelerator main diaphragms were used for primary collimation of the
electron beam, limiting the electrons to the applicator entrance opening and thus
avoiding heavy shielding around this opening. To prevent small changes of dia-
phragm setting influencing the dose distribution in the patient, the diaphragms
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1 Fig. 3. Scatter contribution from the
applicator walls. 12 MeV, foil 3. Upper
v j e w of the positions of the different
walls, the beam profile is measured
along the dashed line at a depth of
0.8 cm. (2) Profile with wall 2 (or 21)
present. (3) Profile with wall 3 present.
(3 + 3') Profile with wall 3 and wall 3 '
present.

cm across field

define an area on the applicator mounting flange, at all sides 0.5 cm larger than the
entrance opening (Fig. 2).

A prototype applicator with removable walls was constructed, to investigate how
the applicators influence the dose delivery, enabling experiments with one single
wall, with various combinations of walls and with separate parts of one wall, at
different distances from the central axis of the beam.

The effect of restricting the entrance opening of the applicators, thus partly
shielding the upper part of the walls for incident electrons was investigated using
strips of aluminium 2.5 cm thick and of different width (insets), and placed at the
top of the walls (Fig. 1 c).

Results

Parallel wall applicators

Applicator wall scattering. The electrons scattered from the applicator walls
strongly influence the dose distribution at small depths (up to 1 cm deep in water);
at greater depths this influence gradually decreases. Therefore, besides at the usually
taken depth of maximum dose delivery, the beam profile at 0.8 cm depth has been
included to investigate the influence of wall scatter and to consider the field
flatness.

The electron beam profile without applicator walls (plain beam profile) has been
compared with the profile given by one applicator wall. First, measurements
parallel to the wall show a regular shift upwards of the profile shape. Second,
measurements perpendicular to the wall show a maximum increase of dose near the
wall side, gradually decreasing a further distance (Fig. 3). The enhancement of
these profiles compared to the plain beam profile is caused by the additional contri-
bution of electrons scattered from the wall, which outweighs the absence of side
scatter from the region outside the wall. The profile of the electron beam with
two opposing walls can be shown as the result of adding the beam profile with
one wall to its mirror image (Fig. 3).
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Fig, 4. Scatter contribution from applicator wall parts. 12 MeV, f oil 3, depth 0.8 cm. a) The wall parts
are positioned 5 cm left from the central axis. The numbers with the curves indicate the total number
of parts that are present, starting from the accelerator treatment head. Curve 8' is obtained when the
last part of the wall is aluminium instead of perspex, b) Contribution from each separate part,
calculated by subtracting the curves in (a). The number with each curve here corresponds with the
number of the wall part as indicated in Fig. 1 a.

These properties, found for all the field sizes and energies, mean that the scatter
contributions of the individual walls can be treated as being independent of each
other. Thus the beam profile obtained with each combination of the four applicator
walls can be found by merely adding the separate contributions of each wall. This
implies that the shape of the beam profile is determined only by the two walls
defining this dimension.

The beam profile referred to in the preceding paragraphs is measured parallel to
one of the field dimensions (and through the field centre). For the fields determined
by the parallel wall applicators, the flatness measured along a diagonal appeared
to be quite similar. Probably the surplus of wall scatter in the field corners is
balanced by the lower contribution of the plain beam because of the greater distance
from the central axis and by the extra loss of side-scatter. Thus for the parallel wall
applicators the profiles measured parallel to the field dimensions and through the
field centre may be taken as a sufficient indication of field flatness. For the larger
field dimensions the decline of the plain beam profile prevails and the diagonal
profile must also be measured for considering the field flatness.

In order to investigate the scatter contribution from one wall in detail, the beam
profiles were measured, increasing the wall length from the accelerator head by
steps of 5 cm. The contribution of scattered electrons from each individual part is
then found by subtraction. The results for a 12 MeV beam are shown in Fig. 4; for
the other energies the appearance of the curves was found to be similar.
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Fig. 5. The effect of insets. 20 MeV,
foil 3. (1) Plain beam profile. (2) Profile
with two walls. (3) Profile with two
walls and insets (width 1.4 cm). The
profiles are measured at 0.8 cm depth
along the dashed line in the diagram,
representing an upper view of the two
walls.

Fig. 6. Comparing flatness obtained
with two approaches: minimizing foil
thickness and using insets. — Profile
with two walls and foil 1, no inset.
— Profile with two walls and com-
promise inset width of 1.0 cm, foil 3.
All curves are measured along the
dashed line in the diagram.

To obtain a flat field a certain amount of scatter from the applicator walls is
needed at the field sides, as the plain beam contributes less with increasing
distance from the central axis. The scatter from the upper parts of the walls (near
the accelerator head) hardly improves the profile shape, it only deteriorates the
depth dose (cf. p. 120). The scatter from the lower parts increases the dose mainly at
the field edges, where it is needed.

Effects of insets. Especially for the smaller field sizes with high energy beams,
the profile with two opposing walls may show an unacceptable increase of dose
towards the walls, depending of course on the scattering foil. Such a dose distribution
can be flattened by introducing insets, limiting the number of electrons scattered
from the walls. The best position for an inset is at top o" the applicator walls, the
upper parts of the walls are then most shielded. The effect of insets is illustrated in
Fig. 5 for the 20 MeV beam. For lower energies the profile without insets (profile 2)
becomes flatter, consequently a smaller inset width is required to obtain complete
flatness (profile 3).
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Fig. 7. Influence of foils, applicator and insets on the central axis percentage depth dose, a)
plain beam, foil 3. — applicator (10 cm '• 10 cm), foil 3 . . . . applicator, foil 3, inset of width 1.0 cm;
also applicator, foil 1.12 MeV. b) — plain beam, foil 3. — applicator, foil 3, inset of width 1.0 cm;
also applicator, foil 1. .. applicator, foil 2. 20 MeV.

Effect of scattering foils. With a thinner scattering foil, the profile in absence of an
applicator (the plain beam profile) is more peaked. As a consequence the overall
scatter contribution from the applicator walls to the field is reduced. This influence
of the foil on the profile shape was found to become less marked with decreasing
beam energy. At 6 MeV no difference in profiles was found between foil 1 and
foil 3. Probably at this low energy the field is already flattened by a thin foil like
foil 1 and more scattering has little effect.

In Fig. 6 the field flatness, obtained with foil 3 and a compromise inset width for
the whole energy range (6-20 MeV), is compared with the field flatness using foil
1 and no insets. Especially the beams of lower energy gain in flatness if the insets
can be omitted.

Besides the increase with beam energy, the difference in the beam profiles between
two foils is also found to increase with field dimension. As a result, for field
dimensions above 12 cm, using foil 1, the profiles of the high energy beams (17,
20 MeV) are too low at the field edges. Changing to a thicker and profiled foil, foil 2,
for these energies improved these fields up to an acceptable degree (cf. p. 115), while
the profiles of the smaller fields remained almost the same.

Depth dose and roentgen ray contamination. The changes in the central axis depth
dose curve due to the wall scatter and the influence of insets and different foils
appear in Fig. 7. The contribution of wall scatter to the 'build-up' region changes the
curves significantly, the therapeutic range and the dose gradient are reduced. When
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relative
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applicator wall

Fig. 8. Radiation outside the treatment
field. 20 MeV, foil 2. depth 0.8 cm.
applicator 10 cm* 10 cm. — Profile
without cerrosafe end frame. — Profile
with cerrosafe end frame 10cm 10cm.
... Profile with end frame plus extra
cerrosafe 10 cm long. J cm thick,
against wall.

8 9 10 11 12
cm across field

insets or a thinner foil are used, an improvement of beam quality is gained; foil 3
plus insets and foil 1 give the same depth dose curve for each energy. However, with
foil 2, necessary for 17 and 20 MeV to provide sufficient flatness at the largest field,
a small loss of depth dose must be accepted. As can also be seen from Fig. 7 the
roentgen ray contamination of the beams is 2.5 per cent at most, at 20 MeV.

Flared wall applicators

Large field sizes. For field sizes larger than the exit aperture of the accelerator
head, two applicators have been studied, one of field size 10 cm - 20 cm and one
of 20 cm*20 cm. The walls defining the 20 cm dimension are flared, the corre-
sponding dimension of the entrance opening of the applicator is 16 cm. An additional
profiled scatterer is introduced in the entrance opening of these applicators to obtain
a flat field, meeting the specifications set forth. These scatterers are composed of
perspex rectangles (for the 10 x 20 applicator) or squares (for the 20 x 20 applicator)
of different thickness and dimensions, piled concentrically. In the 20 • 20 applicator
the sides of the squares are positioned parallel to the diagonals of the field, thus
favouring the electrons scattered to the corners.

The nominal energy of the beams is reduced with I MeV by the scatterers, but
there is no measurable contribution to the roentgen ray contamination. The
shapes of the percentage depth dose curves are not deteriorated by the additional
scatterer; the curves are only shifted 4 mm towards the surface.

General

Field defining end frames. Field defining frames at the exit end of the applicators
have been developed to reduce the number of applicators needed for clinical practice
and to offer the possibility of irregular field shapes. These frames consist of a layer of
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Fig. 9. Examples of final isodose
distributions, a) 6 cm x 6 cm, 20
MeV, foil 2. b) 8 cm x 16 cm,
20 MeV, foil 2. c) 20 cm x 20 cm
diagonal, 11 MeV, foil 1.
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cerrosafe with thickness 1 cm on a layer of 0.5 cm perspex, the latter acting as a
spacer between frame and patient. The frames only stop electrons incident on them:
the existing field flatness is hardly changed. The amount of associated Bremsstrahlung
at 20 MeV is insignificant when the shielded area extends nowhere more than 1 cm
from the applicator walls. With increasing distance between the walls and the field
edge a roentgen level of 7 per cent can be expected under the cerrosafe when 20
MeV electrons are used. With 14 and 10 MeV this reduces to 4 and 3 per cent, respec-
tively.

Radiation outside the treatment field. With the 20 MeV beam the dose rate under
the applicator wall falls off rapidly to 8 per cent (Fig. 8) and then outside the
applicator slowly decreases to 2 per cent at 5 cm from the field edge. A sharper
decline outside the treatment field is obtained when a cerrosafe end frame, defining
the same field size as the applicator, is used. When critical regions, e.g. the eyelens,
are present just outside the applicator and a high energy beam is used, a further
reduction of dose delivery (under a 2% level) is needed and is achieved by additional
cerrosafe of 1 cm thickness placed against the last 10 cm of the applicator wall.

The extra aluminium layer of 1 cm thickness, added outside the first 3.5 cm of the
applicator walls at the entrance side (Fig. 2), stops the electrons which skim the main
diaphragms and then hit a small strip around the entrance area. This aluminium gives
a reduction of dose of one per cent outside the treatment field.

Discussion

Optimum results are obtained with the parallel wall applicators by reducing the
scattering foil thickness until just sufficient flatness is reached with the highest energy
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at the largest field dimension. Considering the fact that the lower energy electron
beams are used most in clinical practice, this approach is preferable to the inset
technique combined with a heavy foil, providing ample scattering at the largest field
dimension, with its associated roentgen ray production. If different foils can be
selected for seperate ranges of electron energies and the foil thickness is minimized
for the highest energy of each range, the results are even better.

Energy losses in the scattering foil and wall scatter reaching the field centre
deteriorate the central axis depth dose curve. The approach just described reduces the
effects as much as possible within the limits set by the requirement for field flatness.

For the flared wall applicators, the thin foils selected in the above mentioned way
for the parallel wall applicators, do not give sufficient field flatness, due to the low
contribution of the plain beam at the field edges and the associated loss of wall
scatter. This can be compensated by an additional scatterer in the entrance opening
of the applicator. Perspex is used in order to preserve the optical field on the patient.

The gain in flatness for all energies with the parallel wall applicators seems to
outweigh the use of an additional scatterer with the flared wall applicators with its
associated absorption of energy. All fields obtained with the applicators and their
field defining frames satisfy the criterion set forth for field flatness.

An alternative to the present approach is the use of the main diaphragms delimiting
the beam as a function of field size and electron energy. Reproducible setting of the
diaphragms must then be accomplished, which in clinical practice demands a
complicated system with motorized and electronically steered diaphragm setting.

Based on the treatment fields used in the clinic, a set of 12 applicators and 45
field defining frames was constructed. This set offers rectangular and square fields
ranging from 4 cmx4 cm to 20 cm*20 cm. In Fig. 9 examples of final isodose
distributions are given.

The use of a low melting material for the field defining frames also offers the pos-
sibility of irregular field shapes, as cerrosafe can be moulded into any desired shape,
cut in polystyrene foam, in the same way as known in the mantle field technique.
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SUMMARY
This report describes how a set of applicators, covering fields with dimensions of 4 to

20 cm, for the 6 to 20 MeV electron beams of a MEL SL75-20 linear accelerator was de-
veloped. The electron scatter contribution of the applicator walls to the treatment field was
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investigated, varying the applicator entrance opening and the scattering foil, with the aim of
optimizing the resulting field flatness, with a minimum loss of depth dose. Experiments with
field defining end frames and additional perspex scatterers for large field sizes are also reported.

2USAMMENFASSUNG
Eine Reihe von Applikatoren werden beschrieben, die die Felder von Dimensionen

zwischen 4 und 20 cm decken fur die 6 bis 20 MeV Elektronstrahlen von einem MEL S175-20
Linear-Accelerator entwickelt worden war. Der Beitrag der Elektronstreustrahlung der
Applikatorwande zum Behandlungsfeld wurde untersucht, wobei die Applikator-Eingangs-
öffnung und die Streufolie verandert wurden mit dem Ziel, die Feldflache optimal auszu-
gleichen mit einem minimalen Verlust der Tiefendosis. Versuche mit Feldbegrenzenden
Endrahmen und zusatzlichen Perspexstreuren für grosse Feldgrössen werden berichtet.

RESUME
Ce travail décrit la mise au point d'un jeu d'applicateurs couvrant des champs de 4 a 20 cm,

pour les faisceaux d'électrons de 6 a 20 MeV d'un accélérateur lineaire MEL SL75-20. La
contribution de la diffusion électronique des parois de l'applicateur au champ de traitement
a été étudiée, en faisant varier l'ouverture de l'entrée de l'applicateur et l'écran de diffusion,
afin d'optimiser la planéité du champ resultant avec un minimum de perte de dose en
profondeur. L'auteur présenie aussi les résultats d'expériences avec des cadres situés a
l'extrémité pour définir Ie champ et avec des diffuseurs complémentaires en perspex pour
les grandes dimensions de champ.
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IN ARBITRARILY SHAPED ELECTRON FIELDS

IAD. Bruinvis, A. van Amstel, R. van der Laarse

Submitted for publication to Physics in Medicine and Biology

1. I n t r o d u c t i o n

In order to perform adequate radiotherapy with electron beams, a
choice out of different electron energies and treatment fields must be pos-
sible. Usually a set of square and rectangular fields are standard available, of
which the absorbed dose distributions have been measured and documented.
For clinical use the absorbed dose distribution of a single electron field is
most conveniently described by means of isodose curves. Conventionally,
the isodose distributions in the two orthogonal planes, each containing the
central axis of the beam and a principal axis of the field, are supplied in the
case of a rectangular field.

Frequently, however, a treatment field is required, that cannot be satis-
factorily approximated by one of the standard fields. This problem may con-
cern rectangular fields of intermediate dimensions, but also arbitrarily shaped
fields, produced by means of heavy metal shielding (Van der Laarse, Bruin-
vis and Nooman, 1978). Of such a new field the dose distribution has to be
determined before starting the actual treatment, as there can be a significant
influence of the shielding on treatment field homogeneity and central axis
percentage depth dose. This may imply other combinations of electron ener-
gy and field size, in order to obtain a satisfactory dose distribution.

To facilitate this treatment planning a computational method is needed,
which can generate the absorbed dose distribution for an arbitrary field con-
tour, and at the same time does not require preliminary dose measurements



51

in the actual field. If the isodose pattern in any desired plane parallel to the
central axis of the beam can be calculated, sufficient information about the
complete dose distribution is available for clinical practice. To achieve this
aim, the computational procedure must fundamentally be three-dimensional.

Recently a number of methods to characterize electron beam dose
distributions have been presented, see Nüsslin (1979a). The concept of a nar-
row unit beam, forming the building element for the broad treatment beams,
seems most adapted to the problem of complex field contours. This idea was
introduced in treatment planning by Lillicrap, Wilson and Boag (1975), they
considered a therapeutic electron beam composed of parallel-directed, equi-
distant identical beams, with a diameter of 2.4 mm at the phantom surface.
The dose distribution of the broad beam is obtained by two-dimensional
summation of the dose distributions of those narrow beams, which central
axes lie inside the treatment field contour. The "unit dose distribution" is
determined by actual measurement of an experimentally created narrow
beam.

As recognized by the authors, their approach does not allow for angu-
lar divergence of the broad beam, nor for the presence of electrons scattered
from the applicator walls, nor for the influence of intervening air. This results
in a fundamental discrepancy between measured and calculated broad beam
dose distributions.

In the model of Osman and Johnson (1976) a pencil beam with infini-
tesimal small diameter at entering the medium is considered as a unit beam. Its
dose distribution is partially computed theoretically, which again can lead to
discrepancies in the more complex cases of clinical electron beams.

In other approaches measurements of the actual clinical beams are
taken as the basis for further calculation. Kawachi(1975) employes the age-
diffusion equation as a model and estimates parameters from broad beam
measurements. His approach was extended and modified by Steben, Ayyangar
and Suntharalingam (1979) and by Nüsslin (1979b); the aim was to be able to
calculate the dose in any point in any plane for rectangular fields.

In our approach to the calculation of absorbed dose distributions the
concept of the unit beam is maintained, albeit taken to the limit of a pencil
beam like in Osmans model. In contradistinction the dose distribution of our
pencil beam is, however, deduced from measurements in one of the broad
treatment fields. The dose distribution of an arbitrary treatment field with
the same electron energy is then generated by two-dimensional integration of
the pencil beam dose distribution over the treatment field area. This inte-
gration is actually approximated by a summation carried out over a number
of discrete points lying inside the treatment field contour. The concept of
the individual unit beam is thus maintained, which is of advantage for further
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extensions of the treatment planning possibilities, as it permits a variation of
pencil beam dose distributions over the field. This will be the case when
curved surfaces and inhomogeneous tissues are considered.

A complete formulation of required accuracy of treatment planning
programs for electron beams has been given by Fehrentz, Kimmig, Ihnen and
Schröder-Babo (1979). They accept either a maximum dose error of 5 percent
(relative to the maximum dose) or a maximum error in the position of a dose
value of 5 mm, with the requirement that at least one of these criteria has to
be met. We consider these margins too large for accurate electron therapy,
regarding treatment volume definition and adjacent organs at risk (ICRU,
1978). The aim of this work is to compute isodose distributions; an appro-
priate expression for the accuracy of the computational method will there-
fore be the error in the calculated positions of the isodose lines.

The treatment volume is enclosed by an isodose surface, the value of
which defined by the radiotherapist. This value ranges from 80 to 90 per cent
of the maximum dose. Therefore we restrict the error in position of the iso-
dose lines with values of 90 per cent and less to a maximum of 3 mm. Be-
tween the measured and calculated positions of the 95 per cent isodose curve,
discrepancies up to 5 mm are accepted.

This paper describes our method to calculate three-dimensional absor-
bed dose distributions of arbitrarily shaped electron fields. The investigations
concern electron beams produced by a Philips (MEL) SL75-20 linear acce-
lerator, fitted with solid wall applicators (Bruinvis, 1979). Within each appli-
cator any required field shape can be made by means of heavy metal end
frames.

The main objective of this work is to find a mathematical description
for the dependence of the dose distributions on the treatment field contour,
in order to compute the changes in the isodose patterns caused by any par-
ticular shielding frame used. In this report the employed mathematical
models, the numerical methods and comparison of various calculated and
measured dose distributions will be presented.

2. B a s i c m o d e l f o r e l e c t r o n b e a m d o s e d i s t r i -
b u t i o n

2.1. General equations

A broad, parallel electron beam entering a homogeneous medium -nor-
mal incidence on a flat surface- can be considered to be composed of an in-
finitesimal number of parallel-directed "pencil beams". Such a pencil beam
has a infinitesimal small cross-section at the surface of the medium and is
considered rotationally symmetrical. The absorbed dose distribution in the
medium delivered by the pencil beam can be expressed as:
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Fig. 1. (a) Coordinate system for pencil beam. The beam enters the medium perpen-
dicularly in (0,0,0).

(b) Coordinate system for beam with field area A. The absorbed dose in (x,y,z)
is found by integration of the contributions to (x,y,z) of all pencil beams entering the
medium in points (u,v) lying within the area A.

) = F(z).G(r,<7) (1)

F(z) represents the dose distribution along the central axis; F(z) also depends
on the electron energy at the surface Eo (Fig. la).
G(r,a) represents the lateral distribution and also depends on the electron
energy, which is indicated by the parameter a. Assuming that the energy
of the electrons varies only with depth, and not laterally, a can be written
as a = O(EQ,Z). This implies that also G(r,a) depends via o on the depth.
In the following we consider a given initial energy, so we write oz.

According to Yamazaki, Tomimasu, Mikado, Chiwaki and Sugiyama
(1977) and Osman and Johnson (1976) a good description of G(r,a2) is given
by

G(r,az) = exp(-r2/2o2
2) (2)

representing Gaussian shaped profiles. The parameter az is per definition
equal to zero at the surface; oz increases with depth nearly up till the electron
range and then decreases again (Yamazaki et al., 1977). For later convenience
we express form (2) in cartesian coordinates:

G(r,az) = exp(-x2/2a2).exp(-y2/2a2) = G(x,az).G(y,az) (3)

The dose distribution of a broad beam with field area A at zero depth is
found by integration of the pencil beam dose distributions over the area A
(Fig. lb). Assuming the intensity and electron energy of the incident beam to
he constant over A, the dose in a point (x,y,z) is given by:
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DA(x,y,z,<rz) = //F(z).G(x-u,az).G(y-v,az)du dv (4)

A

The lateral dose distribution of Held A at depth z is

,y,oz) = //G(x-u,az).G(y-v,a2)dUdv (5)

The off-axis on-axis dose ratio distribution can now be written as:

RA(x,y,az) = LA(x,y,az)/LA(O,O,az) (6)

Let the maximum dose on the central axis in field A be DA >m; we next define
PA(z,oz) as

PA(z,az) = F(z).LA(O,O,cz)/DAm (7)

representing the central axis relative depth dose distribution of the field. Now
(4) can be written as:

DA(x,y,z,az) = DA m .PA(z,az).RA(x,y,az) (8)

2.2. Rectangular fields
For a rectangular field of dimensions 2X and 2Y, the lateral distribu-

tion at depth z (eq. 5) takes the form:

+Y +X
LXY(x,y,az) =ƒ ƒ G(x-u,az).G(y-v,az)dudv =

=[^ G(y-v,az)dv./*X G(x-u,az)du (9)

X and Y now specify the rectangular field size. The off-axis on-axis dose ratio
distribution (eq. 6) in the plane y = 0 ("central plane beam profile") becomes:

Rx(x,a2) = LXY(x,0,a2)/LXY(0,0,a2) =

[ +x 1 - 1 +x

ƒ G(u,az)du .ƒ G(x-u,az)du (10)

With the transformation t = — , equation (10) reduces to:

./^G(U)dt (11)
—\—x

°z

-X/ot

With the same transformation, the central axis relative depth dose (eq. 7) be-
comes:
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F(z).al +X/a, +Y/azZ-.S / ZG(t,l)dt.f zG(t,l)dt (12)DXY,m -X/az -Y/az

2.3. Approximations
In order to facilitate the derivation of parameter values from measured

data, approximated formulae are used. If a rectangular field is so wide that
X > 3.3az, we can approximate Rx(x,az) (eq. 11)for positive x-values by a

X—xsimplified form R*(— ) without being more than 0.1 per cent at error:
az

-l X-x

.ƒ °z G(t,l)dt =R x ( x , c z ) « R * ( — ) = ƒ G(t,l)dt
oz

X-x
_ o o

.ƒ °z e"t2/2dt (13)

with G(t,l) written as e ' (eq. 1). For negative x-values we have the sym-
X+x

metric equivalent: — P * ( — ) . By relation (13) a value for R* at depth z
az

now uniqely defines a value for oz. By applying equation (13) on measured
beam profiles, values for az are obtained; this approach is similar to that of
Van Gasteren (1979) and Edwards and Coffey (1979). Under the conditions
X > 3.3az and Y > 3.3az, PxY(z>az) (e(l- 12) can be approximated within
0.2 per cent by P*(z,az):

Here D^ denotes the maximum of the approximated central axis depth
values. Thus the central axis depth dose of the pencil beam F(z) can be derived
directly from the measured central axis relative depth dose of the large field,
if oz is known as function of z.

2.4. Requirements for a model for clinical electron beams
The dose distributions produced by the clinical electron beams under

study, have a more complex origin than the dose distributions described in
the previous sections. Before reaching the phantom surface, the initially more
or less mono-energetic and mono-directional beam has undergone scattering
and energy-loss processes. In the accelerator head the vacuum tube window,
the scattering foil and the monitoring transmission chamber have caused an-
gular divergence, energy spectrum broadening and production of X-rays.
Then the applicator walls and the heavy metal field defining frames scatter
electrons back into the field. The frames can also form a significant source of
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X-ray production. Besides, the influence of the intervening air causes angular
spreading of the beam.

Thus, in principle, the following aspects should also be taken into ac-
count in a mathematical model describing the resulting dose distribution, a)
The dose delivery by the generated X-rays, b) The distribution in direction
of the incident electrons arriving directly from the foil and from the applica-
tor walls, c) The shielding effect of the frames on the dose contributions of
the electrons coming from either mentioned origin, d) The local disturbance
of the angular distribution of the electrons striking the frame edges (Goitein,
Chen, Ting, Schneider and Sisterson, 1978), causing an extra contribution to
the dose inside the field. In chapter 4 the influence of these aspects on the in-
vestigated dose distribution and on the computational model will be discussed.

3. M a t e r i a l and m e t h o d s

Measurements were performed on a Philips (MEL) SL75-20 linear ac-
celerator. Dose distributions produced by electron beams with 10 and 20
MeV nominal energy were investigated. (The nominal energy (E) in MeV is
specified according to the HP.A. Report no. 4 (Binks, Ellis, Innes, Jennings
and Naylor, 1971) as E = 2.5 d50%,where d50%(cm) represents the depth of
the 50 per cent point on the central axis percentage depth dose curve). For
the beam with energy 10 MeV a scattering foil of 0.08 mm Cu (diameter 49
mm) is used; for the 20 MeV beam we use a compound foil of 0.2 mm Cu
(diameter 18 mm) on 0.49 mm Cu (diameter 49 mm).

In order to collimate the electron beams after leaving the accelerator
head, applicators with parallel aluminium walls are used (Van der Laarse,
Bruinvis and Nooman, 1978). Within one applicator, different treatment
fields are obtained by attaching shielding frames to the applicator end. These
frames are made of 1 cm thick Cerrosafe on 0.5 cm Perspex (polymethyl meth-
acrylate). With the Perspex in contact with the phantom surface, the foil-
phantom distance measures 96.5 cm. Primary collimation of the electron
beam is done with the main X-ray diaphragms, set such that the projection of
the light field on the applicator mounting flange is at all sides 0.5 cm larger
than the entrance opening.

The dose distributions were measured in a water phantom with a poly-
stryrene parallel plate ionization chamber. The collecting area of this chamber
is 3 x 8 mm2. The electrode separation is 2 mm. The chamber is fitted with
a U-shaped stem, which permits measurements of a vertically directed beam.
Scans parallel to the water surface were carried out with the 3 mm dimension
of the chamber collecting area in the scanning direction.

4. C o m p u t a t i o n a l m e t h o d s

Beam profiles at different depths together with the central axis depth
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dose curve, measured in a sufficiently large field (ch. 2.3, e.g. 10 xlO cm2),
are used to deduce the dose distribution of the pencil beam at specific ener-
gies. With these measurements the dose contribution of the bremsstrahlung
generated in the accelerator head and the "effective field contour shifts" (see
below) are also determined.

4.1. Accelerator photon dose
The bremsstrahlung component of an electron beam with mean initial

energy Eo (MeV), can be regarded as a EQ MV photon beam originating in the
scattering foil (Gur, Bukowitz and Serego, 1979). The decreasing part of the
central axis depth dose distribution of such a photon beam can be adequately
described as:

DP(z,E0) = DP(z0 ,EO) . exp{-/i.(z - z0)} (15)

where z and ZQ denote depth and ju = ju (Eo) an effective attenuation coef-
ficient GiX)), depending only on beam quality. The field size of the photon
component is mainly determined by the settings of the X-ray diaphragms,
since the attenuation by the applicator walls and Cerrosafe frame is not of
great influence. This gives a minimum field size of 13 xl3 cm2 with our smal-
lest applicator of 6 x 6 cm2. The slight increase of Dp(z,Eo) with other ap-
plicators becomes insignificant when taken as a fraction of the total dose on
the central axis at depth z; the latter can be represented as: De(z,E0)+
DP(z,E0). Thus n and DP(z,E0) can be regarded independent of field size.

From the bremsstrahlung-'taÜ" of the central axis relative depth dose
curve, measured in the large electron field, a value for ju (EQ) and for the rela-
tive photon dose PP(z,E0) = DP(z,E0) / {De(zm,E0)+DP(zm,E0)}for a
certain z are obtained (Nüsslin, 1979b), zm represents the depth of maximum
dose. The accelerator photon dose is considered not to vary with lateral posi-
tion, as for each applicator the photon field size is always much larger than
the maximum electron field size. For simplicity the build-up region of the
photon component is disregarded and equation (15) is extrapolated to zero
depth. The "tail" of the central axis relative depth dose curve also contains a
dose component caused by photons generated in the phantom. This is assumed
to be a small fraction of the accelerator photon dose and is not treated separ-
ately.

From the measured beam profiles and central axis depth dose curves,
the photon dose component is subtracted, yielding the pure electron beam
dose distributions for calculation of the electron beam parameters.

4.2. Effective field contour shifts
Characterizing the beam profiles of a sufficiently broad field by equa-

tion (13) implies that for x=X we should have R*(0)=0.5 (16)
However, the measured beam profiles reach their half maximum values out-
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side the geometrical field boundary, as is also reported by Steben, Ayyangar
and Suntharalingam (1979). This could be attributed to angular spread of the
incident electrons. Thus 2X is defined as the "effective field width", i.e. the
geometrical field width 2XQ increased by a distance 2.AX(z), such that for
XQ+AX(Z) property (16) holds. AX(z), the "effective field contour shift", in-
creases with depth, reaches a maximum and then decreases again. Given a cer-
tain initial electron energy, AX(z) is not found to vary significantly with geo-
metrical field width 2XQ; thus, besides F(z) and az,AX(z) forms a third
parameter which characterizes the dose distribution.

4.3. Pencil beam dose distributions
From a measured beam profile M(x) at a specific depth (Fig. 2a), a set

of M(xO is obtained for a set of Xj chosen around the field edge. For each Xj
we take M(XJ) = R*(UJ) (eq. 13), which yields a set of Uj values. The em-
ployed model for the beam profile implies that Uj = -gj^1; thus a graphic plot
of u, against x, should form a straight line (Fig. 2b). This holds for the greater
part of the Xj's closest to the field edge, but at greater distance a progressing
deviation is found. Apparently the model does not completely fit in these re-
gions (ch. 4.5, 4.6). For the remaining middel region, the oz is found by a
least squares fit on Xj =-az.Uj + X.

For a series of depths a set of az values are thus obtained, indicating the
lateral spread of the unit pencil beam at these depths. The same least squares

E.20M.V
FIElDIOliOcm'
0EPTH0.2CITI

Fig. 2. (a) Measured central plane beam profile, right of central axis. The accelerator
photon dose level has been subtracted. X«: geometrical field boundary. Xj: sampling
values. The dotted lines indicate the region of accurate correspondence with the math-
ematical model.

(b) Determination of az and AX(z). Xo: geometrical field boundary, X: effec-
tive field boundary, AX{z)=X-Xo is the effective field contour shift. The dotted lines
indicate the region of accurate correspondence with the mathematical model. In this
legion the straight line xj= -0z.Uj + X is fitted to the data points, yielding a, and
AX(z).
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fit also yields a value for X, and thus for AX(z): the "effective field contour
shift".

By equating the measured central axis relative depth dose values to
P*(z,az) (eq. 14) and using the determined az values, the central axis depth
dose distribution of the unit pencil beam F(z) is calculated.

4.4 Dose distribution of an arbitrary field
In order to calculate the dose delivered to a point (x,y,z) by a field of

area A, expression (4) must be evaluated. This is performed in the following
way. For a given initial electron energy, the lateral spread of the elementary
pencil beams at a certain depth z is given by oz. Around the point (x,y) at
depth z a circle with radius 33az is defined and only the contribution to the
dose in (x,y) by unit beams with their central axis lying inside this region is
taken into account. Neglecting the beams at further distance gives a maxi-
mum error of 0.2 per cent (ch. 2.3). The part of this circle lying within the
treatment field contour is determined and the contribution to the dose in
point (x,y) by the pencil beams lying within the remaining area is calculated.

4.5. Shielding correction (depth dose)
The dose enhancement caused by electrons scattered from a frame edge

(height 1cm) has a maximum at the field edge, decreasing within the interior
of the field. At the surface of the phantom (patient) this contribution is
sharply peaked, but it spreads out with depth. Thus the effect on the dose
distributions will be most pronounced at the field edges and at small depths
(Goitein, Chen, Ting, Schneider and Sisterson, 1978). Consequently, the
values for az, derived from beam profile measurements at the field edge, are
also influenced by the frame scatter. The scatter contribution increases the
dose gradient at the field edge, which corresponds with smaller az values.
With these <jz values nearly the complete beam profiles inside the field are ac-
curately described. The deviations from the model, starting at some distance
from the field edge (ch. 43), do not cause errors greater than 3 mm in the po-
sitions of the profile dose points, except at depths near the surface. However,
the errors in the position of even the 95 per cent isodose line never exceed
the 3 mm criterion.

Still these az values are not appropriate for points lying more central in
the field, due to the variation of the frame scatter contribution over the field.
This may partly explain observed discrepancies between measured and calcu-
lated central axis relative depth dose curves of smaller fields.

It was assumed that the intensity and electron energy of the direct inci-
dent beam, i.e. the electrons that have not struck the frame edges, are con-
stant over the field area (ch. 2.1). This implies that in the calculation of doses
on the central axis, higher values for az should be used, for which a correc-
tion factor kCT is introduced as a parameter in the model. Another cause of
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the differences between measurement and calculation is formed by the dose
contributions of the frame scatter on the central axis itself. With fields smal-
ler than 10 x 10 cm2 these electrons reach the central axis and can change the

« s h a p e of the depth dose curve significantly; for this a separate correction pro-
cedure is required, which is still to be developed. To approximate the correct
depth dose distributions apart from this additional frame scatter, the follow-
ing procedure is carried out.

The different parameter values required (ch. 4.1,4.2,4.3) are obtained
from the dose distributions of a field of 10 x 10 cm2 in an applicator with an
inner size of 10 x 10 cm2. In addition the central axis depth dose of a field of
4 x 4 cm2 in the same applicator is also measured. This field size is taken as a
lower bound for the region of validity of the calculations; smaller fields are
not considered. The dose values of the 4 x 4 cm2 field are normalised on the
dose maximum of the 10 x 10 cm2 depth dose curve; then the frame scatter
contribution only forms an additive factor (Fig. 7). A variable enlargement
factor ka is introduced, by which all oz values are multiplied before compu-
ting the 4 x 4 cm2 central axis depth dose distribution. The computed depth
dose is normalised on its own maximum dose. Then by trial and error the op-
timal k0 is found: the value for which the greatest part of the calculated
depth dose curve fits (within 3 mm) the measured one, starting from the
bremsstrahlung-"tail". With the same enlarged oz values, depth dose distri-
butions of other larger fields are calculated.

\ The effect of the k a factor can be made clear by means of the earlier
! derived formula for the central axis relative depth dose (ch. 2.2). For a square

field of dimensions 2X, equation (12) becomes:

Px2(z,a2) =
-X/a,

(17)

If equation (17) is applied to a certain depth z and the depth of maximum
dose zm (the oz value at this depth is indicating by am) and for convenience
we define 3>(X/a2) as

t (18)

then the central axis relative depth dose can be written as:

- F(z).gz
2 »2(X/az)

x 8 ( / % > " P ( ) F l £ ) ^ £ V(X/.m)
Actually X indicates the effective field width and should thus be written as

x2 .
Introducing the kG factor changes equation (19) into
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»2(X/kaaz) (20)

Comparison of equations (19) and (20) yields:

J2) * 2 (X/a m )
Px 2(z,kaaz)-PX2(z,az). $

If we assume X/am>2.8k0 and k0>l (which applies to the investigated
situations, as can be verified in ch. 5.1 and 5.2), 0.99 . 2rr<*2(X/kaam)<27r
and equation (21) can be approximated within 1 per cent by:

PX2(z,kgoz) _ <t>2(X/kqoz)
Px2(z,az) **{Xfoz)

For k a > l the righthand term of equation (22) will be < 1 , so a reduced
depth dose value results. The effect of ka depends on the field size and oz

value at the considered depth. The smaller the value of X/az , the greater the
reduction of dose with the same k 0 value. This implies that k a is more effec-
tive in small fields and because X/az decreases with depth (except for z values
near the electron range), the influence of k a also increases with depth.

4.6 Cerrosafe photon dose
Electrons that are stopped in the Cerrosafe frame partly loose their

energy through production of bremsstrahlung. This gives rise to a slightly
varying dose level beneath the shielded area, which partly accounts for the
deviation of the lower part of the measured profiles from the employed math-
ematical description (ch. 4.2).

After calculation of the electron dose distribution and addition of the
accelerator photon dose, the Cerrosafe photon dose is added in the region
beneath the shielding. Experiments with different frames in the same applica-
tor have shown that this photon dose distribution can at a specific depth be
characterized by two dose values: the dose under the frame edge and the dose
under the inner applicator wall side. These dose values appeared to be inde-
pendent of frame size; in the enclosed region linear interpolation gives an ac-
curate enough estimate of this dose distribution.

5. R e s u l t s a n d d i s c u s s i o n

5.1 Dose distributions of elementary pencil beams
The parameter values characterizing the dose distribution of the unit

beams of 10 and 20 MeV nominal energy have been derived from measured I
profiles and central axis depth dose curves of the 10 x 10 cm2 field. Fig. 3 - • J
depicts the obtained oz values. A third order polynomal was fitted by the
least squares method to the data points and the value of az can be computed
for any desired depth. Extrapolation of the az plots to zero depth shows that
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DEPTH (mm)

Fig. 3. Derived az values from beam
profile measurements in 10 x 10 cm2 fields,
x: values derived from measurements.

: third order polynomial fit.

the incident beams have suffered from scattering processes already, which
con ponds with the actual situation (ch. 2.4). The higher scattering power
of m_cter at lower electron energy is also evident in the figure. The maxima in
the curves indicate the region of beginning electron loss. The increasing uncer-
tainty in measured beam profiles at greater depths, due to accelerator and elec-
tronic fluctuations, is reflected in the increased spread of the data points.

Fig. 4 shows the reconstructed central axis depth dose distributions
F(z) of the unit beams. Comparison of these curves with the ones measured in
broad beams (Fig. 6,7) clearly demonstrates the important role of lateral scat-
tering in the formation of the treatment field dose distributions.

5.2. Further model parameters
From the measured beam profiles the effective field contour shifts

AX(z) are also obtained. The measured values and the third order polynomial
approximation, used to calculate AX(z) at different depths, are depicted in
Fig. 5a, b. The assumption that this shift is caused by initial angular spread of
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Fig. 4. Derived pencil beam central axis
depth dose curves from measurements in
10 x 10 cmJ fields. The F(z) are expressed
in arbitrary units.
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Fig. 5. Effective field contour shifts derived from beam profile measurements in
10 x 10 cma fields, x: values derived from measurements. : third order polynomial
fit.

the incident electrons, is in agreement with the observed smaller shifts at
higher energy.

The contribution of the accelerator photon dose is determined from the
central axis relative depth dose curves. For the relative photon dose PP(Z,EQ)

(ch. 4.1) at a depth in the region of the bremsstrahlung-"tail" and for the ef-
fective attenuation coefficient i4Eo) the following values have been found:
PP(6 cm, 10 MeV)= 0.010, M(10 MeV) = U.O255 cm"1 ,PP(12 cm, 20 MeV)=
0.024, M (20 MeV) = 0.090 cm"1.

40 SO 60
DEPTH (mm)

Fig. 6. Central axis relative depth curve of field 4 x 4 cm3 in applicator 10 x 10 cm2;
initial electron energy 10 MeV. Calculation with a az enlargement factor of 1.40. The
measured curve and the calculated points are both normalized on their own maximum
dose value.
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5 .3. Central axis depth dose calculations
Fig. 6 gives a comparison between the calculated and measured central

axis relative depth dose curves of a field of 4 x 4 cm2 with 10 MeV electron
energy. With an enlargement factor kff = 1.40, the calculation approximates
the actual depth dose from the bremsstrahlung-"tail" up to the relative dose
value of 0.95 within 3 nun. As the values of Xfkaoz remain greater than 3.3
(ch. 2.3), the build-up region of the calculated curve is almost equal to the
measured depth dose of the field 1 0 x 1 0 cm2. Thus the measured higher
dose values in the first 1.5 cm depth of the 4 x 4 cm2 field must be attributed
to the frame scatter. The position of the 0.95 point in the build-up region is 4
mm at error, which is still acceptable.

The same comparison is made in fig. 7 for 20 MeV initial electron ener-
gy. With a k a value of 1.25 adequate agreement between measurement and
calculation is obtained, provided the measured dose values of the 4 x 4 cm2

field are normalized on the maximum dose in the 10 x 10 cm2 field. This in-
dicates that after addition of the frame scatter dose distribution, the correct
depth dose will result.

Of course the application of a small field like 4 x 4 cm2 with an elec-
tron energy of 20 MeV is a rather extreme case, as the dose distribution is not
very suited for adequate electron therapy. The accuracy of the computational
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Fig. 7. Central axis relative depth dose curve of field 4 x 4 cm* in applicator
10 x 10 cm3; initial electron energy 20 MeV. Calculation with a oz enlargement factor of
1.25, these values are normalized on their own maximum. The measured curve is nor-
malized on the maximum value of the central axis depth dose curve in the 10 x 10 cm2

field.
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Fig. 8. Central axis relative depth dose curve of field 6 x 6 cma in applicator
10 x 10 cm*; initial electron energy 20 MeV. Calculation with a oz enlargement factor
of 1.25, these values are normalized on their own maximum. : measured curve
normalized on the maximum value of the central axis depth dose curve in the 10 x 10
cm3 field. : measured curve normalized on its own maximum value.

method for 20 MeV electron energy in a more realistic small field can be
judged from fig. 8, showing the results with 6 x 6 cm2 field size. In order to
meet our accuracy standard a frame scatter correction is still required. Com-
parison of the renormalised measured curve with the calculated values shows
however, that without scatter correction the deviations do not exceed 5 per
cent nor 5 mm (ch. 1).

5.4. Isodose distributions
Fig. 9 shows the calculated isodose pattern in the central plane of a 5x8

cm2 field with 20 MeV electron energy. The actual positions of the isodose
lines according to measurements in this field are indicated for different
depths. Calculation of a complex shaped field with 20 MeV electron energy is
given in fig. 10. The influence of the gradually decreasing field width on the
isodose pattern with 10 MeV electron energy is demonstrated in fig. 11. In
these figures the computed isodose lines lie all within 3 mm from their measu-
red positions.

6. C o m p u t e r p r o g r a m

The calculation of the dose distributions is performed by a Fortran
IV program named MFELC (Multi Field ELeCtron) running on a PDP11-34A
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Fig. 9. Isodose distribution of a rectangular field; initial electron energy 20 MeV.

(A) Schematic view of applicator 10 x 10 ran2 with field defining end frame 5 x 8 cm 2 .
The dashed contour indicates the dimensions of the applicator opening. The plane of
measurement and calculation contains the line a-b and the central axis of the beam (ap-
plicator).
(B) Comparison of measurement and calculation. The beam enters the phantom perpen-
dicularly; the frame is in contact with the water surface. The printed symbols represent
calculated isodose Unes. The 90 per cent line is indicated with 9, the 85 per cent line
with <, the 80 per cent line with 8, etc.. The dots represent measured positions of iso-
dose lines. The indicated values are:

on the central axis: 90, 85, 80, 7 0 , 6 0 , 5 0 , 4 0 , 3 0 , 2 0 , 1 0 per cent; at 10 mm depth:
90, 5 0 , 1 0 per cent; at 30 mm depth: 90, 80, 60, 40, 20, 10 per cent; at 50 mm
depth: 70, 60, 50, 40, 30, 2 0 , 1 0 per cent; at 70 mm depth: 4 0 , 3 0 , 2 0 , 1 0 per cent;
at 90 mm depth: 10 per cent.

Two additional 10 per cent values are indicated at 30 mm left and right of the central axis.
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Fig. 10. Isodose distribution of an irregularly shaped field; initial electron energy
20 MeV.
(A) Outline of the field. The dashed contour indicates the dimensions of the applicator
opening. The plane of measurement and calculation contains the line a-b and the central
axis of the beam (applicator).
(B) Comparison of measurement and calculation. The beam enters the phantom perpen-
dicularly; the frame is in contact with the water surface. The printed symbols represent
calculated isodose lines. The 90 per cent line is indicated with 9, the 85 per cent with <,
the 80 per cent with 8, etc.. The dots represent measured positions of isodose lines. The
indicated values are:

on the central axis: 90, 85, 80, 70,60,50,40,30,20,10 per cent; at 10 mm depth:
90,50,10 per cent; at 30 mm depth: 90,80,60,40,20,10 per cent; at 50 mm depth:
70,60,50,40,30,20,10 per cent; at 70 mm depth: 40,30,20,10 per cent; at 90 mm
depth: 10 per cent.

Two additional 80 per cent values are indicated at 30 mm left and right of the central axis.
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Fig. 11. Isodose distribution of a trapezium shaped field; initial electron energy
10 MeV.
(A) Outline of the field. The dashed contour indicates the dimensions of the applicator
opening. The plane of measurement and calculation contains the line a-b and the central
axis of the beam (applicator).
(B) Comparison of measurement and calculation. The beam enters the phantom perpen-
dicularly, the frame is in contact with the water surface. The printed symbols represent
the calculated isodose lines. The 90 per cent line is indicated with 9, the 85 per cent line
with <, the 80 per cent line with 8, etc.. The dots represent measured positions of iso-
dose lines. The indicated values are

on the central axis: 90, 85, 80, 70,60,50,40,30,20,10 per cent; at 10 mm depth:
90,50,10 per cent; at 20 mm depth: 90,80,60,40,20, lOper cent; at 30 mm depth:
80,70,60,50,40,30,20,10 per cent; at 40 mm depth: 40,30,20,10 per cent.

Two additional 90, two 20 and two 10 per cent values are indicated at 30 mm left and
right of the central axis
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computer in 26 k words of 16 bits memory. For each initial beam energy the
derived values for the central axis depth dose F(z), the lateral spreads oz of
the pencil beam, the az enlargement factor ka, the effective field contour
shift AX(z) and the parameters specifying the photon dose contributions are
stored.

The geometrical field contour is described by a sequence of straight line
pieces. The (x,y,z) coordinates of the joining points are given as input to the
program. A plane parallel to the central axis of the beam is specified by the
coordinates of two points chosen on the phantom surface. To specify the
points in which dose values have to be calculated a two-dimensional grid is
defined in this plane.

For each depth the "effective field contour" (ch. 4.2) is constructed by
shifting all contour-describing line pieces over a distance AX(z) outwards. The
values of az and AX(z) for the grid points are determined via third order
polynominal fits on the stored values. The integration of the pencil beams
over the contributing area around a grid point (x,y,z) is approximated by the
rectangular rule (Spiegel, 1963), in fact a summation of the unit beams oc-
curs. In other words their central axes are placed in a two-dimensional grid
with a spacing of h = 03az, allowing the approximation error to be 0.5 per
cent at most.

Then a weighting factor is assigned to each of these grid points. Points
outside the field contour have weight 0. Points inside the contourget

j; weight 1, except the ones lying next to the contour: these receive weight 1+a,
••? where a(—0.5<a<1.5) accounts for the fractional contribution of the pencil
i beam that lies within a distance h/2 from the field contour. Summation of the

weighted contributions of the unit beams around (x,y,z) then yields the ab-
sorbed dose in (x,y,z). The dose distribution in the specified plane is thus ob-
tained as a matrix of dose values. Based on this matrix, isodose lines can be
generated and printed (Fig. 9).

7. C o n c l u s i o n s

The aim of this work was to develop a computational method by which
absorbed dose distributions of arbitrarily shaped electron fields can be gener-
ated. In order to provide full treatment planning possibilities, it was required
that no preliminary dose measurements in the specific field are needed.

For medium electron energies like 10 MeV the method can be consid-
ered completely satisfactory: accurate correspondence between measured and
calculated isodose distributions within 3 mm is obtained down to a field size
of 4 x 4 cm2. To achieve the same accuracy with higher electron energies (20
MeV) requires still an extension of the mathematical model to deal with elec-
trons scattered by the field defining frames. At present the error in the posi-
tion of the calculated isodose lines in a 6 x 6 cm2 field with 20 MeV electron
energy exceeds our 3 mm criterion, but remains within 5 mm. If, however, a
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single dose measurement is performed on the central axis of the specific field,
the additional scatter contribution can be determined. The program then
renormalizes the calculated central axis depth dose values accordingly and
an accuracy of 3 mm is achieved up to the 90 per cent isodose line in a
field of 4 x 4 cm2 with 20 MeV electron energy. Work is in progress to
develop a computational model for the frame scatter dose distribution,
so that the dose measurement can be omitted.

This extension of the model is not a fundamental problem: it concerns
an additional correction procedure for the central axis dose distribution of
small fields. The main problem in this paper concerned the computation of
the dose distribution originating from the direct incident electron beam and
its dependence on the shape and size of the treatment field. The present
method deals with this in a satisfactory manner.

It has become evident that, due to electrons scattered by the field defin-
ing frame, the concept of one single pencil beam as the building element of
the entire treatment field, is not entirely valid. A more realistic model would
be to regard pencil beams with different dose distributions, depending on the
position in the field. However, it appeared possible to maintain the fairly
simple original model by introducing only one correction factor (ko) for the
central axis depth dose distributions. This factor depends solely on the initial
electron energy; the same value can be taken for all depths and for any field
size down to a minimum of 4 x 4 cm2.

S u m m a r y

A method has been developed for three-dimensional electron beam
treatment planning. For any arbitrary field contour the absorbed dose
distribution can be obtained in any desired plane parallel to the central
axis of the beam. The computational model is based on the concept of an
unit pencil beam as the building element of the clinical electron beams. The
dose distribution of the pencil beam is determined from measurements of a
broad beam dose distribution.

The method has been tested for electron beams with 10 and 20 MeV
nominal energy of a Philips (MEL) SL75-20 linear accelerator. Apart for a
correction procedure needed at high electron energies and small fields to deal
with electrons scattered by the used field defining frames, high accuracy in
the calculated positions of the isodose lines is achieved (± 3 mm up to 90 per
cent depth dose and ± 5 mm up to 95 per cent).

A c k n o w l e d g e m e n t s

We wish to'thankProf. dr. J. Strackee - Laboratory of Medical Physics,
University of Amsterdam - for his stimulating help and advice, Prof. dr. K.
Breur — head of the Radiotherapy Department of the Antoni van Leeuwen-
hoek Hospital - for his interest in this work and Dr. J.J.M. van Gasteren for

\



1

71

the many fruitful discussions. The helpful assistance of Mr. D. Bouma with
the experiments and of Mr. P. van Wijk with the computational work is great-
ly appreciated.

REFERENCES

Binks, C, Ellis, S.C., Innes, G.S., Jennings, WA. and Naylor, G.P., 1971,
Hospital Physicists' Association, Radiotherapy Physics Committee, HPA-
Report Series No. 4.

Bruinvis, I.A.D., 1979, Medica Mundi, 24,119.
Edwards, FM. and Coffey, C.W., 1979, Int. J. Radiation Oncology Biol.

Phys., 5,127.
Fehrents, D., Kimmig B,, Ihnen, E. and Schröder-Babo, P., 1979, Strahlen-

therapie, 155, 248.
Van Gasteren, J.J.M., 1979, Private communication.
Goitein, M., Chen, G.T.Y., Ting, J.Y., Schneider, RJ. and Sisterson, J.M.,

1978, Med. Phys., 5,265.
Gur, D., Bukovitz, A.G. and Serago, C, 1979, Med. Phys., 6,145.
ICRU, 1978, Dose Specification for Reporting External Beam Therapy with

Photons and Electrons, Report 29 (ICRU Publications, PO Box 30165,
Washington, DC 20014, USA), pp 4,14.

Kawachi, K., 1975, Phys. Med. Biol., 20,571.
Lillicrap, S.C., Wilson, P. and Boag, J.W., 1975, Phys. Med. Biol., 20,30.
Nüsslin, F., 1979a, Medica Mundi, 24,112.
Nüsslin, F., 1979b, HabÜitationsschrift, Medizinische Hochschule Hannover.
Osman, G. and Johnson, R., 1976, Phys. Canad., 32,234.
Spiegel, M.R., 1963, Advanced Calculus (New York: McGraw-Hill), 85.
Steben, J.B., Ayyangar, K. and Suntharalingam, N., 1979, Phys. Med. Biol.,

24,299.
Van der Laarse, R., Bruinvis, IAD. and Nooman, M. Farid, 1978, Acta

Radiologica Oncology, 17,113.
Yamazaki, T., Tomimasu, T., Mikado, T., Chiwaki, M. and Sugiyama, S.,

1977, Nud. Instr. and Methods, 144,515.



72

1 C H A P T E R 6

THE SELECTRON TREATMENT PLANNING SYSTEM

R. van der Laarse

A shortened version will be published in the Proceedings of the 7th Interna-
tional Conference on the Use of Computers in Radiation Therapy, Japan,
1980.

I n t r o d u c t i o n

Remote controlled afterloaders for radiotherapy of gynaecological tu-
mours are more and more used in clinical practice. Although these afterloaders
were developed mainly for reasons of radiation protection, the possibility of
highly individualized treatment is evident, especially when the intracavitary
applicator consists of catheters afterloaded with trains of small sources.

The catheters of the Fletcher-type applicator of the Selectron remote
controlled afterloader (Nucletron BV, Leersum, The Netherlands) are loaded
with trains of sources and spacers. For the purpose of reconstruction the
catheters in situ are loaded with special trains of stainless steel spacers only
and radiographed. Then different sequences of sources and spacers in the
trains are evaluated in order to attain an optimized loading of the applicator.
Finally the patient is treated with this optimized loading.

In the planning of the treatment with external beams different set-ups
can be assessed rapidly by the corresponding dose distributions in one or
more planes. The same procedure is followed in intracavitary radiotherapy,
although the suitability of a treatment set-up is often more difficult to
evaluate. Of valuable assistance in the treatment planning are then the dose
rates in specific points, for example the standard reference points A as defined
by the Manchester system of radiation dosage, points in the rectum, bladder
and intestines, points in and around the target volume and points in the
lymph node regions (Rosenstein, 1977;Tay and Maruyama, 1979).
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Many computer planning systems for external beam treatment planning
offer some kind of dose calculation for intracavitary radiotherapy. Until the
recent introduction of remote controlled afterloaders with programmable
loading with trains of sources and spacers, no need for rapid change of source
and spacer sequence existed and therefore the intracavitary programs of most
planning systems lacks such versatility in their use. This is particularly trouble-
some because the time gap between planning and start of treatment must be
kept as short as possible because the applicator is already placed in the pa-
tient.

None of these computer planning systems offers a correction for seg-
ments of tungsten around the tip of the ovoid catheters, screening off the
dose to the rectum (Fletcher, 1953). Another drawback of these systems is the
use of a carthesian grid of points in the dose distribution plane, between
which the isodose lines are interpolated. A high accuracy of the isodose lines
then requires a fine grid with the corresponding large number of grid points
in which the dose rate must be calculated.

A microprocessor based planning system will be described, dedicated
to intracavitary treatment with catheters filled with trains of sources and
spacers. This planning system has a correction for screens in the ovoids and
uses an iso line tracking method to plot the isodose lines. The components
of the planning system were chosen such that the price of a complete system
allows its use as a second system additional to the external beam planning
system. The structure of the software allows user-defined modifications and
extensions.

Before the planning system is described some pertinent problems —
dose calculation, reconstruction of the catheters — with respect to the plan-
ning system are discussed.

D o s e c a l c u l a t i o n

The dose contribution of an active pellet to a point P is calculated by

= A.r.T.W(w).S(»).f G / h A j s t h e e f f e c t i v e activity m Ci, the activity
s

deduced from dose rate measurements in air; F is the exposure rate in air at
1 m, given by a point source of 1 Ci (3.7 x 1010 Bq) of the radioactive sub-
stance; T is the time in hours during which the active pellet remains in the
catheter; W(w) is the attenuation factor caused by path length w through
other pellets, the catheter wall and any screen in the ovoids; S(s) is the correc-
tion factor for the absorption and scattering of the radiation in tissue along
path s, the distance between the active pellet and point P; f is the roentgen
to gray conversion factor. For Cesium-137 T = 0326 Rjn2.Ci^.h^ and
f=0.957xl0"2 Gy/R.

The remaining of this section represents different aspects of W(w) and
S(s).
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Ionometric measurements in a water tank (Meertens, 1980) revealed
that the 0.5 mm thick stainless steel walls of the Selectron catheters reduce
the dose rate about 1 per cent for a routine loading. This small effect can
partly be eliminated by incorporating the wall attenuation in the effective
pellet activity and therefore its contribution to W(w) is neglected.

The attenuation by the pellets themselves can not be neglected in the
conical regions in direct line with a row of pellets, especially when there are
no other sources in the vicinity, i.e. the regions at the tips of the catheters
This attenuation is useful at the tip of the ovoids to reduce the dose to the
rectum but at the tip of the intra-uterine catheter sometimes a high dose is
required. The pellet attenuation at the intra-uterine tip has been measured in
water for a routine loading and found to reduce the dose delivery up to 7
per cent. An algorithm to calculate an appropriate correction factor through a
row of spheres — the stainless steel spacers and the ceramic sources with a
stainless steel envelope — requires such extensive calculations that until now
no reasonable fast routine to incorporate in W(w) has been realized.

The calculation of the attenuation by circular segments of tungsten,
placed around the tip of the ovoid catheters, is related to the problem of re-
constructing such a segment and is treated in the section Screen segments.
-S(s)

The most commonly used correction factor for tissue absorption and
scatter is the Meisberger relation S(s) = A+B.s+C.s2+D.s3 (Meisberger, 1968),
based on a compilation of published measurements. Recently the relation
S(s) = (l+a.s2)/(l+b.s2) has been proposed (Van Kleffens and Star, 1979).
Comparison of this expression for Cesium-137 gamma rays (a = 0.0083,
b = 0.0108) with the Meisberger expression showed that in the range at which
the latter expression is defined (s between 1 and 10 cm) the difference be-
tween the two expressions is less than 1 per cent for all values of s up to 9 cm.
Beyond 9 cm the Meisberger expression drops sharply to 0.465 at 20 cm,
while the Van Kleffens and Star relation gives there the more realistic value of
0.812.

If exponential absorption and scattering is supposed, a simple relation
with the value 1 at s = 0 cm and coinciding with the Van Kleffens and Star
value of 0.89 at s= 9 cm, is S(s) = 0.89 exp{-0.0l28(s-9)}. In this expression
the deviation of the scatter contribution from exponential behaviour is neglec-
ted; however, in the range 0 — 9 cm its maximum difference with the Meis-
berger relation is only 1.6 per cent, occurring at s=3 cm. The value of this ex-
ponential expression at s = 20 cm is 0.774, which supports the use of the Van
Kleffens and Star relation at larger distances.

It was decided to use the Van Kleffens and Star relation also because
of its simple mathematical structure. In the expression for Dp only s2 occurs,
which is calculated directly from the coordinates of the source in question
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and point P. The Meisberger relation requires the calculation of the square
root of s2, slowing down the dose calculation.

R e c o n s t r u c t i o n of c a t h e t e r s

Each catheter is described by straight line pieces between the pellet
situated at the tip, the pellets at the bending points of the catheter tube and
the pellet near the connector at the end (Fig. 1). From the reconstructed
position of these pellets together with the corresponding pellet numbers
counted from the tip, the position of any pellet in the catheter can be inter-
polated. The sources in the pellet trains can then be entered by simply
stating their pellet number.

Three methods for reconstruction of catheters are available: reconstruc-
tion from orthogonal radiographs, the stereo-shift method and the isocentrical
method. Reconstruction from orthogonal radiographs is probably the most
common reconstruction method (Shalek and Stovall, 1969; Rosenwald,
1970). Still this reconstruction method is difficult to use; the images of the
catheters in the lateral film are hardly visible due to overlying bony structures.
It is, however, the only method with which the localization of specific

(c) (c)

Fig. 1. Orthogonal and isocentrical reconstruction of the localization of a catheter.
Schematically shown is an intra-uterine catheter, (c): central axes of the projecting X-*ay
beams. 1,15,30: pellets describing the straight segments of the catheter. O: applicator ori-
gin, coinciding here with pellet 15.O^: intersection of the central ray of projecting beam
normal to the radiograph; it is the origin of the digitizer on each radiograph. XAp,Y^p,
^LAT^LAT' coordinate axes to measure the pellet images on the orthogonal radio-
graphs, Xp,Yp: coordinate axes TO measure both pellet images on the reconstruction film.
"YROT : Y-axis of the applicator coordinate system, taken here from pellet 15 to pellet
30; the X R Q T -axis (not drawn) is kept parallel to the AP or the isocentrical radiograph;
the Z £ O T -axis (not drawn) points upwards.
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points constructed between patient structures can be calculated. This method
will therefore be explained in the section "Specific points".

Localization by the stereo-shift technique is performed with two ante-
«. rior-posterior (AP) films of the catheters, with- the patient (or the X-ray tube)
| having been shifted a given distance longitudinally in between the films

(Fletcher et al., 1952; Powers et al., 1965). The catheters are clearly visible
in the films but the accuracy of position determination with the stereo-shift
method is generally worse than with the orthogonal film method, because the
difference in angle of the projected X-ray beams (10 — 15°) is rather small.

The availability in many institutes of isocentric X-ray equipment like
a radiotherapy simulator or a diagnostic transversal planigraph makes it
possible to enlarge the difference in projecting angles to 60° with the isocen-
trical method, while the visibility of the catheter images is still nearly as good
as in the AP film (Vaeth and Meurk, 1963; Van der Laarse, 1980).

Some practical aspects about the isocentrical reconstruction will be given
in the remainder of this section.

After the patient has been positioned on the table of the simulator,
] inner catheter tubes, loaded with trains of spacers, are inserted in the appli-

cator. A cassette with a large X-ray film sheet is placed under the table. The
isocentre of the simulator is placed near the applicator centre and the focus-
isocentre-distance and the isocentre-film-distance, measured at normal inci-
dence on the film, are recorded. Then two exposures are made at for. example
plus and minus 30° from the normal to the film in order to obtain two images
of the applicator on the film.

The images of the origin O and of the points which define the main
direction for the axes (X R O T>^ROT>^ROT)

 use(^ *°r the dose distribution
planes, are now measured from the reconstruction radiograph with the X-Y
digitizer. Usually the origin is taken in a pellet of the intra-uterine catheter
at the location of the ostium internum (pellet 15 in Fig. 1) and the main
direction is specified by two pellets in the straight part of the intra-uterine
catheter, i.e. the part near the connector. Finally, the image coordinates of
the pellets describing the catheters are digitized.

After reconstruction, Y R Q T is taken parallel to the main direction
(pellets 15 and 30 in Fig. 1); X R O T remains parallel to the reconstruction
radiograph and Z R O T is defined according to a left rotating coordinate
system (pointing upwards in Fig. 1). The program transforms all points to
these axes.

The algorithms for isocentrical reconstruction and Eulerian rotation
into a given direction are given in Appendix I.

| ' S p e c i f i c p o i n t s

Dose rates in specific points, situated in critical organs and in and around
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LATERAL
VIEW

AP
VIEW

Fig. 2. Anteroposterior view (a) and lateral view (b) of the applicator in situ. Some
of the 19 specific points currently in use are indicated. AP view: A,B Manchester refer-
ence points, C pelvic points. T cervix tumour points, V vagina surface points, U uterus
point. Lateral view: R, R j , Ra , R, rectum points, Bl bladder point. The points A, B, C
and T lie in the Z R O T = 0 plane. (Modified from Maruyama, 1976).

the target volume, are used for rapid evaluation of a source set-up. Some
points are localized in the patient structures and will be called patient points.
Other points are relative to the applicator and will be called applicator points.
Our set of patient and applicator points is derived from sets in use elsewhere
(Maruyama et al., 1976;Chassagne et al., 1977).

Patient points are drawn by hand in anterior-posterior and lateral radio-
graphs (Fig. 2) and measured with the X-Y digitizer. Applicator points are
entered directly by specifying their coordinates in the rotated axes ( X R 0 T ,
Y R O T ' Z R O T ) -

In order to combine the localization of patient points reconstructed
from orthogonal radiographs with the localization of the sources reconstruc-
ted from stereo-shift or isocentrical radiographs, the images of the origin O of
the applicator and of the patient points in the orthogonal radiographs must
be measured. The reconstruction algorithm for variable magnification correc-
tion (Appendix II) requires that all measurements are performed relative to
the geometrical centre of the field, i.e. to the intersection of the images of
the cross-wires. After reconstruction all points are translated to the origin of
the applicator. As is clear from Fig. 1, the position of these points and of
the sources can now be expressed in the same system and the rotation to the
applicator axes ( X R O T , Y R O T , Z R Q T ) c a n ^ e performed equally for specific
points and sources.

Some practical aspects about the orthogonal reconstruction of the Se-
lectron applicator will be given in the remainder of this section. The head of
the radiotherapy treatment simulator used for the reconstruction is set at 0
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degree, so that the longitudinal cross-wire runs parallel to the rotation axis at
any angle of the gantry. Using the image intensifier monitor, the isocentre is
positioned near (not necessary in) the origin O situated in the intra-uterine
catheter. Then the focus-isocentre-distances and the isocentre-radiograph-

| distances are measured for the anteaor-posterior and the lateral exposure.
^ The magnification factors of the radiographs, defined as focus-film-distance

divided by focus-isocentre-distance, are usually taken equal, 1.5 x. The origin
of the X-Y digitizer is taken in the intersection of the images of the cross-
wires. Firstly the image of the applicator origin O, then the coordinates of
the images of the patient points are measured parallel to the images of the
cross-wires.

Lastly, in the case that the reconstruction of the applicator is also per-
formed using the orthogonal radiographs, the points describing the catheters
and the screens in the ovoids must be entered from these radiographs.

M a r k i n g p o i n t s

Often metal clips are inserted in structures of the uterus and the vagina
to check the position of the applicator. These tiny clips are clearly visible
in the anterior-posterior radiograph and in the reconstruction radiograph
but not in the lateral one. It is thus not possible to copy these marking points
from the lateral radiographs to dose distributions in the sagittal plane, plotted
with the same mangnification as the radiograph.

' It was therefore decided to reconstruct these marking points from the
reconstruction radiograph and to make an option in the program whether or
not the projection of these marking points on a dose distribution plane must
be plotted. If needed, these projections can be copied to the lateral radio-
graph and their positions in relation to the anatomical structures be studied.

Additionally, the program asks for those specific points which must be
also considered as marking points. The rectum and bladder points are often
marked because the distance of the rectum and the bladder to the sources is
important in optimizing the source set-up. Because these points have already
been reconstructed from orthogonal radiographs, only the entering of their
names suffices.

In Fig. 8b the use of marking points is demonstrated.

S c r e e n i n g s e g m e n t s

To reduce the dose to the rectum the ovoids of the Selectron applicator
can be fitted with circular tungsten segments around the first pellet in the tip

. (Fig. 3a). These segments are reconstructed with one of the three reconstruc-
| tion methods. To calculate the dose reduction in a point P, situated in a re-

gion screened off, the path length through any screen of the ray from the
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Fig. 3a. Localization of a screening segment reconstructed from its two X-ray images.
For sake of simplicity only one X-ray projection is drawn. Os: origin of the vectors used
to calculate the attenuation by the screening segment (here pellet 1). A: point in the
straight lower part of the ovoid catheter (here pellet 5). V: plane midway through the
screening segment. OgA is normal to V. Si,82,83: points in V describing the segment
mid-plane. B,C,D: reconstructed localizations of the points describing the X-ray image of
the secreening segment.

source to P must be determined. Finally the contribution of scatter from the
screening segment and the surrounding tissues to point P must be evaluated.
No reference in literature about an algorithm to calculate the transmission
factor for a ray passing a screening segment around the tip of an ovoid cathe-
ter, could be found.

It will be shown in the following that an algorithm which determines
whether or not a ray intersects the cross section midway through the segment
suffices for calculating the dose reduction to the rectum. The relatively simple
mathematics required allows its use even in a microprocessor based computer
system.

Reconstruction of the cross section midway through a screening segment
The localization of a screening segment reconstructed from its X-ray

images, does not give its exact position and dimensions because of the 5 mm
thickness of the segment. In Fig. 3 a points B, C and D will be the outer image
points, while points S t , S2 and S3 are the points which determine the cross
section midway through the segment. Furthermore it can happen that point C
is situated at one side, while B and D are situated at the other side of the
screen, under respectively upper side in Fig. 3a.
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Fig. 3b. Description of the cross section midway through the screen. Determination
whether or not a ray intersects the cross section. OS,A3AD,S1,S2»S3>V: see Fig. 3a.
B',C',D': projections of the reconstructed screen points B, C and D to the plane V mid-
way through the screen. Due to the reconstruction procedure these projections (to not
coincide exacjjy with Sj , S2 and S3 respectively, s: jbisectrix of vectors B' and D . The
direction of C' is used to determine the direction of s. rjjj>rout

: radii to describe the in-
ner and outer contour of the cross section of the circular screen segment. QP: ray from
source Q to point P, intersecting the screen mid-plane V in point I. The angle of O$ I
with s, together with its length, suffices to determine whether or not I lies inside the
cross section midway through the screen.

The plane V through the required cross section (Si, S2 and S3) inter-
sects the first pellet in Os and is also normal to the axis of the catheter tip,
i.e. the line through Os and, say, the fifth pellet A. The orientation of plane V
is determined by reconstructing the X-ray images of these two pellets. Then
the images of the points B, C and D are measured and the points reconstruc-
ted. Finally the reconstructed points B, C and D are projected perpendicular-
ly to plane V(points B', C' and D' in Fig. 3b).

Now the inner radius rm of the screening segment, the outer radius r o u t

and the segment angle, the angle over which the segment extends (180°
in Fig. 2b), are entered to the program. The next step is the calculation of
the bisectrix of the angle between Ó^B' and OSD'. The position of C' is then
used to determine at which side from Os the segment is situated. If the unit
vector s is taken in this direction along the bisectrix, the screening segment
extends half the segment angle at either side from s.
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Lastly the intersection I of the ray between the source Q and point P
with plane V is calculated. If the vector OSI makes an angle with s smaller
than half the segment angle and if the distance OSI liss between r m and ro u t ,
then the ray from Q to P intersects the cross section midway through the
screening segment. The mathematical formulation is given in appendix III.

Fig. 3c. Calculation of isodose lines around a single source in a catheter with a
screening segment. +: origin applicator axes. ffl: the source, which is positioned in this
plane. A: regions in which the rays intersect only one side (either the upper or the lower
side respective to the segment normal) of the segment. A,: part of region A extending
outside the cross section midway through the segment. A2: part of region A inside the
cross section. B: region in which the rays intersect both sides of the segment. When the
source Q lies on the segment normal (as in this case), the path traversed through the
screening segment is calculated and the corresponding attenuation is taken into account.
In this figure the attenuation along path 2t is taken as 50 per cent. Because of the
oblique incidence, the 20 cGy/h line in region B bends inwards a little more than the 40
cGy/h circle.
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Calculation of the attenuation caused by a screening segment.
When a ray from source Q to point P intersects the cross section mid-

way through the screening segment, a coarse correction is obtained when the
dose contribution to P is multiplied with a fixed transmission factor. A more
accurate correction is obtained when the path p traversed through the seg-
ment is calculated, giving expfconst.p) as the transmission factor.

However, the thickness of the segments (0.5 cm) is of the same magni-
tude as rout-r in (0.6 cm). A oblique incidence correction based on whether or
not the ray intersects the cross section midway through the screening seg-

S ment, overcompensates in the regions A2 (Fig. 3c) while the attenuation in
\ regions A] is not taken into account. It is of course possible to calculate for

any ray the path through the segments analytically. The required three di-
mensional mathematics are so lengthly that the dose calculation routine
would be slowed down to an unacceptable degree.

It is necessary to calculate the path through a screening segment for
rays from sources in the part of the ovoid catheter where the segment is po-
sitioned, because the maximum rectal dose is mainly determined by these

~ sources. The other sources are at a much larger distance from the segment
and rays from them contribute much less to the dose in the rectum. Conse-
quently, for these sources the accuracy of the screening correction is less im-

\ ' portant. Therefore an approach has been chosen in which the algorithm to
i. calculate the intersection of a ray QP with the screen mid-plane is used twice
•• to find the intersections of this ray with the planes through the upper and

.: [ lower side of the segment. If the source is not on the normal to the segment,
S fixed multiplication factors to correct for the segment attenuation are used.
;" If the source lies on the normal, the path through the segment can be calcu-

lated easily, due to the rotational symmetry around the normal.

1. Calculation of the segment entrance and exit points of a ray. _̂
_̂  A point (x,y,z) on the ray QP is described by the vector X = cf

X(P - d ) , with ($ the vector from the segment origin (Xto source Q and 1? the
vector from Os to point P. If the unit vector along Os A, the normal to the

'}] segment, is 7T, then the vector X = (^ + t a + \ 2 (F - Q) intersects the seg-
' ment mid-plane in a point I2 straight above where ray QP leaves the segment

(Fig. 3d). Thus if I2 lies in the segment cross section (Si ,S2 ,S3) then the ray
QP intersects the under side of the screening segment. The same is done
with the vector X = ($ - t a + XX(P* - Cj) to determine if QP enters the seg-
ment at the upper side. Thus to calculate the segment entrance and exit
points of a ray QP, the algorithm must be called twice, once for source posi-
tion ((ƒ - tot) and once for (ct + t i t ) with unchanged ray direction QP. Of
course, at least one of the values \ t and X2 must be between 0 and 1, other-
wise the segment lies not between source Q and point P.
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Fig. 3d. Calculation of the path through the screen segment by a ray from a source in
the catheter tip. O$A: normal to the screen mid-plane, see Fig. 3a. rm^rout: radii to
describe the inner and outer contour of the cross section of the circular screen segment.
2t: screen thickness. By shifting the source Q minus t and plus t along the screen normal,
the entrance point Ii and the exit point 12 of the ray QP with the screen are found.

2. Correction for sources far away from the screening segment.
If the attenuation factor through half the segment thickness is given by

a, then the dose rate in P is multiplied by a2 when i! and I2 lie both in the
segment cross section (Si ,S2 ,S3). When only one of the intersection points lt

and I2 lies in the cross section, the multiplication factor is a. Of course this
factor is 1 when both I] and I2 are outside the screening segment, either
both at a distance from the screening centre larger than ro u t or smaller than
rin-

A further refinement is performed to correct for horizontal crossing of
a ray through the segment. When Ii and I2 are outside the screening segment
but a different sides of it, or when \ t < 0 and X2 > 0, then the segment is
crossed horizontally, provided that OSI2 lies within the segment angle be-
tween OsSi and Os S3. The dose attenuation factor is then taken as a2.

3. Correction for sources lying on the normal to the segment centre.
As is clear from Fig. 3d, the calculation of the path through the seg-

ment is easily performed two-dimensionally for sources lying on the segment
normal, when the Y-axis is taken from Os along the normal and the X-axis
is taken from Os through the intersections Ij and I2 . When the angle of this
X-axis with the segment bisectrix exceeds half the segment angle, no cor-
rection is needed. Also no correction is needed when I} and I2 are outside
the segment and both at the outer or inner side of the segment. Figure 3c
shows the dose distribution around a single source lying on the segment nor-
mal.
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Fig. 4a,b. Comparison of measured and calculated dose values in the region screened
off by a 180°, 0.5 cm thick screening segment with a transmission factor of 0.7. The
measurements were performed in a water tank. The first 8 positions of the ovoid cathe-
ter were filled with sources of 9.82 mCi Cs-137. A small ionization chamber was moved
along a line from caudal to cranial at a distance of 1.7 cm in AP and 0.75 cm in lateral
direction from the first pellet. To relate this set-up with an actual application, the posi-
tion of the screening segment in the other ovoid has been indicated in Fig. 4a.

4. Modification of the tissue scatter caused by the segments.
When the segment attenuation parameter a is determined from iono-

metric measurements in a water tank around a loaded catheter provided with
a screening segment at the tip (Fig. 4a,b), the scatter modification is at least
partly incorporated in a. Ionometric measurements in water around ovoids
provided with screening segments are compared with calculated dose rates in
Fig. 4c.

The reduction of the dose delivery to the rectum by the ovoid seg-
ments is clearly demonstrated in Fig. 8b.

D o s e d i s t r i b u t i o n p l a n e s

As indicated previously, the Y^x-axis is taken along a given direction
of the applicator, usually the straight lower part of the intra-uterine catheter,
while the XR0T-axis remains parallel to the reconstruction radiograph. Dose
distribution planes are specified normal to one of the rotated axes, thus paral-
lel to the other two axes (Fig. S), and further defined by entering a point of
this plane, expressed in the rotated axes. Usually the YR0T-axis runs along
the largest dimension of the applicator, therefore in the planes normal to
X R O T ai*d ZROT> the horizontal dimension of the dose distributions coin-
cides with the Y R Q j-axis.



- 4 - 3 - 2 - 1 O 1 2 3 4

Fig 4c. Measurements.
(1): the solid line presents the measured dose rate with the screening segment re-

moved. +: calculated dose rates.
(2): the solid line presents the measured dose rate with the screening segment present.

The dotted line is the dose rate curve though the calculated dose rates indicated
byo.

The deviation in the interval (-2,-1) is caused by small errors in the position of the ovoid
catheter when removed from the water tank and repositioned on the simulator treat-
ment couch in order to make the reconstruction radiograph and also by small errors in
measuring the segment from its X-ray ima^s. The sensitivity of the dose rates along the
indicated line to small changes in screen position can also be seen in Fig. 4a.

In inany cases the YR 0 T-axis runs nearly parallel to the table top. If
the isodose distributions are then requested with the same magnification as
the anterior-posterior and lateral radiographs used for reconstruction of the
specific points, the isodose lines can be copied directly on these radiographs.
Because the program plots the projection of the sources on each dose distri-
bution, a verification of the computer input by comparing these projections
with the corresponding radiograph images is also possible.

I s o d o s e l i n e s

Usually isodose lines are interpolated between a matrix of dose values
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Fig. 5. View of dose distribution planes. O: applicator origin. Y^Q-p: the Y-axis is
parallel to a given direction, usually the straight part of the intra-uterine catheter.
^ROT : t n e X-axis is parallel to the couch on which the patient lies, ( p Dose distribu-
tions in planes normal to X R Q T are plotted viewed horizontally from the left side of the
patient. (f) The same with planes normal tc Z R Q J but viewed vertically. © Dose distri-
butions in planes normal to Y R O T

 a r e viewed from the patient's feet.

on a grid. Since this demands the storage of large arrays, an algorithm was
designed, which tracks the isodose line directly by deriving the step length
and the step direction from preceding dose rate measurements. The algorithm
was originally developed for an automated den.itometer (Van der Laarse and
De Gans, 1980). A few changes in this algorithm, adapting it to isodose
tracking with calculated dose values instead of measured density values, im-
proved its performance significantly.

One adaption is the use of a variable step length, derived from the
local dose gradient at the start position, giving smaller step lengths with
higher dose gradients.

Another difference with the isodensity tracking algorithm concerns the
use of a weighted mean direction inside the isodose region, i.e. inside the
small region around the isodose line inside which steps are always taken in
the mean direction. For the calculation of this mean direction the directions
of the last 5 steps are stored. In the weighting process the last step direction,
the 5th, has weight 5, the 4th step has weight 4 etc, which gives for the direc-
tion of the next step:

5
( 2 i x directionj) /15

The last improvement uses the indirect coupling of the position of the
tracking routine with the position of the recorder pen plotting the correspon-
ding curve, to track sharp bends of the isodose line. All steps inside the iso-
dose region are taken in the mean direction until a step moved the tracking

t
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Fig. 6. Tracking of an isodose line. — isodose l i n e , . . . . boundaries of the isodose
region, —* steps performed by plotter, — • steps performed by tracking routine only.
Step (1) moves tracking position (TP) outside isodose region (IR). Plotting is suspended
and 45° turning takes place. Next step (2) moves TP inside IR. Plotter is moved to new
position along (3). Step (4) is a step in the mean direction, moving the TP outside the IR.
Step (5), turned 45°, still outside IR. Step (6) however crosses IR completely, the plot-
ter is now moved to the position halfway step (6) along (7). Step (8) in mean direction,
inside IR. Step (9) in mean direction moves TP outside IR. Steps (10) and (11), each
turned 45°, still outside IR. Step (12) moves TP inside IR. Plotter is moved along (13).
Step (14) in mean direction.
Note that tracking along a hardly curved isodose line occurs with some steps in 22.5° in-
tervals (e.g. plotter step (3)). Note also the adaption of step direction and step length to
sharp curves (e.g. plotter step (7) to halfway step (6)).

position — which corresponds to the position of the light spot of the densito-
meter — outside the isodose region. This last step is not sent to the plotter
and all further plotting is suspended. The next step will be rotated 45° to the
isodose line and after this step it is tested whether the tracking position has
entered the isodose region or has crossed it (Fig. 6). If this is not the case, the
tracking algorithm retraces this step back and starts tracking again after an
extra turning towards the isodose line. This process is repeated until the iso-
dose region is entered or crossed. In the latter case the position halfway
between the first position outside the isodose region and the one after cros-
sing the isodose region is calculated (Fig. 6). The plotter is reactivated and the
pen is moved to the new position inside the isodose region and thus the next
step will be in the mean direction. The calculation of the position halfway be-
tween the first position outside the isodose region and the one crossing this
region, can be considered as an adaption of the step length and step direction
to sharp bends of the isodose line. In this situation a sharp bend is a bend
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which can not be covered in the normal way by successive steps, each turning
45°, vith their length defined by the accuracy parameter; this parameter
will be discussed in the section "Dose distributions".

S t a r t p o s i t i o n s o f i s o d o s e l i n e s

An isodose line always starts from a predetermined position. These
start positions are specified directly or are determined for a given series of
dose rate values. When a start position is given by entering its coordinates in
the ROT-axes, the dose rate at this point is calculated and stored as the iso-
dose value. Then the local step length and the direction to start the tracking
are determined as given in the previous section.

Two options to determine start positions for given dose values are
available: a fast option in which some knowledge is assumed about the
localizations of the isodose lines and an option for routine use in which start
positions are searched between dose rate values of a coarse grid of points
placed over the applicator area of the dose distribution plane.

In the fast option, the start positions for a given series of dose rate
values are searched along a line normal to one of the ROT-axes. For the
planes normal to X R O T

 an<^ ^ R O T t n e *m e
 VROT

 = C is used, for planes nor-
mal to Y R o x the line Z R Q T = C, C being entered from the keyboard. The
intersections of the requested isodose lines with this search line are found by
interpolation between successive points spaced every 3 mm along the search
line. Usually the same isodose line is found twice, once when the dose gra-
dient along the search direction is positive, i.e. when the dose rates of succes-
sive points on the search line are increasing, and once when this dose gradient
is negative, i.e. when successive dose rates are decreasing, The start positions
found with negative dose gradients are the ones used to start the isodose line
tracking after the local step length and the start direction have been deter-
mined. In Fig. 8a the line yRQT = 30 (mm) should be used to find the start
positions for all isodose lines shown.

In the option for routine use a square of 14 x 14 cm2 is placed in the
dose distribution plane with the applicator origin O as its centre. In this
square a grid is constructed with 1 cm grid spacing. In each of the 225 grid
points the dose rate is calculated. Then the dose rates of all pairs of adjoining
grid points are compared with the requested isodose rate until a pair is found
with two positive dose rate values, one dose rate higher and the other lower
than the isodose rate (Fig. 7). The negative dose rate values are explained fur-
ther on. The search routine of the fast option is now started from the point
with the higher dose rate. A small addition to the fast search routine starts
the interpolation of the start position in the direction of decreasing dose rate.
When the start position is found and the step length and start direction have
been determined, the isodose line tracking starts. After each step in or into
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Fjg. 7. Search of start positions using grid values.
o—• search of start positions by taking pairs of adjoining grid points and comparing if
I one positive dose rate value is higher and one postive value is lower than the

isodose value. The counting sequence is indicated.
isodose line already tracked.

© nearest grid points in the high dose region H inside the isodose line set negative
during tracking.

- -*•- next start position found, -«-x start direction isodose line.
A search line in the direction of decreasing dose rates to interpolate the start posi-
I tion.

the isodose region (see previous section) the dose rates in the four grid points
nearest to the tracking position, i.e. the four surrounding ones, are compared
with the isodose rate. Dose rates in these grid points higher than the isodose
rate are set negative; their absolute values remain unaltered. When the isodose
line is completed, again the dose rates of all pairs of adjoining grid points are
compared with the iscdose rate in question as described previously. However,
all pairs of adjoining grid points between which the already tracked isodose
line ran, will not be found because the higher dose rate was set negative dur-
ing tracking and pairs with one dose rate negative are skipped. This process
to determine start positions for a given isodose rate value is repeated until no
suitable pair of adjoining grid points is left. At this stage all negative dose ra-
tes of the grid points are reset to their positive value and the searching of start
positions for the next isodose rate starts.

D o s e d i s t r i b u t i o n s

For each dose distribution an accuracy parameter must be specified,
which value is used as 'basic step length'. The local step length to track an
isodose line is calculated at the start position of the line by 3 x STB x D / AD
with STB the basic step length, D the dose rate at the start position in cGy.li"1
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Fig. 8a. Dose distribution in plane ZRQX=0.

+: applicator origin 0. ffi: sources intersecting the dose distribution plane.
©: sources not intersecting the plane. For the basic step length 2 mm was chosen, which
corresponds roughly with a 2 mm step for the 50 cGy/h line. The start positions of the
isodose rate lines were found with the standard routine, which uses the dose values in the
points of a grid over the plane. The isodose rate lines are tracked with adaption of the
step length to the local dose gradient. The effect of taking the basic step length as 4 mm
is shown at the 50 cGy/h line, using the superposition facility.

and AD the dose rate gradient at the start position in cGyh ~l .cm"1. The start
direction is found by clockwise rotation over 90° of the unit vector along the
dose gradient. Thus with this accuracy parameter the accurancy of the com-
plete dose distribution is set, e.g. the basic step length in Fig. 8b was set at
2 mm by specifying accuracy = 2 to the program and approximately 120 steps
were done for each isodose line in this figure.

If requested, isodose lines of parallel planes can be superposed by defi-
ning new isodose lines with start positions in these planes. The program then
prints a warning — iso line not in previous plane — and draws the projection
of the new line in the previous dose distribution plane.

It sometimes happens that an isodose distribution appears to be not
optimal and that different positions of the sources in the catheters must be
evaluated by comparing the corresponding isodose lines. This is done by selec-
ting the superposition facility, with which it is possible to plot isodose lines
of any new dose distribution directly over the previous one. The superposi-
tion facility has been used in Fig. 8a and 8b to demonstrate the effect of the
accuracy parameter and of the ovoid screening segments on the isodose Unes.
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Fig. 8b. Dose distribution in the sagittal plane Q J
The basic step length is again 2 mm. The influence of the ovoid screens is shown with the
use of the superposition facility. The inner lines of the 100 and 50 cGy/h curves are
obtained with the two 180° segments present, each having a transmission factor of 0.5.
Note that the marking points A to D correspond to the rectum points Ro to R3 and that
E corresponds with the bladder point.

C o m p u t e r c o n f i g u r a t i o n

The planning routines were developed on an INTELLEC microproces-
sor development system (Intel). The main frame consists of an 8080 micro-
processor, 64 k byte (8 bit) random access memory (RAM), a High Speed
Mathematics Unit (Intel SBC 310) and three digital to analog (D/A) conver-
ters (Intel SBC 724). Connected to this main frame are a cathode ray tube
(CRT) console, a dual floppy disc drive, a printer, an X-Y digitizer (Houston
HI PAD) connected parallel to the console keyboard and an X-Y recorder
(Bryans).

The software described in this paper can run on any microcomputer
system with the following configuration: a microprocessor with the 8080 in-
struction set like the 8085 or the Z80,64 k byte memory, a floppy disc drive,
a CRT console with a parallel input and three 9 bit D/A converters.

The program code segment requires about 40 k byte memory while the
stack, the common blocks and the data segment require 6 k bytes. As will be
described in the next section, the operating system itself can be reduced dras-
tically because only the character input and output routines to the CRT con-
sole and the printer, and the routine for input from the floppy disc are
needed.
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A conversion of the software to a SUPERBRAIN microcomputer sys-
tem (Intertec Data Systems), built around two Z80 microprocessors, was in-
deed performed without major difficulties. Because the Z80 is 2 times faster
than the 8080 microprocessor, the lack of a hardware floating point processor
in the SUPERBRAIN is partly compensated for. The D/A converters for the
X-Y recorder were not commercially available and were developed by the mi-
croprocessor applications group of our institute.

S o f t w a r e s t r u c t u r e

The software consists of two main programs, IMF and ISO. The pro-
gram IMF performs the reconstruction of the catheters from the two X-ray
images on the reconstruction radiograph, reconstructs the specific points
from the orthogonal radiographs and displays the source set-up and the dose
rates in the specific points. The second program ISO draws isodose lines in
the requested planes through the applicator. Input of patient and applicator
data is done conversationally by answering questions displayed on the CRT
console. The first program in particular has been written such that the ques-
tions follow each other without delay. Time consuming calculations are post-
poned until all input of patient and applicator data is finished.

Both programs are divided into labelled segments (Fig. 9). The software
provides interrupt processing in each segment at two levels. Level one is a
request, displayed by the program itself, to validate last results. The operator
answers with p(roceed), e(rror) or Repeat). If e(rror) is entered, the program
jumps back to the beginning of the current segment. If Repeat) is entered, the
program displays a short description of all segments (Table Ib) and the
operator selects the segment from which processing must resume. Level two is
obtained when the operator types a % on the keyboard. The program then
jumps to the beginning of the current segment. If again % is typed, the short
description of all segments is displayed, etc.

Two ways are available to correct a typing error. If a # is typed, the
current line is deleted. If a @ is typed, the last character entered is echoed to
the screen and then deleted. Again typing @ repeats this process, etc.

IMF and ISO share an identical common location for data transfer. Be-
fore executing IMF for the first time, initializing data are entered into the
common location. Then IMF is loaded into core; information about the status
of the planning procedure is obtained from the common location and execu-
tion starts. When IMF calls the isodose plotting module ISO, this module is
loaded and completely replaces IMF; again information about the status of
the planning procedure is obtained from the common location and execution
proceeds. For a change in the treatment set-up ISO calls IMF again, etc.

The planning software is written in ANSI Fortran-77 and was compiled
by the INTEL Fortran-80 compiler, version 2.0, under the ISIS-II operating
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Fig. 9. Flowchart of the program. The labels (0) to (10) are the entries to which the
interrupt routine, called by typing %,can jump backwards. These labels correspond to the
jumps 0 to 10 in Table 1.
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DOSE RATES IN PATIENT POINTS AND IN APPLICATOR POINTS

PATIENT
PATE.

PATIENT TEST
SEPTEMBER 2, 1988

1
20 OB MCI CESIUM-137 SOURCES

CATHETER TIME SOURCES LOADING
1 l e e 4 ' 3 4 5 6
2 1 60 4 2 4 9 6
3 l ie 8 1 3 9 7 IB 13 16 28

COORDINATES FROM OIVEN ORIGIN IN MM

POINT
1
2
3
4
9
6
7

1
2
3
4

WEATK

X
-98 5
43. 2
e 4
a 9
a. 7
i e

-11 9

-28. e
2e e

-ie. e
ie. e

ENT TIME
-OR MEAN DOSE

V
9. 9
-3 e
24.3
39 1
7 e

-8. 4
44 3

e a
e e
ie e
ie e

Z
a B
-e. 9

-27.6
-28 3
-S3. 7
-23 6
se l

e a
e. e
e. e
e. e

COV^HR
26.4
37. 9
76 2
83 3
89. 4
79. 4
96 a

109 8
189 a
213 3
217 4

CORRESPONDING TO HEIGHT 1
IN APPLICATOR POINTS 1 «NO

PER CENT COV
24
39
78
76
82
69
91

186
186
196
199

?28
1042
2898
2292
2461
2876
1941

3eee
3oae
9669
3962

27.92 HOURS
2. 3M(1 COV

DESCRIPTION
B-R
B-L
RECT 8
RECT. 1
RECT 2
RECT 3
BLADDER

A-R
«-L
T-R
T-L

TVPE:
1 • REHEASURE SUSPECTED PTS REL. TO PAT
2 • NEW MEAN DOSE IN APPL PTS 1 AND 2
3 • NEW TIME UEIOHTS
4 • NEM SOURCES
9 • DOSE DISTRIBUTION

6 « RESTART. NEM PATIENT

?• y.

B • CHANGE OUTPUT

TO JUMP BACK TVPE.
1 • RESTART
2 • SPECIFV SPEC. PTS REL. TO PAT
3 • ENTER ALL SPEC. PTS FROM AP AND LAT. FILMS
4 - CHANGE SPEC. PTS REL TO PAT.
9 « SPEC1FV SPEC. PTS REL TO APPL
6 - STEREO OR ISOCENTRIC RECONSTR
7 • CATHETER SEGMENTS
5 - SOURCES
9 • TIME HEIGHTS
18» MEAN DOSE IN APPL PTS 1 AND 2
11» CHANGE SCREEN CORRECTION

•>• 1 1

SCREEN CORRECTION. V OR N N

SPS NS a .• AVL:VNKI

DOSE RATES IN PATIENT POINTS AND IN APPLICATOR POINTS

PATIENT
DATE

PATIENT TEST
SEPTEMBER 2. 1988

28 ee MCI CESIUH-137 SOURCES

CATHETER TIME SOURCES LOADING
1 l e e 4 3 4 9 6
2 1 0 8 4 3 4 9 6
3 1. ee 8 1 3 3 7 IB 13 16 26

NO SCREEN<S>

COORDINATES FROM GIVEN ORIGIN IN MM

POINT
1
2
3
4
3
6
7

1
2
3
4

rREBTM

X
-98. 9
43 2
e. 4

a s
e 7
1 0

-11 9

-2e e
2a e

-ie e
ie e

ENT TIME
:0R MEAN DOSE

V
9. 9

-3.8
24 3
39 1
7 8

-8 4
44 3

e e
e e
10 8
ie e

Z
0 8
-e 3

-27 C
-28 3
-23 7
-23 6
28. 1

0 1

a a
• t
e. e

CGWHR
26. 4
37 9

186 9
84 9
89 4
7S 4
56 a

189. B
109 B
213.3
217 4

CORRESPONDING TO HEIGHT 1
IN APPLICATOR POINTS 1 AND

PER CENT CQV
24
38
iee
78
82
69
91

108
188
196
199

27 92
2 3eee

728
1042
2997
2336
2461
2876
1541

308e
3808
3869
9983

1 HOURS
1 COV

DESCRIPTION
B-R
B-L
RECT. 8
RECT. 1
RECT. 2
RECT. 3
BLADDER

A-R
A-L
T-R
T-L

Table I. Influence of ovoid screens on dose rates in specific points,
a: screens present; b; interrupt by %; c: without screens.
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system. ISIS-II requires 14 k byte memory, which leaves 50 k byte memory
for program development. Because the library for input and output opera-
tions (F80ISS.LIB) requires 23 k bytes, i.e. nearly half of the memory avail-
able for programming, and also because F80ISS.LIB uses several routines of
ISIS-II, it was decided to develop a small library of I/O routines with less me-
mory requirement and independent of the operating system. Three routines,
written in assembler, provide for input of a character from the keyboard and
for output of a character to the CRT console and to the printer. These routi-
nes are called by another assembler routine, FRTIO, which communicates by
means of common memory segments, i.e. Fortran common blocks, with a set
of simple but sufficient I/O routines, all written in Fortran. When the plan-
ning program runs under an arbitrarely operating system, its routines for the
character in and output can be linked to FRTIO instead of our own routines.
The Fortran written I/O routines provide free formatted input from keyboard
and X-Y digitizer and formatted output of integer and real numbers and text
strings to CRT console and printer. They also provide for the interrupt pro-
cessing by the calling programs. The total memory use for this simple I/O
library is 4.5 k bytes.

A second set of library routines was developed for output to the X-Y
recorder. Except a few basic routines, e.g. for timing of the plotter pen, all
plotter routines are again written in Fortran-77. These routines define a plot
frame and a picture frame provided with axes with ticks at user defined dis-
tances. Real and integer numbers, text strings and curves can be drawn; the
total memory requirement for these plotter routines is 3.3 k bytes.

A slightly modified version of this software runs on the SUPERBRAIN.
This microcomputer is equipped with the ANSI Fortran-66 compiler of
Microsoft, the most widely used Fortran compiler for microprocessors with
the 8080 instruction set. Because the character handling of Fortran-66 is
more cumbersome compared with Fortran-77, some of the string handling
routines of our I/O library had to be converted into assembler routines.

The Unking and locating of the Fortran and Assembler modules with
the Superbrain is performed by the LINK80 linker of Microsoft. This linker
fills all uninitialized bytes of the data segment, which includes the common
location for data transfer, with zeros, thus when IMF or ISO is loaded all pre-
vious information in the common data location is lost. A separate loader was
therefore developed with which the common location remains unaffected.
This loader can be called in a Fortran program as a subroutine to overlay
complete modules.

D i s c u s s i o n

The Selectron planning system is capable to handle Cesium-137 and
Cobalt-60 point sources. It can easily be adapted to other radioactive isotopes
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by a user with some Fortran experience.
One of the problems appearing during routine use, is the difficulty in

marking on the reconstruction radiographs which pellet number corresponds
with the pellets in the bending points of the ovoid catheters. This difficulty is
caused by bad visibility on the reconstruction radiograph of the first pellet in
the tip. The identification of the pellets in the bending points improves when
in the trains of dummies used for reconstruction, every fifth stainless steel
pellet is replaced by a tungsten cylinder with equal diameter and height. Be-
cause of their higher atomic number and their different shape, these cylinders
give a better and different image on the radiograph. To define the position of
the first pellet, situated in the tip, the agreement of the mean distance be-
tween the pellet centres in the reconstructed catheter tip with the pellet
diameter (2.5 mm) can be used, provided that the position of the other pellet,
used to describe the straight part of the tip of the ovoid catheter, is known
accurately. After reconstruction of a catheter segment, the program therefore
prints the corresponding mean distance between the pellet centres, which of
course should be equal to the pellet diameter. The position of the first pellet
is now moved along the axis of the catheter tip until the reconstructed mean
distance equals 2.5 mm.

The dose reduction to the rectum by screening segments in the ovoids is
considered of more importance by our clinicians than the dose reduction to
the bladder. As has become clear from CT images of an intracavitary applica-
tion, the bladder folds itself often over the anterior side of the applicator,
which causes screening segments in the ovoids to be only effective for the
bladder region straight above the ovoids. However, if screening segments in
the ovoids to reduce the dose delivery to this part of the bladder are con-
sidered necessary, the program can handle these segments without difficulty.

The combination of isodose lines tracked with our tracking algorithm
from start positions interpolated along either a given line or between grid
points offers important advantages above interpolation of isodose lines be-
tween grid points. The use of the tracking method makes adaption of the step
length to the local gradient possible: smaller sups near the sources and larger
steps far away from them. The introduction of the "basic step length' provides
a preset accuracy for the whole dose distribution. The modification of the
tracking procedure into one where only steps within the iso region are plot-
ted, makes large steps still possible, because in sharp bends of the isodose line
the step length and step direction are adapted to the curvature of the isodose
line.

It often happens that in routine cases the planning operates can deter-
mine the optimal loading of the applicator by studying only the dose rates in
the specific points. With the option to find start positions between grid points,
it then suffices to state the basic step length, the dose distribution plane and
the range of isodose values. The planning operator now turns to other duties
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while the dose distribution is plotted.
Optimum facilities are available for the different stages of the planning

procedure. During the stage that the planning operator tries different set-ups
of active sources, all start positions for the required isodose lines can be inter-
polated with the search option along a given line. On the Intellec MDS these
start positions are found in about 15 seconds. The isodose lines are then
tracked with a large basic step length, for example 80 steps for a complete line
around the applicator in about 45 seconds. Next the superposition facility is
used to change the source set-up and to draw the corresponding isodose lines
with a different colour in the same plot. By comparing the change in source
set-up with the corresponding change in shape of the isodose lines, a suitable
source set-up is rapidly obtained. For the final source set-up highly accurate
isodose lines are plotted by specifying a small basic step length. When also the
start positions are interpolated between grid points, no information about the
shape of the isodose lines in needed and no isodose lines can be overlooked.
On the Intellec MDS the calculation of the 225 dose rates in the grid points
takes about 45 seconds and the interpolation of each start position about 10
seconds.

The successive versions of the planning system has been in use since
september 1979 and has provided about 150 patient plans, besides numerous
plans for development of vaginal cylinders, for atlasses etc. Due to the strong
interaction with the planning radiographers who actually use the system, the
aspect of user-friendliness has recieved much attention.

There are some limitations to our system. An external beam treatment
facility to add the opposing megavoltage X-ray beams used to treat the pelvic
region, is under development but not yet available. It is, however, possible to
define 20 specific points relative to the patient and 20 relative to the applica-
tor. Dose values in these points calculated by an external beam treatment
planning system can be added manually.

The already mentioned possibility of user-defined changes has been in-
corporated on purpose. For example, passing of parameters between the pro-
gram modules is done in common segments, which facilitates changes in maxi-
mum values for number of sources (standard 40), number or specific points
(patient points 20, applicator points 20), number of marking points (10) and
number of screening segments (2). To support these user-defined changes, ex-
tensive comment statements have been included in the source listings.

Because the planning system has been developed as a stand-alone sys-
tem dedicated to the Selectron afterloader, the costs of the system had to be
low compared with the costs of the afterloader itself and of a commercial ex-
ternal beam treatment planning system. The choice to build the commercial
planning system around the Superbrain microcomputer, equipped with 64 k
byte memory, dual floppy disc drive and a printer, gives the user all possibili-
ties to run his own programs. When our small I/O library developed for the
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planning system is added, the X-Y recorder can also be used. This I/O library
can be called together with the standard Fortran in and output statements
because they are independent of each other. This gives plot facilities with exist-
ing Fortran programs.
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S u m m a r y

A microprocessor based treatment planning system is described for the
Selectron remote controlled afterloading system for intracavitary radio-
therapy.

The localizations of the catheters are reconstructed with a modified ver-
sion of the stereographic method, i.e. the isocentrical reconstruction method.
For reconstruction of specific points, placed in and around the target volume
and in other regions of interest, orthogonal radiographs are used.

Different sequences of active and dummy pellets are rapidly evaluated
by studying the dose rates in the specific points. For final evaluation of the
treatment plan the dose distributions in several planes are plotted using a
combined grid and gradient method.

A fast algorithm for calculation of the dose reduction to the rectum
caused by tungsten screening segments at the tip of the ovoid catheters is
presented.

The software is written in Fortran which facilitates user-defined changes
in the programs.
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APPENDIX I

I s o c e n t r i c a l r e c o n s t r u c t i o n

The isocentrical reconstruction method expresses the position of a
point P in the coordinates of its two images and the coordinates of the two
foci, which brought about these images in an isocentrical set-up.

Let focus 2 (f,O,h) and focus 1 (—f,O,h) project point P (x_) respect-
ively at its left image(xF! ,yF ,0) and at its right one (xF r ,yF >0), see Fig. 1.1.
Then the lines through foci and corresponding images can be expressed as

kl: | y ) =X iyp1 )+f 0 j(l)andk2: í y

These two lines intersect at P, at which

X(xF1-f) + f =;

-Xh + h = —juh+ h

(3)

(4)

(5)
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Fig. 1.1. Geometrical relationships for isocentiical reconstruction. See appendix I.

From (4) follows X = JU, which inserted in (3) gives A =

(6) in (1) gives: xp = f(xFr + xF x ) / (xF r - xF I + 2f)

yp = 2 f y F / ( x F r - x F i + 2 f )

zp = h(xFr - x F 1 ) / (xF r - x F 1 + 2f)

2f
Ï2f ( 6 )

After reconstruction of the localization of the pellets describing the
catheters and of the applicator origin 0 , a new coordinate system REC is
defined with the axes X R E C , Y R E c and Z R E C remaining parallel to the
radiograph axes Xp, YF and ZF respectively but extending from the applicator
origin O. Then all pellet coordinates are transformed to the REC axes.

In the following the algorithm is described for the Eulerian rotation
of the REC axes to the applicator axes ( X R O T > Y R O T > Z R O T ) defined by
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Y R O j being parallel to a given direction Ü3 and X R 0 T remaining parallel
to the reconstruction radiograph.

E u l e r i a n r o t a t i o n o f a x e s i n t o a g i v e n d i r e c t i o n

The following describes the algorithm used for the Eulerian rotation of
the carthesian coordinate axes (XRFrsYppr.Znpr.) into

Z R 0 T ) with Y R O T parallel to a given victor M yM and X R 0 T lying
\zu) REC

in the plane z R E C = 0.
Rotate first (X R E c ,Y R E C ,Z R E C ) around the ZREc-axis until the

Y-axis coincides with the projection I yM I of M on the plane z R E C = 0 (Fig.w
I.2a). The resulting axes (X\Y',Z') are given by

I' cos0 sinö O \
-sinö cos0 0 and 0 = arctan(xM / yM) .
i 0 0 l}

_Then rotate (X'.Y'.Z') around the X'-axis until the Y-axis coincides
with M (Fig. I.2b). The resulting axes (X R O T ,Y R O T ,Z R O T ) are given by

-»• (l ° ° \ V
= Qx'withQ= 0 coŝ > sin<p jandv>=arctan {z M / (x M

2 +y M
2 ) '2\ .

\ 0 -sin^> co&tp/

Fig. 1.2. Geometrical relationships for rotation of axes to a given direction. See ap-
pendix I.
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Thusx R 0 T =
 P Q X R E C - The matrix product is
/cosö sinfl 0 \

PQ = f-sinö.cos^) cos0.cos^) sirup j .
\ sinö.sini/j — cosö.sini^ costp)

The elements of this transformation matrix are easily calculated as follows.

Let dx y = (xM
2 + y M

2 ) V 2 and dx y z = (x M
2 + yM

2 + z M
2 ) V 2 . Then from

Fig. I. 2a: cosö = yM / dx y and sinö = —xM / dx y z and from Fig. I. 2b:

cos*> = dx y / d x y z and sin»? = zM / dx y z .

APPENDIX II

T h e a l g o r i t h m f o r r e c o n s t r u c t i o n f r o m A P a n d
l a t e r a l r a d i o g r a p h s

Let the intersection of central axes of the projecting X-ray beams be
positioned in the origin of a carthesian coordinate system and the positions of
the X-ray foci be at (0,0,0 for the AP exposure and at (g,0,0) for the lateral
one (Fig. II.l). The AP film is positioned in the plane z = — v and the lateral
one in the plane x = — w. The radiograph magnification factor is defined as the
focus-radiograph-distance divided by the focus-isocentre-distance: for the AP
radiograph M = (f+v)/f and for the lateral one N=(g+w)/g. A point (Xp ,yp ,Zp)
is projected on the AP film at ( X A P ^ A P » " 7 ) ^ o n th e lateral one at
(-w,y, a t ,z l a t) .

/x\ /*AP\ / ° \
The AP projection occurs along the line y = fi\ yA P + 0 and the

W W \f/
/x« / - w - g \ / g \

lateral projection along the line I y I = X yjat + 0 1. The two lines inter-
W \ zlat / \ 0 /

sect at (Xp,yp,Zp), at which point the following holds:

(3)-

Eliminating X from (1) and (3) and using the expressions for the radiograph
magnifications gives:

" ' (4)
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1

Fig. II. 1. Reconstruction from AP and lateral radiographs.
I: intersection of central axes of projecting orthogonal beams.
O: origin of applicator axes, taken in the intra-uterine catheter (the projections

of O in the two radiographs are not drawn).
Fi, F2: X-ray foci.
Ri: intersection of the AP film with the z-axis.
R2: intersection of the lateral film with the x-axis.
P: point to be reconstructed.
PAp: image of P on AP film. Pjat: image of P on lateral film.

Thus: Xp - jtx.xAP (5)

y p = /*-yAP (6)

zp = f-M.M.f (7)

Summarizing, for reconstruction one needs the focus-isocentre-distances f and
g, the radiograph magnification factors M and N, the point image coordinates
xAp,yAP and z^t, and the expressions (4) to (7)
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APPENDIX III

R e d u c t i o n o f r e c t u m d o s e b y a c i r c u l a r s c r e e n -
i n g s e g m e n t a r o u n d t h e t i p o f a n o v o i d c a t h e t e r .

This appendix presents a fast algorithm to calculate the attenuation by
circular screens in the ovoids to reduce the dose to the rectum. For sources
far away from the screens, which contribute only a small fraction to the dose
in the point in question, a simple attenuation factor suffices. For sources
nearby, i.e. for sources in the tip of the ovoid catheter, the path traversed
through the screen and the resulting attenuation are calculated. The different
steps of the algorithm are als follows.

1. Calculation of the normalized vectors b', c' and d'-
The geometrical centre of the screen Os, the point A in the straight

lower part of the ovoid catheter and the screen points B, C and D (Fig. 3a
and III. 1) are first reconstructed from the reconstruction radiograph. Then the
coordinates of the points are translated to 0*, the new origin. The vectors
from Os to these points are respectively X ll, C and D*. A* and the unit vector
It along A* are normal to the screen

B', C' and D' are the projection of the reconstructed screen points B, C
and D on the plane V midway through the screen, b', c' and d' are the unit
vectors pointing to B', C' and D'.

Let B' be the vector to the projected screen point B'. From Fig. III.l
follows!*' =XA+B (1); X is to be calculated.
Because B' 1A the inproduct of B' and A is 0: (B', A) = 0 (2).
(1) inserted in (2^ giyes^X. A+B,A) = 0, i.e. X(XA)+(AJB) = 0.
Thus X= -(A,B)/(A,A), which, see Fig. III. 1, can also be written as
X= -(xa.xb+ya.yb+za.zb)/(xa2+ya2+za2) (3).
(3) inserted in (1) gives the vector B', thus the coordinates of B' are (Xjca+ab,

X.ya+yb, X.za+zb). The unit vector pointing to B' is b' = — . The unit vectors
c and d'are calculated in the same way.

2. Calculation of the bisectrix s in the cross section midway through the
screen.

The unit vector along the bisectrix of b' andd', the unit vectors pointing to

the outer mid-screen points B' and D' (Fig. 3.b), is a = -=*>—qp To deter-

mine whether one has +o or —a in the cross section of the screen, it is calcu-

lated which a is closest to c , the unit vector pointing to the middle mid-screen

point C'. For this purpose the inproduct (c', a) , i.e. the cosinus of the angle
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Q(xq,yq,zq)

p (xp,yp,zp)*

Fig. III
M:

A:

B:

,1. Determination of points describing the midplane segment of a screen,
the plane midway through the screen, normal to the straight end part of the
ovoid catheter.
the geometrical centre of the screen segment, the intersection of plane M
with the catheter axis.
the vector pointing from Os along the catheter to pellet A with coordinates
(xa,ya,za). A* is normal to plane M.
normalized vector along X.
vector from Os to B (xb,yb,zb), the reconstructed localization of screen
point B.
vector from Os to B', the projection of B on screen midplane M.
source; P: point in which the dose must be calculated,
vector pointing from Os to I, the intersection of ray QP with plane M.

between c and (T, is used as indicator. If this inproduct is positive, the angle
is less than TT/2 and the bisectrix becomes s=o, otherwiseT= - o .
In the very unlikely case that C' is situated close to B' (or D1) and the
screen segment extends over more than 180°, the angle of c with <T can be
greater than 90° and the program will take the wrone direction for the bisec-
trix ~s. But then the angle between T and b is smaller than the angle witht

and c , i.e. (b ,s) > (c ,s), and the program will display a message to change
the position of C.
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3. Calculation of the intersection I of a ray with the screen rnid-plane V.
Let the position of the source be given by the vector Q and the position

of the point in which the dose rate must be calculated be given by P. The ray
/t QP intersects the screen mid-plane in point I, described by the vector I (Figs.
' III.land3.a).Tjius?=X(P*-3)+Q (1); X is to be calculated.

The vector I is perpendicular to the lower end of the ovoid catheter, in-
Adicated by A, hence ( T .A J F O ^ (2). When (1) is inserted in (2):

(X(P-Q)+Q,A)=0, i.e. X= - < ( 5 , A V ( ? - 3 , A ) which, see Fig. III. 1, can also be
written as X= —(xqjca+yq.ya+zq.za)/{(xp—xq).xa+(yp—yq). ya+(zp—zq).za]-.
X inserted in (1) gives the coordinates of point I.

When the position of I is expressed in its distance to Os and its angle |
with the screen bisectrix s, the program can easily detect whether or not I
is located inside the cross section midway through the screen.

4. Determination of the intersections Ix and I2 with the upper respectively
the lower side of the screen

To determine whether or not a ray QP enters or leaves the upper or
lower side of the screen, it suffices to perform the calculation scheme of
section 3 for a source position Q—t.a and a position Q+t.a with unchanged
ray direction P—Q (Fig. 3.d), t being the half of the screen thickness and a
being the unit vector to the catheter point A.

The intersections I t and I2 found are the entrance and exit points of
the ray projected on the screen mid-plane. Fig. 3.d visualizes this for a source
Q lying on the screen normal but it is easily understood that it is valid for any
position of Q.

5. Determination whether the screen is crossed or not.
When source Q and point P lie both above the upper plane or below

the lower plane of the screen i.e. when Xi andX2 in the expressions
"fj = Xi(P>-Q)+(Q-t.'a) andT2=X2(P*-(3)+((5+t.a), see section 4, are both
outside the interval (0,1), then of course no screen correction is needed.

Because in clinical practice all sources are above or in exceptional cases
just below the plane through the upper side of the screen (Fig. III.2), the time
needed to draw an isodose line can be reduced drastically, when for all points
P above this screen upper plane tire dose rates are calculated as if no screens
are present. To determine whether screens should be taken into account, it
suffices to test the sign of the inproduct of the normalized vector along the
screen normal a and the vector P —(X— t.a pointing from the centre of the
upper screen plane to point P, thus to test the sign of (P—Os—t.a,a>=
(P-Os,a)-t. When this inproduct is positive the point P lies in the region
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without screen correction; only when it is negative the procedures as described
in this appendix should be performed.

In the rare situation of a very low positioned intra-uterine catheter, the
screen correction in the region VE of Fig. III.2 is not performed; however, the
dose rates in this region inside the vagina are of no interest.

As stated before, the entrance and exit points I t and I2 of a ray in
planes through the upper side and the lower side of the screen are given by
their distance to the screen normal a" and by the angles | x and £2 of the
vectors 1 1 and 1 2 , pointing from the screen origin Os to I] and I 2 , with the
screen bisectrix.

Before proceeding with the calculation of the screen attenuation, the
program tests the vectors I x andT2 to determine whether the corresponding
ray misses the screen. If lt and I2 lie both outside the screen segment at the
same side of it, i.e. both at a distance larger than r o u t or smaller than r i n , the
ray misses the screen. Also, when both angles ifi and £2 exceed half the
segment angle, the screen is not traversed.

NO SCREEN CORRECTION

SCREEN CORRECTION

NO SCREEN CORRECTION

SCREEN CORRECTION

Fig. III.2. Use of the inproduct (P-Ös-t.a ,a) to determine whether a screen correc-
tion can be neglected.

O: origin of applicator axes;
O$: centre of the screen in question;
P: point in which the dose must be calculated;
2t: total thickness of the screen;
N: normal position of the intra-uterine catheter;
E: extreme position of the i.u. catheter;
V£: region where possible screen attenuation is neglected;
R: rectum.
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6. Screen correction when the source is not situated on the normal to the
screen centre.

A source not lying on the normal to the screen, is a source not in the
near vicinity of the screen and thus far away" from any point P behind it. Due
to its small dose contribution to P, a simple correction by a multiplication
factor suffices for the screen attenuation. Two values for this factor are used,
either the transmission factor for the total screen thickness or for half the
screen thickness, according to the following tests performed by the program
on the intersections i! and I2 , see Fig. III.2 and Fig. 3.
Test I: Test if both intersections I, and I2 are between source Q and point P.

If not, proceed with test 2.
Three different localizations of the intersections must now be con-
sidered.

a. If both intersections are situated inside the screen segment, then the
screen is fully crossed and the transmission factor for the total screen
thickness is used.

b. If only one intersection is situated inside the screen segment, the
screen is only partly crossed and the transmission factor for half the
screen thickness is used.

c. If both intersections are outside the screen segment but one in the
outer region within half the segment angle and one in the inner region,
the screen is passed horizontally. Because the horizontal dimension of
the screen, rOut~rin>'s n e a r ty e t I u a l t o the thickness, 6 mm respecti-

' vely 5 mm, again the transmission factor for the total screen thickness
is used.

Test 2: When only one intersection is between source Q and point P and when
this intersection is situated inside the screen segment, the source or
the point lies at a distance less than t from the midplane through the
screen and the screen is passed obliquely. The transmission factor for

• half the screen thickness is used.
"'i In all other cases no screen correction is performed.

7. Screen correction when the source is situated on the normal to the screen
centre.

The calculation of the path p through the screen can easily be perfor-
med two-dimensionally when the Y-axis is taken along the screen normal a
and the X-axis is taken from Os through the intersection of the ray with the

f j screen midplane. Let the coordinates of I t in these axes be (xx ,t) and of I2

>• be (x2,—t), see Fig. 3.d. When x ^ r ^ , the ray enters or leaves the screen at
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the intersection of the ray with the line x=rin; when x2>ro u t the same holds
at the intersection of the ray with x=rout. In the other cases the ray enters
or leaves at (xj ,t) and (x2,—t). The path p of the ray through the screen is
now easily calculated. If the attenuation of the ray over half the screen thick-
ness t is again given by a, the attenuation factor for path p is dP^.
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C H A P T E R 7

TREATMENT PLANNING AT THE AMSTERDAM d+T FAST
NEUTRON THERAPY FACILITY

B.J. Mijnheer, J.J. B«".ttermann and R. van der Laarse.

Proceedings of Workshop on Neutron Planning and Dosimetry, Miin-
chen, September 1980, to be published.

A b s t r a c t

The main differences in treatment planning procedures for external
beam therapy with neutrons instead of photons are discussed. These
differences are caused by the gamma radiation accompanying the
neutron beam, by the large amount of radiation scattered from the
collimator and other structures and by the use of a limited number of
collimators with fixed field sizes. The adaptation of the computer
program developed at the Antoni van Leeuwenhoek Hospital for photon
beam treatment planning to include neutron beams is described. Result-
ing absorbed dose distributions for treatments with parallel opposed
beams, with wedged beams and with a six field isocentric technique are
presented.

I n t r o d u c t i o n

In external beam therapy with photons, the observed biological
effect is correlated with the absorbed dose distribution but the relation-
ship between absorbed dose and biological effect is complex and depends
on type of radiation, irradiated tissue and time factors. In a neutron beam
two components with different relative biological effectiveness (RBE) are
present, which should therefore be considered separately. The energy
absorption in an object irradiated by a neutron beam can be described by
a set of isodose curves, both for neutrons and for the accompanying
gamma rays resembling those of irradiation with photons only. Due to
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this similarity in absorbed dose distribution, there is no essential
difference in treatment planning between neutron and photon beams.
However, in practice the following aspects have to be considered:

a. The gamma-ray component of the neutron beam must be taken
into account apart from the neutron component. It should be incor-
porated in a treatment plan in such a way that at each point of interest,
separate dose components can be assessed.

b. Patient treatments with a neutron generator from the deuterium/
tritium reaction type (d+T) are carried out at a small distance from the
collimator exit face, due to the rather low output. Because shielding and
collimation of neutrons needs more material than is required for photon
beams, more scattering into the beam occurs. This scatter component
increases strongly with decreasing distance from the collimator exit face
and therefore its influence cannot be neglected in d+T neutron beam
planning as is common practice for photon beams.

c. Neutron beam facilities are usually equiped with a set of collima-
tors having fixed dimensions. This implies that for treatments with the
same collimator at different source to skin distances (SSD) different field
sizes are employed.

In addition changes in RBE with position in the beam must be
considered. However, as these differences are small, they are generally
ignored in neutron beam treatment planning.

It is evident that the use of existing sophisticated treatment planning
techniques for photon beams, which apply optimization procedures for
choices of field sizes, wedge angles, etc., is redundant for neutron beams.
In order to carry out the processing of both modalities with the same
computer program, a simple and straightforward method is used. Beam
profiles and other beam describing data should be represented in a
similar way for photon and neutron beams.

In this paper differences in absorbed dose distributions between the
Amsterdam fast neutron beam and high energy photon beams are
discussed. The computer program is described and some typical treat-
ment plans are presented.

C h a r a c t e r i s t i c s of a b s o r b e d dose d i s t r i b u t i o n s in a
p h a n t o m

The neutron source of our facility is a Philips sealed-off d+T
neutron tube emitting 14 MeV neutrons in the direction of the patient
(fig. 1). Generally the disc-type transmission chamber is used for output
monitoring. If wedge filters or other beam modifying devices are applied,
which are positioned inside the collimator, the fission counters are used.
The tube with its shielding is placed in the gantry of a Brown-Boveri
betatron. Isocentric irradiations at SSD values varying between about 80
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Figure 1. Schematic view of the target, collimator and position of the monitors.

cm and 110 cm can be performed. The maximum rotation of the source
head with respect to the vertical position is about 110 degrees, thus
making irradiation through the couch impossible. Twelve different
collimators are available, providing field sizes between 6 cm x 6 cm and
16 cm x 20 cm at 80 cm SSD. For all field sizes 45 degrees wedge filters
were constructed from polyethylene. Occasionally blocking of a part of
the field is applied by fixing a polyethylene absorber in the corresponding
position inside the collimator. More details about our fast neutron
therapy facility are given elsewhere (Mijnheer et al, 1978).

The contribution of gamma rays to the total absorbed dose is a
function of field size, depth in the phantom, SSD and phantom size. For
our facility the gamma-ray absorbed dose, expressed as a percentage of
the total absorbed dose, varies along the central axis of the beam between
about 6% for a field size of 6 cm x 6 cm at the surface and 23% for a field
size of 16 cm x 20 cm at 25 cm depth. The gamma-ray contribution is
almost constant within the directly exposed field but increases in the
penumbra and outside the field with increasing distance from the central
axis (Mijnheer et al, 1976). The isodose distributions are thus different for
both components of the beam and have been determined separately for
each field size.
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The ratio DG/DN, in which DG and DN are the gamim-ray and
neutron absorbed doses in tissue, respectively, decreases w;in increasing
SSD (Mijnheer et al, 1978). At 5 cm depth on the central axis of a field,
the difference between DG/DN at 75 cm SSD and 90 cm SSD is about
10%, independent of field size. In our calculation óf isodose lines, DG/DN

values at 80 cm SSD have been used at all distances. This implies that an
error of less than 1% is introduced for the depths and SSD's of most
clinical importance.

The gamma-ray absorbed dose is much more dependent on phantom
size than the neutron absorbed dose. The quoted values were measured in
a cubic water phantom with 30 cm edges. In a small cylindrical phantom
a decrease in DG of about 20% has been observed, while DN decreased
about 3% for a depth of 5 cm (Mijnheer et al, 1976). The resulting
decrease of about 5% in DT (= DN+DG) is, however, mainly caused by
the neutron component and can be diminished by adding about 5 cm
scatter material to the phantom or patient outside the main beam. For all
patient treatments, the values measured in the cubical phantom are
therefore applied.

According to international recommendations the target absorbed
dosages are reported as total absorbed dose (DT), with the gamma dose in
brackets. Isodose values in dose distributions can, however, be given as
total absorbed dose, neutron absorbed dose (DN) or total effective dose
( D E = D N + D G / T , where r is a weighting factor which indicates the
relative biological effectiveness of the neutron component as compared
with the gamma-ray component for relevant effects in tumours and
normal tissues). Total effective isodose patterns were applied until now to
judge a treatment planning. It should be noted that isodose patterns
based on DT, DE or DN are rather similar although the absolute value of
the three quantities will differ. A disadvantage of the use of DE isodose
lines is that separate calculations are necessary to derive DT and DG

values at the specification point. It should be realized that along an
isodose line, the ratio DG /D^ is a function of the position. By calculating
separate neutron and gamma-ray treatment plans, values of DG and DN

have been determined at different points on the 90% DE isodose line of a
six field treatment. Differences up to 20% were found in the values of
DG/DN. Because the ratio DG/DN is about 0.15, the corresponding
values of changes in absolute DG/DE and DN/DE are less than 3% and
1% respectively.

In order to determine changes in dose distributions in patients
irradiated at different SSD's, and with different contour shapes, it is
necessary to know the variation in absorbed dose at a certain depth with
distance from the target. Measurements of the kerma in air showed that
the neutron and photon components decrease faster than 1/r2. It was
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found that formulae based on a fraction of the kerma coming from a
virtual source 40 cm closer to the detector, gave a better description of the
distance dependence as compared to 1/r2. The kerma contribution from
this virtual source relative to the contribution directly from the target
amounted to 20% and 60% for KN and KG, respectively, at 80 cm SSD. In
practice, however, such a two-focus relationship gave hardly any advan-
tage over the simple l/r2-law:

DN(d,s2)= DN(d,Sl) . {(s,+d)/(s2+d)}2 (1)

where DN (d,s) is the neutron absorbed dose at depth d in a phantom at
SSD=s. For depths between 2 cm and 12 cm and SSD values varying
between 75 cm and 90 cm, the deviation between the neutron absorbed
doses calculated by means of the 1/rMaw and the measured values is
smaller than 2% (fig. 2). Obviously the decreasing contribution to the
neutron absorbed dose from neutrons scattered from the collimator is
compensated by the increasing amount of scattering in the phantom at
the same depth for larger SSD values. The latter effect is due to the
unavoidable increase in field size with SSD if collimators with fixed sizes
are used.

The correction for oblique incidence, which will be discussed later,
applies also the l/r2-law for the absorbed dose at the depth of maximum
build-up, and for the conversion of the percentage depth dose. The same
procedure is employed in photon dosimetry (Burns, 1972) and is in fact a
modification of the effective SSD method (ICRU, 1976). In our dose
calculations the DN and DG values determined at 80 cm SSD are used as
basic data for calculations at other SSD's.

Instead of the 1/rMaw an alternative method of correction for

Figure 2. Ratio of the neutron absorbed dose converted by means of the inverse
square law from 80 cm SSD to other SSD's, and the experimental values at that SSD,
as a function of depth in a phantom.



115

differences in SSD and contour shape is the tissue-air-ratio (TAR)
method (ICRU Report 24). TAR is defined as the absorbed dose at a
given point in the phantom divided by the absorbed dose at the same
point with the phantom removed. Its value depends on the field size at the
depth of the point considered. In X-ray dosimetry tissue-air-ratios are
assumed to be independent of the distance of the source to the phantom
surface. TAR values for our neutron beam at 10 cm depth in a phantom
are given in figure 3. The increase in field area with SSD has been taken
into account. As can be seen from this figure, TAR values for our facility
increase with SSD. At an SSD larger than 120 cm, which means a
distance of 50 cm between the collimator face and the phantom surface,
TAR is independent of SSD. The TAR method should therefore be
applied cautiously in neutron treatment planning if the distance between
the patient and the collimator surface is small. At the larger SSD's
obtained with cyclotrons the method has been used to yield an SSD-
independent data base for neutron dose distributions (Shapiro et al.,
1979).

Absorbed dose distributions have been determined from percentage
depth dose curves and a limited number of beam profile measurements by
means of an interpolation procedure. This method was chosen instead of
using mathematical functions because only a limited number of colli-
mators have to be measured. It should be noted that because of the large
amount of scattered neutrons it was necessary to obtain beam profiles as
a function of both field dimensions, whereas one field size is generally
sufficient for photon beams.

No corrections are made for the influence of fat or bone on the dose
distribution. Measurements behind a layer of 2 cm fat instead of water, at
distances varying between 2 cm and 12 cm, resulted in differences smaller

O0J5

i/cm*

Figure 3. Tissue-air ratios at 10 cm depth in a phantom as a function of area of
the beam cross-section for different SSD's.
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than 0.5% in the neutron and photon absorbed doses. The data at the
same distances behind a 2.5 cm thick piece of bone equivalent plastic
showed a decrease of about 2% in neutron absorbed dose and an increase
of about 4% in gamma-ray absorbed dose.

In the treatment planning of pulmonary metastases (Battermann etal,
1981) a correction for lung density, as is usual for photon therapy, is
made. The change in neutron and gamma-ray absorbed dose as a
function of depth has been measured inside a lung phantom. For
treatment planning the thickness of the thoracic wall as well as the
position of the metastases and the anterior-posterior diameter of the
chest are determined for each patient from a lateral chest X-ray. The
correction resulted on the average in a 20% higher neutron absorbed dose
and a 10% lower absorbed dose for the accompanying gamma rays at the
centre of the tumour.

C o m p u t e r p r o g r a m for c a l c u l a t i o n of a b s o r b e d dose
d i s t r i b u t i o n s

As discussed in the previous section a straightforward description of
neutron and X-ray beams is used in order to combine dose distributions
of different radiation modalities. The description of beams as presented in
this section is used for all modalities i.e. for the separate neutron and
photon component of the neutron beam as well as the total absorbed
dose and for the megavoltage X-ray and Co-60 gamma-ray beams. Small
differences between neutron planning and X-ray planning, e.g. the
definition of field size will only be mentioned when considered essential.

A plain beam, i.e. a beam without a wedge filter, has been described
by a table of equidistant percentage depth dose values, and by tables of
equidistant off axis-on axis dose ratios, measured at a reference SSD of
80 cm and at depths of 3,7 and 15 cm. The output of the beams, i.e. the
absorbed dose at the depth of dose maximum delivered per monitor unit
at the reference SSD, as a function of field size has also been tabulated.
For a rectangular neutron collimator one percentage depth dose table
suffices but oft axis-on axis ratios must be given for both field dimen-
sions.

These beam data are stored for all available neutron collimators in
the computer memory. For megavoltage X-ray planning only a limited
number of square fields are stored and the other field sizes are inter-
polated. The percentage depth dose of a rectangular X-ray field with
dimensions wxh is taken from the equivalent square with lengths s=
2wh/w+h) (ICRU Report 24).

At SSD's in excess of 80 cm, the percentage depth doses are
corrected according to the inverse square law. The off axis-on axis ratios
are corrected by projecting the off-axis distance x (fig. 4) back to
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SSD

Figure 4. Correction for oblique incidence and wedge filter.
(1) source, (2) patient contour, (3) beam edges, (4) central axis, (5) wedge filter.

SSD = 80 cm, Xo=x(8O+d)/(SSD+d), and then by taking the ratio
belonging to XQ at depth d. The off axis-on axis ratio for an arbitrary point
P is interpolated linearly between the tabulated values at the two nearest
measured depths along the ray from the source to P.

The correction for oblique incidence is also obtained by using the
inverse square law. Let d be the depth of a point P from the surface, dc the
depth of P measured along the central axis and x its distance to the
central axis (see fig. 4). The lack of tissue over distance h(h>0) or the
excess of tissue over distance h (h<0) is now accounted for by calculating
the dose in P as if the beam enters the patient normally at SSD+h. The
change in scatter contribution caused by the oblique incidence is thus
neglected. Because the off axis-on axis dose ratios of neutron beams
depend strongly on the depth in tissue, the depth at which this ratio is
determined is also d instead of dc. The absorbed dose in P per registered
monitor unit, DP, obtained with collimator C with field width w and t as
the depth in the phantom of dose maximum (t=0.25 cm for our beam) is
calculated according to the expressions given in table I. The quadratic
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Table 1.

Calculation of absorbed dose in point P, Dp .

Reference output at 80 cm SSD A (C,80)

X X

Output correction factor / 80 + t \ 2

\SSD + h + tj

X X

Reference depth dose at 80 cm SSD 100 x % DD (d,C,80)

X X

Depth dose correction factor /SSD + h + t ^ 80 + d\ 2

\SSD + h + d 80 + ty

X X

Off axis-on axis ratio R (x. ———-—-, w)
SJ>D + h + d

factor is easily explained: it represents the inverse square law correction,
since the fraction of the depth dose due to tissue absorption is independ-
ent of SSD.

In megavoltage X-ray beam therapy the change in Dp caused by the
insertion of a wedge filter into a beam is accounted for in our program by
multiplying the dose in P with the wedge attenuation factor [T.exp
(-uwdw)], where uw is the effective linear attenuation coefficient of the
wedge material and dw is the path of the ray traversed through the screen
(fig. 4). us is chosen such that the shapes of the calculated isodose lines of
the wedged beam are identical to the measured ones. When only the
exponential part of the factor is used, the output on the central axis is not
correct although the shapes of the lines match. This incorrect output is
caused by the assumption that all radiation contributing to Dp emerges
from the focus and traverses the wedge, thus neglecting the scatter
contribution from surrounding tissues. By multiplying the exponential
part with a factor T, the output on the central axis can be adjusted to the
measured value.

We did not succeed in describing wedged neutron beams in the same
way. This is explained by the fact that the wedge is inserted inside the
collimator. The collimator itself scatters a significant amount of neutrons
and photons into the beam (see before) and therefore a projective wedge
correction is not appropriate. Because our facility has only a limited
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number of collimators, it was decided to store the data on the wedged
beams in the same way as the plain ones. The only difference with the
plain beams is that the tables of off axis-on axis dose ratios now extend
over the whole field; for the symmetrical plain beams it is sufficient to
take these ratios over half the field, from the central axis towards a field
edge.

The computer program MFEXT, which incorporates the neutron
planning adaptations, is written in ANSI FORTRAN IV and requires a
40 k words central memory on a Control Data Cyber computer. It runs in
a batch processing environment. In routine use the output is obtained
from a line printer; a plotter facility is available for special treatment
plans.

The calculations were checked by measurements in a cubical water
phantom irradiated obliquely under 45°. A comparison of the calculated
with the measured neutron absorbed doses showed that in the beam the
agreement is within 1.2%. In the penumbra a maximum deviation of 7%
was observed.

A b s o r b e d dose d i s t r i b u t i o n s in a p a t i e n t

The most commonly applied type of neutron treatment in our
institute is the treatment with two parallel opposed beams with equal
weights. Figure 5 presents the absorbed dose distribution for the
treatment of a lesion in the floor of the mouth. The symbols in the plot
are percentages of the calculated absorbed dose value in the dose
maximum: A =100%, > = 95%, 9 = 90%, < = 85%, 8 = 80%, etc. The

Figure 5. Treatment of a lesion of the floor of the mouth using two opposed
coaxial equally weighted beams (field size 11 cm x 9 cm).
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Figure 6. Treatment of a salivary gland tumour with three equally weighted
beams (field size 9 cm x 11 cm at 80 cm and source-isocentre-distance of 95 cm).

dose distribution shows a homogeneous region inside the target area but
the irradiated area is rather extended, caused by the large penumbra of
our beam as a result of the 5 cm diameter of the neutron target.

When the spinal cord was included in the treatment area, "field sizes
are reduced after the patient has received a target absorbed dose of 12
Gy. In this way the maximum cord dose is limited to about 14 Gy. In
appropriate situations additional treatment is given by electrons to lymph
nodes overlying the spinal cord. In 2 out of 17 patients treated for
extended hypopharynx or larynx tumours (Battermann and Breur, 1980)
cord damage was noticed during follow-up, at about 12 months after
neutron therapy. For a beam with a smaller penumbra the additional
absorbed dose would have been considerably smaller.

Neutron therapy of parotid gland tumours can be given by two fields
with 45° wedge filters and a third plain beam (fig. 6). With this technique
a rather homogeneous dose distribution can be achieved and the dose to
the nervous tissue limited.

Advanced tumours in the pelvic area (bladder, rectum and gynaeco-
logical tumours) are treated with a six field isocentric technique (fig. 7).
The isocentre is located in the centre of the target area. The beams are
angled at 60° to each other and have different weights. Because the
maximum angle of rotation of the source head is limited to 110°, the
patient is turned over after irradiation of three fields. The patient's
contour and the target area are therefore determined twice: once in
supine position and once in prone position. Both patient outlines are then
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Figure 7. Treatment of a large bladder tumour with six intersecting unequally
weighted beams (field size 9 cm x 11 cm at 80 cm and source-isocentre-distance of
95 cm).

combined by superposing the target centres. The target volume, treat-
ment volume and other items like the specification point are defined
according to ICRU Report 29, 1978. The variation in the absorbed dose
in the target volume is less than 10% of the stated target absorbed dose,
being about 93% of the maximum target absorbed dose. The treatment
volume, confined within the 90% isodose surface, coincides closely with
the target volume when suitable weighting factors are chosen.

The whole pelvic area receives a relatively high absorbed dose by this
technique, although hot spots can be avoided. However, this technique is
still preferable to the original applications of only two parallel opposed
beams for treatment of large tumours in the pelvis. Areas with an
absorbed dose of 120% and higher did occur when the anterior-posterior
diameter of the patient was in excess of 20 cm. This caused severe,
radiation induced complications because parts of the small bowel and the
recto-sigmoid colon were situated in these high absorbed dose areas. Also
skin and subcutaneous tissues showed severe radiation sequelae. By the
introduction of the six field technique these complications were avoided.

D i s c u s s i o n and c o n c l u s i o n s

Absorbed dose distributions, with and without wedge filters, are
generated now also for the neutron beams by means of a computer. The
program uses the percentage depth dose values and the off axis-on axis
dose ratios measured at three depths at a reference SSD of 80 cm.

A conversion of these dose distributions to other SSD's and the
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corrections for oblique incidence can be carried out for our neutron
generator by modifying the effective SSD method. This procedure gave
better results than the tissue-air-ratio method due to the relatively large
component of radiation scattered from the collimator and other struc-
tures. Until now the gamma-ray contribution to the total absorbed dose
has been taken into account by applying the total effective dose concept.
In the future a simple procedure has to be developed to calculate the total
absorbed dose and the gamma-ray contribution at the specification point,
in addition to isodose distributions.

The resulting treatment plans in the pelvic region or in the head and
neck demonstrate the shortcomings of the neutron generator: the-rather
poor penetration characteristics and the broad penumbra. Special tech-
niques, such as a six field technique, are therefore required.

REFERENCES

1. Battermann, J.J. and K. Breur:
Results of fast neutron therapy for advanced head and neck tumours.
Submitted for publication in Int. J. Radiation Oncology Biol. Phys.

2. Battermann, J.J., K. Breur, A.A.M. Hart, and H.A. van Peperzeel:
Observations of pulmonary metastases in patients after single doses
and multiple fractions of fast neutrons and 60-Cobalt gamma rays.
To be published in European J. Cancer.

3. Burns, J.E.:
Conversion of percentage depth doses from one SSD to another and
calculation of tissue/air ratios.
In: Central axis depth dose data for use in radiotherapy, Supplement
No. 11 of the Brit. J. Radiol.: 101-103, 1972.

4. ICRU Report 24
International Commission on Radiation Units and Measurements:
Determination of absorbed dose in a patient irradiated by a single
beam of X or gamma rays (ICRU Publications, PO Box 30165,
Washington, DC 20014, USA), 1976.

5. ICRU Report 29
International Commission on Radiation Units and Measurements:
Dose specification for reporting external beam therapy with photons
and electrons (ICRU Publications, PO Box 30165, Washington, DC
20014, USA), 1978.

6. Mijnheer, B.J., P.A. Visser and Tj. Wieberdink:
Gamma dose distributions as relevant for fast neutron radiotherapy.
In: Monograph on basic physical data for neutron dosimetry, EUR-
5629, 145-151 (CEC, Luxembourg), 1976.



123

7. Mijnheer, B.J., P.A. Visser and Tj. Wieberdink:
Clinical dosimetry at the- Amsterdam fast neutron therapy facility.
In: Proc. 3rd Symp. on neutron dosimetry in biology and medicine,
EUR-5848, 203-205 (CEC, Luxembourg), 1978.

8. Shapiro, P., L.S. August, and R.B. Theus:
Computer generation of dose distributions for a fast neutron therapy
beam.
Med. Phys. 6: 12-20, 1979.



124

C H A P T E R 8

A MICROPROCESSOR SYSTEM FOR TRACKING ISODENSITY
LINES IN FILM DOSIMETRY

R. van der Laarse and J. de Gans

A shortened version has been accepted for publication by Acta Radiol-
ogica Oncologica, July 1980.

I n t r o d u c t i o n

For accurate radiotherapy knowledge of the dose distribution in
tissue-equivalent medium is required. Usually this distribution is given as
a set of isodose curves in a plane defined by the central axis of the beam
and the major or minor axis of the treatment field. Automated equip-
ment has been described which produces isodose curves in such planes,
based on measurements in water phantoms (BEASLEY et coll., 1961,
D E ROO et coll., 1966, GREENE and NELSON, 1963 and HAS-

KARD, 1975), but often photographic film, sandwiched between tissue-
equivalent material, is used to obtain isodose lines.

Procedures to obtain isodensity curves are similar to the ones for
isodose curves. In most isodensity plotters currently available the whole
region of interest on the film is scanned. The light spot is moved along
fixed paths over the film and at given intervals the densities are measured
and stored. A computer then constructs the requested isodensity lines by
interpolation between the values of the stored density matrix. In other
systems the procedure for curve tracking is based on linear or circular
movements of the measuring spot along the required isodensity line
(PETTERSSON, 1967). Every time the isodensitv line is crossed, the
procedure decides what the next movement will be.

Because the size of the light spot on the film is small, usually less
than 1 mm, a high spatial resolution in plotting of curves can be obtained.
However, film irregularities like stains then have a great influence on the
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performance of the curve tracking procedures mentioned above. There-
fore isodensity curves appear more difficult to track than isodose curves.

The recent drop in price of microprocessors offers interesting
possibilities for new approaches. Relative inexpensive equipment will be
described which uses an INTEL 8080 microprocessor. The apparatus
tracks the isodensity line directly by deriving the step length and the step
direction from preceding density measurements.

E s s e n t i a l s

Isodensity lines in film dosimetry always form closed curves. If they
start on a film edge and therefore end on it, they are considered to be
closed along the film edge.

The inner region of a line contains only densities higher than the
isodensity value; lower values are found at the outer side.

The length -0.5 mm or 1 mm- and the direction of each new step are
based on the combination of up to the last 10 previous steps. After each
step the local density is measured and a new step length and direction is
computed. The directions can only be in one of the 8 basic directions (Fig.
2 A).

For our tracking procedure the following problems had to be solved.
1. Isodensity tracking can be initiated with either a preset isodensity

value or a preset starting position and taking the local value as
isodensity value. The latter was chosen because normalized density
curves do often not coincide with the corresponding normalized depth
dose curves. Also the direction for the first few steps must be entered if
default values are unsuitable.

2. The step length had to be adapted to the local density gradient.
Density gradients in the central region of the beam are considered as
the normal ones. At small depths high dose variations exist at the
beam edges; this will produce high density gradients on a film. Inside
the beam at greater depths and in regions outside the direct beam, the
corresponding density gradient is low. For steps not coinciding with
the mean direction the procedure checks whether the local gradient
belongs to a high, normal or low gradient category. In regions with a
high gradient, the steps not coinciding with the mean direction are 0.5
mm, in all other cases 1 mm. In low gradient regions this 1 mm step
will be repeated in the same direction until the difference between the
current density value and the density value measured before the
repetition started, falls in the normal gradient category.

3. Small film irregularities, dust particles on the film etc. can give the
isodensity line a ragged appearance. This can be reduced by defining
an upper limit between the local signal and the preset isodensity value;
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only outside this limit the spot will start to diverge from the mean direc-
tion.

4. Appearance of film stains of a diameter greater than the step length. If
the spot enters a stain, it tends to move in a circle inside the stain
because it has lost its orientation to the isodensity line. To discern this
circling, the directions of the last steps must be retained. After
performing a step 4 times in succession the direction has reversed and
the procedure then takes all following steps in this reversed direction
until it is detected that the spot moves towards its isodensity value.
However, if after a number of steps (e.g. 10) the spot still moves away
from or parallel to this isodensity value, the step turning process
restarts. In this situation, i.e. where the spot has lost its orientation,
the mean direction averaged over the last 10 steps still has a useful
value (Fig. 3 A). Should the spot indeed have covered a complete circle,
the mean direction is lost.

E q u i p m e n t

The equipment consists of a densitometer, a moving film table
coupled with a drawing board, a fixed pen and a microprocessor (Fig. 1).

The film densitometer uses an EMI 931A photomultiplier. The high
tension over the tube is set at 500 V. To convert intensity into relative
density, the photomultiplier signal is fed into a logarithmic amplifier
(Analog Devices 759P); after passing a potentiometer circuit the signal is

Fig. 1. Isodensity tracking device.
(1) Photomultiplier; (2) Lamphousing; (3) Film table top; (4) Drawing board; (3)
Drawing pen; (6) Stepping motor; (7) Stepping motor with high precision threaded axis.
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Fig. 2. Isodensity tracking procedure
(A) The eight directions for a step, performed by moving the drawing board in two

orthogonal directions.
(B) Movement of the measuring light spot is either clockwise (1) or anti clockwise (2)

indicated by DRCTN = 1 and DRCTN = 0 respectively.
(C) The inner area of the isodensity line to be tracked is indicated by HIGH = 1, the

outer area area by HIGH = 0. The position to start the isodensity tracking
(START) is entered manually.
The default start direction is LR = 0. The directions of the next steps are governed
by HIGH + DRCTN.

fed by means of an AD converter (11 bits) into the microprocessor. The
potentiometer circuit is used to adjust the signal from the most dense
region of the film to a value near full scale of the densitometer. The
densities used in radiation dosimetry are up to 2.5.

The light spot on the film has a diameter of 0.5 mm. The resolution of
the densitometer electronics is 0.1 per cent of the full scale (2047 digits).
The value was obtained with density 1.0, i.e. the lowest density which
gives still full scale response with maximum amplification.

Two stepping motors move the film drawing board assembly in two
orthogonal directions. 20 Impulses to one of the motors correspond with
a 1 mm displacement of the table. Combining both motors, a step can
only be in one of the 8 principal directions (Fig. 2 A). When the equipment
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is switched on, high precision potentiometers indicate to the processor
the table assembly position. All further positioning is done by counting
the impulses given to the stepping motors. The drawing board moves
under a rigidly fixed drawing pen; the lift mechanism of the pen is

| controlled by the microprocessor software. A similar mechanical cou-
pling for drawing isodose curves in radiation beams is given by HAS-
KARD, 1975.

The microprocessor of the isodensity tracking equipment consists of
an INTEL 8080 processor, 6 k bytes Read Only Memory for the software
instructions including the tracking procedure and 1 k bytes Random
Access Memory for data handling and program stack.

A numerical keyboard is available on the front panel to manipulate
the film table-drawing board assembly or to enter a series of (x,y)
coordinates on the film. In the manual mode the position of the film table
assembly and the corresponding relative density are displayed by 4 digits
LED displays. The manual mode is used to measure the highest density of
the film and to adjust the densitometer gain accordingly. Next the (x,y)
coordinates of points on the film are entered from which isodensity
tracking has to start. These positions are usually derived from percent-
age depth dose data obtained by other dosimetric methods. This ap-
proach was chosen to avoid the problem of converting relative density to
relative dose.

;. T r a c k i n g p r o c e d u r e

The table assembly is moved in the 8 directions -labelled LR- by
pulsing the stepping motors, (see inset Fig. 2). A step will be called a 0.5
mm step if either or both stepping motors displace the table over 0.5 mm
and a 1 mm step if either or both displacements are over 1 mm.

The procedure starts with moving the measuring light spot (called
spot hereafter) to a position entered manually; the corresponding density
is taken as the isodensity value. The pen is lowered and the first few steps
are done in either the default direction (LR = 0; inset A in Fig. 2) or in a
direction entered manually. The completion of the isocurve tracking is
detected by testing after each step whether or not the spot has entered a
small region around the starting position.

The procedure uses three preset density difference levels. The smallest
one (BNDP) prevents the procedure to act on small differences between
subsequent signal values, i.e. values smaller than the noise level. If the
difference between the densities measured before and after a step is less

i than BNDP, the new density is ignored and the next step is done in the
a same direction. Even with the use of BNDP an isodensity line will have an

irregular appearance because of steps generated by small film irreg-
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ularities. Therefore a second density difference level, larger than BNDP
and called BND, was introduced; this level determines a zone around the
isodensity value ZIS. If the measured density ZN lies in the zone
ZIS - BND, ZIS + BND, the next step will be a step in the mean direction.
This zone around the isodensity line will be called the isodensity region.

Within the isodensity region a step is always a 1 mm step in the
mean direction. Every time a step outside the isodensity region is taken in
a direction not coinciding with the mean direction, the measured density
(ZN) is compared with the previous one (ZP). If the gradient is within a
third interval, given by the level GRD, i.e. if ZN lies within (ZP - GRD,
ZP + GRD), the next step will be a 1 mm step. This gradient is called a
normal gradient. If ZN lies outside this interval, all following steps not in
the mean direction will be 0.5 mm steps until such a step gives a ZN
within (ZP - GRD, ZP + GRD). These steps are in the high gradient
region.

Let DRCT = 0 indicate anti clockwise direction and DRCT = 1 the
clockwise one. (B Fig. 2). Movement of the measuring light spot into the
inner area sets the variable HIGH to 1; when entering the outer area
HIGH is set to 0.

When a step moved the spot away from its isodensity value, the
necessary change in direction for the next step is given by HIGH +
DRCTN (C Fig. 2). If HIGH + DRCT = 1 the step direction LR should
be incremented in order to move the spot again towards the isodensity
line. When HIGH + DRCTN = 0 or 2, LR should be decremented.

If a previous step moved the spot correctly, the next one is a step in
the "mean" direction of the last steps. The "mean" direction is taken as
the average of the direction values of these last steps and rounded to the
nearest 45° disregarding differences in step length. A typical value for the
number of last steps is 10.

Outside the isodensity region, the next step direction will be rotated
45 dg. towards the isodensity line, governed by HIGH + DRCTN as
described before. If the spot then moves towards the isodensity value, this
step will be repeated until the isodensity value is reached or passed.
However, if the spot moves parallel to or diverges from the isodensity
value, the next step direction will be again rotated 45 dg. to the previous
one (Fig. 3).

After 4 times repeating this turning the step direction has reversed
and the measuring spot tends to move in circles, as discussed before. The
variable AGAIN counts the number of consecutively increasing or
decreasing step directions; after 4 times AGAIN equals 5 (Fig. 3). Then all
following steps are taken in the last direction. However, if after 10 steps
the spot still moves away from the isodensity line, the 45 dg. turning
process restarts.



1

130

H

-O—O—O—O-f

Fig. 3A. Movement of measuring spot with respect to a stain.
I: Region along isodensity line inside which steps are taken in the mean direction.
H: Region with densities higher than in region I.
L: Region with densities lower than in region I.
S: Region with equal density,
a: Spot enters high density stain, 4 times turning until spot moves in reverse direction

(AGAIN = 5).
b: Step in reverse direction is repeated and the number of these steps stored in

ENTER,
c: Spot leaves stain. In this example the isodensity value is crossed also and the step

direction is equated to the mean direction. However, the spot moves away from the
isodensity line and the turning process restarts.

d: After a few turns the spot moves towards the isodensity line and steps are repeated,
e: Spot in isodensity region. Next step in mean direction moves spot out the

isodensity region,
f: Spot in isodensity region. Mean step direction has taken the correct value.

Fig. 3B. Actual tracking around a circular stain.

More details can be found in the flowchart of the tracking proce-
dure, Fig. 5.

Results and Discussion

The tracking procedure has two advantages as compared to other
techniques. The tracking speed is maximal and a direct coupling with a
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drawing board is possible, because all steps have a small or zero
divergence from the isodensity line. A X-Y pen recorder is thus not
needed, which reduces the costs of the whole equipment substantially.

If a X-Y recorder is available, an elegant tracking system can be
realized when a light-weight densitometer read-out" head, e.g. a photo-
diode and a light emitting diode, is attached to the pen holder of the
recorder. The film should be fixed above the bed of the recorder between
the light source and the photodiode. Then the X and Y input of the
recorder simultaneously move measuring spot and drawing pen. Similar
use of an X-Y recorder is described by KLEVENHAGEN and PUTNEY,
1974.

The combination of global movement and mean direction gives the
procedure a remarkable capacity to handle irregularities like film stains
or isodensity lines starting from a film edge at the entrance or exit side of
the beam. For example, if during isodensity tracking the film is wilfully
shifted over the film table, the spot will immediately recover the
isodensity line. Different density patterns to test the procedure, like the

Fig. 4. Isodensity curves at 20 MeV electron radiation -field 10 cm x 10 cm- drawn
by the tracking procedure. The isodensity tracking was started on the central axis at
the positions of the 90, 80, ..., 10, 5 and 3 per cent depth dose.
Note the following characteristics of the pattern:
— The beginning and the end of a tracked curve do not necessarily coincide, see the

90% line, due to introduction of an isodensity region along the isodensity line.
— The 3 per cent line shows some meandering in the low gradient region inside the

beam.
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FLOWCHART Of THE PROCEDURE
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Fig. 5. Flowchart of the tracking procedure.

superposition of a series of slit images angled at IS dg. to each other, were
successfully tracked. Meandering of the isodensity line occurs only in
regions with very low density gradients (Fig. 4).

A single set of values for the different density difference levels and
the number of last steps for the mean direction suffices for all density
patterns tested. The values in use are: BNDP = 0.4 %, BND = 0.8%,
GRD = 0.4% of the isodensity value; the number of last steps equals 10.
Since the density differences are all relative to the isodensity value, the
accuracy of the isodensity curve obtained is to a high extent independent
of the gain of the densitometer, provided the latter is sufficiently high.

Because of the concept of mean direction and gradient levels, the
tracking procedure should perform equally well in tracking isodose lines
in remotely controlled water phantoms after possible adapting of the
levels.

The ability of the tracking procedure to calculate dose distributions
has been evaluated in an existing computer program for intracavitary
radiotherapy. The only change in the procedure was the replacement of
density measured at a given position by dose calculated at that position*).

*) A Fortran IV listing of this procedure is available upon request.
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As compared to the interpolation technique of isodose lines with a
matrix of dose values, such a substantially reduction in memory require-
ment and calculation time was obtained that a stand alone planning
system for intracavitary radiotherapy, again based on an INTEL 8080
microprocessor, has been successfully realised (Chapter 6).
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A b s t r a c t

Using a microprocessor a method for plotting isodensity lines in film
dosimetry is described. The procedure moves the measuring spot directly
along an isodensity line, using information obtained in preceding steps to
determine the next step. For registration of the curves no X-Y pen
recorder is needed. The essentials of the procedure together with a
flowchart are given.
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C H A P T E R 9

A COMPREHENSIVE COMPUTER PROGRAM FOR DOSE PLAN-
NING OF INTERSTITIAL AND INTRACAVITARY RADIO-
THERAPY

R. van der Laarse

I n t r o d u c t i o n

Manual methods for calculation of dose distributions in interstitial
or intracavitary radiotherapy are more and more taken over by computer
programs. In these programs three sections can be clearly distinguished: a
section for reconstructing the position of the sources from radiographs, a
section for dose rate calculation and a section for representation of the
dose distributions.

For the localization of the sources two methods are commonly in
use: measuring the corresponding images of the sources projected by two
orthogonal beams on separate X-ray films or measuring two images of
the sources projected at different angles on one film (or on two films in
the same plane). In the first method the images on the two radiographs
must be related to each other, for example by radiographing fiducial
marks on the films (Shalek and Stovall, 1969). In the second method
accurate knowledge of the two positions of the target of the X-ray tube
relative to the radiograph is required. The stereographical reconstruction
and the isocentrical one belong to the second method (Vaeth and Meurk,
1963).

For the dose rate calculations three effects, besides the geometry,
must be taken into account: attenuation in the walls surrounding the
sources, attenuation in the tissue and the contribution of scatter from
surrounding tissues. The calculation of the attenuation in the wall of a
line source like a radium needle, results in the so called Sievert integral
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which can be solved by numerical methods (Worthley and Nicholls,
1972).

The resulting dose distribution can be expressed by isodose lines in a
number of planes through the region of interest in the patient. The
position of the planes can be specified either relative to the patient or
relative to the sources.

A comprehensive program will be described which evolved from a
simple one for radium needle implants (Marcuse and Burgers, 1970). The
new program calculates dose distributions around any set-up of line or
spherical sources. The isocentrical reconstruction of the source positions
and the calculation of dose rates will be given. The position of dose
distribution planes related to the patient or the sources will be discussed.
Also a number of ways to determine a reference dose rate will be
presented.

R e c o n s t r u c t i o n

For the reconstruction of the localization of the sources a modified

Fig. 1. Reconstruction of the position of a line source.
(1) table top. (2) X-ray film. (3,4) X-ray fields from foci F, and F2, projecting the line
source (5) to the left image (6) and the right image (7). (8) normal to the film. • :
origin Opfor coordinates on the film. O origin for the reconstruction and the rotated axes;
the position is reconstructed from its left and right images O, and Or.
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stereographic method was chosen: the isocentrical one. The patient is
positioned on the table of an isocentrical X-ray apparatus, like a
treatment simulator or a planigraph. An X-ray film is placed under the
patient such that the sources are above the film centre. The isocentre is
taken within the sources. Then two exposures are made at for example
plus and minus 30 degrees from the normal to the film (Fig. 1). The
coordinates of the ends of the line sources or the centres of the spherical
ones are taken from the radiograph along the axes Xp and Yp (Fig. 2).
From the data of the X-ray equipment set-up and these coordinates, the
program reconstructs the actual position of the sources in the patient
(Appendix I of Chapter 6).

The program can handle two possible positions for the origin O of
the reconstruction axes. 1. The origin inside a source or in an anatomical
point recognizable on the reconstruction radiograph; from the coor-
dinates of the two images its actual position is reconstructed. 2. The
origin as the geometrical centre of all sources, i.e. the centre of the
smallest box, with its sides parallel to Xp, Yp and Zp, encompassing the
sources.

Fig. 2. Reconstruction of the position of an intra-uterinc catheter, filled with a
chain of active and dummy pellets.
O F origin of the axes Xp, Yp and Zp on the reconstruction radiograph, from which
the images of the sources are measured. O origin of axes REC and ROT, chosen in
pellet IS. Points O and V (pellets IS and 30) are used to define the main direction;
Y R O T is t ake n along this main direction.
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The program uses three carthesian coordinate systems. The axes Xp,
Yp and Zp are the already mentioned axes to enter the source images on
radiographs. The second coordinate system (XREC, YREC, Z R E C ) is used
by the program to express the reconstructed positions. The third system
(XROT> YRQT» ZROT) is defined by the user to enter the planes in which
the dose distribution is to be calculated.

From Figure 2 it can be seen that the XREc-axis *s taken parallel to
the line through the two images of the origin; the YREc-axis, normal to
the XREc-axis, is also parallel to the radiograph and the ZRgc-axis is
normal to the radiograph, according to a left rotating coordinate system.
The third coordinate system (XROT> YROT. ZROT) is defined with the
same origin O. In this system XRQT is taken parallel to a particular
direction, called the main direction; XROT remains parallel to the
radiograph and ZROT ' S again defined according to a left rotating system
(Appendix I of Chapter 6). These axes will be called the rotated ones.

The length of a reconstructed line source will never exactly equal its
true length due to small errors in measuring the images on the radio-
graph. If the true length is known, as is the case with needle implants, the
program lengthens or shortens the reconstructed source to its true length
(Appendix I). Specifying the activity per cm, gives then the correct total
activity for each line source. In an implant afterloaded with Iridium-192
wires, the curved wires are approximated by straight line segments.
When the reconstruction is made from dummy wires, each consisting of a
string of metal pieces of known length with alternating high and low
atomic number (e.g. lead and aluminium), the lengths of the straight line
pieces are also known and the program performs the adaption of each
line piece to its true length.

Dose d i s t r i b u t i o n p l anes

Dose distribution planes are always normal to one of the rotates axes
XROT» YROT

 o r
 ZROT

 a n d are defined by their distance to the origin O.
Three situations are realised for these rotated axes, each of them
incorporated in the program to suit one of the following typical treatment
modes.
1. Hypothetical treatments.

Idealised source set-ups are often used for evaluation of proposed
treatment plans. In such cases no reconstruction is needed: the rotated
axes coincide with the reconstructed ones (Fig. 2). Source coordinates,
relative to the reconstructed axes, are entered directly into the program.
Planes for dose distributions are also specified in this coordinate system.
2. Gynaecological applications

The rotated axes are now based on a prechosen direction, for
example the direction from the promotorium to the public bone. These
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Fig. 3. Definition of dose distribution planes for a gynaecological application.
The projection of the active sources is indicated in each plane.

anatomical points must be clearly visible on the reconstruction radio-
graph. The YROT-axis is taken along this direction. Instead of a direction
based on anatomical points it is also possible to specify a direction by
identifying two source centres or source ends on the film. For example,
with the Fletcher-type applicator of our Selectron afterloader for gynae-
cological treatments, the YROT-axis ' s taken to coincide with the straight
part of the intra-uterine catheter (Fig. 2).
3. Implants

In an implant with needles or Iridium wires in tongue or bladder
tumours, the line sources, meant to be mutually parallel, often become
somewhat disorientated after the implant has been performed. In such
case the mean direction of the needles intended to be parallel is of more
value than the direction of a single one. A procedure to calculate this
mean direction by averaging the normalised direction vectors of these
needles is therefore incorporated in the program. The YROT-axis is then
taken parallel to this mean vector.

Usually the YROT-axis coincides with the largest dimension of the
implant or application. Therefore the base line of the dose distributions
in the planes normal to XROT or ZROT is taken along the
while the vertical is taken along the ZROT"axis respectively the
(Fig. 3).

The grid in the planes in which the dose rates are calculated to obtain
the isodose lines is made dependent on the size of the volume to be
treated therapeutically. Because a line printer is used for the output of the
dose distributions, the grid spacings are in fractions of an inch. In
practice the magnification of the dose distribution is inserted into the
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Table I

Routinely used grid spacLngs and the resulting magnification of the dose dis-
tribution

inches mm magnification of the
dose distribution

small implant (needles) 1/12 2.117 4x
large implant (Ir-192 wires) 1/6 4.233 2x
application (Cs-137 pellets) 2/9 5.644 1.5 x

program and a suitable grid spacing is determined accordingly (Table I).
In the treatment of gynaecological tumours the YROT-axis is taken to

coincide with the straight lower part of the intra-uterine catheter, which
in most cases runs nearly parallel to the table top. If radiographs of the
source set-up, taken normal to the table top and also parallel to it, are
obtained with the same magnification as the isodose distribution, then
the isodose lines can be copied directly on the radiographs. Although this
is mainly done for easy assessment of the internal structures with the dose
distribution, a verification of the computer input of the spheres coor-
dinates is now also possible.

C a l c u l a t i o n of dose r a t e

The general expression for the dose rate contribution of a small line
source element Al to a point P in tissue is given by

f) ()
Gt p S

A is the linear activity in Ci/m thus A.A 1 is the total activity of element
Al; r is the exposure rate in air at 1 m, given by a point source of ICi (3.7
10loBq) of the radioactive substance (R.m2.Cf1.h"'); W(w) is the attenua-
tion along the path length w through the source encapsulation; S(s) is the
correction factor for the absorption and scattering of the radiation in
tissue along path s, the distance between source element and point P; f is
the roentgen to cGy conversion factor.

For a point source like the Cesium-137 pellets used in intracavitary
afterloading, expressing (1) holds also when for A.A1 the total activity is
taken. If for the latter the effective activity, deduced from dose rate
measurements in air, is used, then W(w) = 1.

S(s) is approximated by S(s)= Bo+Bj.s+Ba.sH-Ba.s3 (Meisberger et
al., 1968).

The dose rate from an encapsulated line source, corrected for wall
and tissue absorption and scattering, is given by
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Fig. 4. Geometrical relationships for dose rate calculation around an encap-
sulated line source.

ƒ
£3

.S(s(0)).d0 where the exponential

part of the integrand corrects for the wall attentuation; uw is the wall
attenuation coefficient and b,91,82,8,w and s as indicated in Fig. 4. The
recursive formula of Worthley and Nicholls (1972) is used to calculate
this integral.

For an unencapsuJated line source like an Indium-192 wire, the
source is taken as a series of small straight line segments. Around each
segment the elliptical isodose lines are given by A.A0/b with A6 the angle
between the lines connecting P with the ends of the segment and b the
length of the normal from P to the source; similar to A8 = 82-8! and b in
Fig. 4. The correction for tissue absorption and scattering is again
approximated by the Meisberger expression S(s), with s the distance
from P to the middle of the segment.

Specif ic p o i n t s

To assess the suitability of an implant or application, the dose rates
in specific points indicating the dose delivery to critical organs and the
target volume are calculated. These points are either reconstructed from
anterior-posterior and lateral radiographs (Rosenwald, 1970) or entered
directly by specifying their coordinates in the rotated axes (XROT, YROT»
ZROT)- The first type of points are related to patient structures and are
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called patient points. The second type of points are relative to the
applicator and are called applicator points. They are placed in and
around the target volume.

In gynaecological applications specific points are used to determine
a suitable source set-up for the Fletcher-type applicator of the Selectron
afterloader. Different loadings of the applicator are obtained by changing
the sequence and ratio of the active Cs-137 pellets and the dummy pellets
in the catheters. The dose rates in patient points in rectum, bladder and
lymph nodes, and the dose rates in applicator points like the points A of
Paterson and points around the ovoids, indicating the tumour dose, are
used for evaluation of the dose distributions.

N o r m a l i z a t i o n and re fe rence dose ra te
The normalization dose (ND) rate is that rate which will be taken as

the 100 per cent value in the isodose distributions and is indicated by the
symbol A in Fig. 5. It defines the range of isodose values presented in the
dose distributions.

The reference dose (RD) rate is the rate on which the treatment time
for the implant or application is based.

The program accepts five different ways to introduce the ND rate;
three of them are related to the RD rate.
1. ND rate entered directly.

In a more or less fixed configuration of sources, as in many |
gynaecological applications, a suitable ND rate can be estimated fairly
well and is entered directly to the program.
2. RD and ND rate defined by dose rates in specific points. tÊ

In intracavitary treatment of cervix tumours, the RD rate is defined B
as the average dose rate in two specific points, the points A of Paterson,
with coordinates (XROT* VROT> ZROT) ~ (—20,0,0) and (+20,0,0) mm
when the origin is chosen in the uterus at 20 mm from the portio. See also
the section about specific points. The ND rate is introduced as a preset
percentage of this RD rate.
3. RD and ND rate defined by the lowest dose inside the target area.

With a needle implant the proposed implant structure is sometimes
not fully realized. In such a case the RD rate is best defined as the lowest
dose rate inside the target volume. The ND rate is then again a preset
percentage of the RD rate.

With respect to the concept of target volume we remark the
following. It is often difficult to indicate the target volume in an implant
in relation to the sources before computer processing, because the actual :
position of the sources is not yet precisely known. Therefore the
extension of the target volume is approximated during computer proc-
essing, using the intersection of the sources with the dose distribution
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Fig. 5. Reference dose rates defined by the lowest dose rate between the source
intersections and by the lowest dose rate in the target area.
The dose distribution in the plane Y R O T = 0 is presented through a breast implant
with 9 Iridium-192 wires. These wires are all normal to this plane and extend 30 mm at
both sides. The position of the origin is indicated by 0. The numbers 1 to 9 indicate the
intersections of wires 1 to 9. These intersections form 7 triangles. The centres of the
circles circumscribing these triangles are indicated by o, the corresponding dose rates
are printed separately by the program. The target area was stated to extend
horizontally and vertically 5 mm from the outer intersections. The lowest dose rate
inside the target area is found at position e, this dose rate together with its position
relative to the first grid point is also printed separately. The reference dose rate as
defined according to the Paris system equals the mean of the dose rates in the centres of
the triangles. The normalization dose rate was entered directly as 75cGy/h.

planes normal to the mean direction of the parallel sources (the YROT~
axis), as follows. The radiotherapist specifies a distance from the outer
intersections to the target border. Then in each plane four points are
taken around each source intersection at this distance (Fig. 5). These
points will be called target points. By connecting the outer target points
with straight lines, an area is defined which approximates ihe cross
section of the target volume.

The program constructs these outer points as follows. Firstly it
constructs the smallest rectangle, encompassing all target points, with its
sides parallel to the XROT and ZROT-axes. The four target points lying on
Jhe-sides of the rectangle are stored. Then the rectangle is rotated over 30
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degrees and again the smallest rectangle is constructed and the next four
targets points stored. Then for the last time the rectangle is rotated over
30 degrees and the four target points found stored. It may happen that

.. the same target point is stored more than once.. After removing these
fl redundant points, the remaining ones form the vertexes of a polygon

approximating the target area. The lowest dose in this area is considered
as the lowest dose in this part of the target volume.
4. RD and ND rate defined by the dose rates in points at equal distances

from the nearest sources.
The Paris system for dosimetry of implants with line sources like

Iridium-192 wires (Pierquin and Dutreix, 1967, Pierquin et al, 1977)
requires for the RD rate the mean of the dose rates in points midway
between the intersections of the wires with planes normal to the parallel
wires. In single plane implants these reference points are taken midway
between the successive source intersections; in multiplane implants the
source intersections form the vertexes of the triangles and the reference
points are taken in the centre of the circles circumscribing these triangles
(Fig. 5). Again the ND rate is a preset percentage of the RD rate.
5. ND rate defined by the highest dose rate between the sources.

For dose rate distribution versus volume studies to evaluate success
and failure of implants (Awwad et al., 1974), dose rates are calculated in all
points of a 3-dimensional grid within the volume defined by a rectangular

, box encompassing all sources plus a given margin of surrounding tissue.
;; The dose rate value in a grid point is taken as the mean dose in the

corresponding volume element around this point. Grid points lying too
close to a source, e.g. within a distance of 3 mm, are disregarded. Based
on the dose rates in the remaining grid points, the program calculates a
table of the volumes enclosed between predefined isodose rate surfaces.
Now a suitable ND rate can be defined as a preset percentage of the
highest dose rate in this table.

P r o g r a m s

Two versions of the program exist. The one described in this paper,
runs in the batch mode of a large computer system (Control Data Cyber)
and is capable of handling implantations or applications, with line or
point sources, with or without encapsulation correction. This program is
written in ANSI FORTRAN-66.

• From this comprehensive program a small interactive one has been
derived for gynaecological applications with afterloading of Cesium-
137 pellets. This version runs in the interactive mode of the Cyber.
Different loadings of the catheters are evaluated interactively, assessing
the dose rates of specific points in critical organs and the tumour volume.
When a suitable set-up has been found, the corresponding isodose
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distributions are printed using an isodose tracking procedure based on
local dose gradients (Van der Laarse en De Gans, 1980).

Based on this interactive program, we developed a planning system
for gynaecological applications with Cesium-137 or Cobalt-60 pellets *.
This system uses an INTERTEC microcomputer with 64 k byte (8 bits)
memory. More details are given elsewhere (Van der Laarse, 1980).

D i s c u s s i o n

The method of reconstruction from two images of the source set-up
taken at two angles on one and the same radiograph is a modification of
the widely used stereographic reconstruction method or film shift
method. The isocentric set-up with the isocentre taken near the sources
gives a higher resolution in the reconstructed source position than the
stereographic method because the two images are obtained with a larger
difference in direction (up to 30 degrees from the normal to the
radiograph). Essential for this reconstruction method is the availability of
X-ray equipment with rotational movement of the gantry, such as a
radiotherapy treatment simulator. The method allows reconstruction of
complex curved wires because corresponding wire pieces in both images
can easily be identified.

The same argument of easy distinction together with a high resolu-
tion of the source positions holds for the reconstruction of the Cs-137
pellets in the Selectron intracavitary afterloader. In orthogonal radio-
graphs of the applicator the identification of the small pellets in the
lateral radiograph is far from easy, especially when the images of the
ovoids coincide.

It sometimes happens in bladder implants that one or more radium
needles are oriented more or less perpendicularly to the reconstruction
radiograph. The images of the end parts of these needles then nearly
coincide and the reconstruction is difficult to perform. The program
checks the reconstruction of each line source by comparing the re-
constructed length with the true length and prints a warning when the
difference exceeds 3 mm. The planning operator can re-enter the
coordinates of the needles UQtil all corresponding differences are less than
3 mm. In order to calculate the dose distribution with the true total
activity, the program extends the reconstructed length always to the true
length.

The extension of reconstructed line sources to their actual length is
also essential in the reconstruction of curved Indium wires. A curved wire
is approximated with many straight line pieces. The cumulative error in

•Available from Nucletron Trading B.V., 3956 CP Leersum, The Netherlands
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length can be several mm per 10 cm wire length, depending of course on
the curvature. Because the reconstruction radiographs are made with
dummy wires consisting of metal pieces of known length with alternating
high and low atomic number, the true lengths of the straight line pieces
can be entered to the program which enables the adaption of the
reconstructed lengths to the true ones.

Easy interpretability of the positions of the dose distribution planes
with respect to the implant or application and surrounding tissues is a
major demand in clinical practice. The choice of the YROT-axis along a
given direction or calculated mean direction, keeping the XROT-axis
parallel to the reconstruction radiograph, gives the least problems in the
interpretation of the dose distributions.

In implants with needles or wires the proposed implant structure
sometimes becomes slightly distorted due to difficulties in the implanta-
tion caused by e.g. the accessibility of the tumour. It is then not easy to
specify a suitable normalization dose rate. In order to keep a tight
connection between the dose distributions and the proposed treatment,
the program can relate the normalization dose rate to the lowest dose rate
inside the target or to the dose rates midway between the sources. The
first approach is used mainly with needle implants, the second one mainly
with Iridium wire implants.

S u m m a r y

This paper presents a computer program for dose planning of
interstitial and intracavitary radiotherapy. An isocentrical reconstruction
method for the determination of the localization of the sources is
described. Several options to define the planes in which the dose
distribution will be calculated are available. Five different ways to
introduce the normalization dose rate are given, three of them are related
to the reference dose rate.
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APPENDIX I

A d a p t i o n of a r e c o n s t r u c t e d l i n e s o u r c e to i t s
a c t u a l l e n g t h

Let the position of the end points R! and R2 of a reconstructed line
source be given by Xi and x2 . Then the reconstructed length r equals |xi —x2|.

Fig. I.I. Geometrical relationships for the adaption of a reconstructed line source
to its actual length. See appendix I.
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To adapt the length of the reconstructed line source to its true length a, the
point Ri is moved in the direction given by the vector Xj -x 2 over the
distance (a—r)/2 to position Px (Fig. I.I). The other end R2 is moved over
the same distance in the opposite direction.

The translation of Rt to Pt takes place along the line
x" = X(xt-xt) + xt (1)
When P, is reached: |jT-xtl = (a-r)/2, i.e. X 2 |£-xt l 2 = [(a-r)/2]2 thus
X=0.5(a/r-l) (2)
Insertion of (2) in (1) gives the positions of point Pi :
Xpj = 0.5[(l+a/r)xi + (1— a/r)x2 ]. It is easily seen that P2 is given by
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1 C H A P T E R 10

GENERAL DISCUSSION

In this thesis computerized treatment planning for radiotherapy is
presented, dealing with megavoltage X-rays, with megavoltage electron beams,
with fast neutron beams and with interstitial and intracavitary radiotherapy.
Two related subjects, electron beam collimation and film dosimetry, are also
included.

Until now the optimization of megavoltage X-ray treatment planning
by mathematical programming techniques has shown only limited success.
Therefore we have used score functions to express the different features of a
treatment plan. These score functions were designed such that they are
pronouncedly influenced by less desirable situations. The weighting factors
to combine the score functions to a total score were easily obtained because
of this pronouced influence.

The program we have developed is capable of optimizing the complete
beam set-up, including incidence directions, position of the isocentre, field
sizes, wedge filters and weights. It fulfils all conditions required by a clinical
environment: the input can be prepared directly from the outline sheet on
which target area and critical regions are also indicated, the turn-around
time is usually about 10 minutes in the batch mode of the CDC Cyber com-
puter used and the plans produced are nearly always approved by the radio-
therapists.

The optimization program is two-dimensional, i.e. it optimizes the set-
up in the central plane defined by the central axes of the coplanar beams. The

f
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contours of the target area and the critical regions in the planes parallel to the
central plane must therefore be projected on to the central plane in order to
be taken into account. Real three-dimensional planning facilities of the opti-
mization program will be considered in the near future.

Our work on electron beam treatment planning has been centred on
electron beam collimation including a facility for irregularly shaped fields,
and on a computer program to calculate dose distributions for such fields.
The electron beam collimators were designed in such a way that they provide
a small contribution of wall scatter to the field edges in order to flatten out
the field.

Our criterion for field flatness states that the flatness of a field is
acceptable when the dose delivery over the whole field up to 0.5 cm from the
applicator walls, differs no more than 5 per cent from the dose at the central
axis at a depth of 0.8 cm and at the depth of maximum dose delivery. All
fields obtained with our applicators and their standard field defining frames
satisfy this criterion. Our applicators are now known as the "Amsterdam
applicators" and are used in several other institutes.

Our computer program for calculation of dose distributions of arbitrarily
shaped fields aims at calculating the dose distribution due to any field within
an applicator. The only beam data needed are the data for the largest field
within the applicator. We succeeded -for arbitrarily shaped fields- within an
accuracy of ±3 per cent of the maximum dose on the central axis, except in
the situation where an extreme influence of the scatter from the frame edges
occurs. This is the case with very small field sizes at high energies, for example
a 4 x 4 cm2 frame in a 10 x 10 cm2 applicator with 20 MeV electrons. At
this moment only one additional dose measurement is needed in order to
correct for this scatter contribution. The future calculation of the scatter
contribution from the frames as a function of field dimensions and electron
energy will be fairly simple.

The Selectron treatment planning software differs from other intra-
cavitary treatment planning software in several aspects: in the use of different
techniques for reconstruction of the localization of the catheters and for
reconstruction of the localization of specific points, in the algorithm to
calculate the absorption by ovoid screening segments and in the combined
grid-gradient method for plotting of isodose lines. Especially small inaccu-
racies in the reconstruction of the positions of sources and screening segments
can lead to appreciable differences in calculated and actual dose rates and
therefore different techniques have been applied for reconstruction of
catheters and for reconstruction of specific points. In this way we succeeded
indeed to minimize reconstruction errors.

The dose reduction to the rectum by ovoid screening segments is typi-

t
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cally 25 per cent of the local dose. The approximations employed in the algo-
rithm for screening segments are sufficiently accurate. The combined grid-
gradient method, which firstly determines the start positions of the isodose
lines using dose values in grid points and then tracks the isodose line directly,
gives optimum accuracy because the step length used by the tracking algorithm
is adapted to the local dose rate gradient.

The planning system has been realized around a commercially available
microcomputer, which allows its use along with other, more expensive,
planning systems. Contrary to planning software of other systems, our
completely accessible software facilitates local changes and adaptions of the
programs by the user on his own account. This approach, however, makes
the local user responsible for the correct functioning of the planning software.
Work is in progress to include in the Selectron planning system the additional
treatment of the pelvic region with megavoltage photon beams and to add the

: corresponding dose distributions to the dose distribution of the intracavitary
: treatment.

j At this moment commercial treatment planning software for neutron
j generators does not exist. The planning modules available in our institute for

photon beam treatment planning were therefore adapted to include neutron
beam treatment planning. The dose distributions of neutron beams are to a

' ;• considerable extent influenced by scatter from the collimator walls. This
••'{ causes the assumption that the beam rays emerge from a well defined source,
: | so widely used in photon beam planning, to be violated for neutron beams.
3 However, the approach of beam generation by using a matrix of beam data
?. instead of using a mathematical description, made it possible to incorporate

neutron beams in our programs. In contradistinction to collimated electron
? - beams, irregularly shaped fields are seldomly used. Therefore stored beam

data information together with algorithms to correct for different source-
skin distances, for oblique incidence and for inhomogeneities, suffices for
planning in clinical practice.

: Film dosimetry is often used to obtain dose distributions because of
5 the high spatial resolution with which the isodose lines can be determined in

regions with high dose gradients. A microprocessor based densitometer was real-
' jzed which is capable of directly tracking isodensity lines; each step of

the measuring light spot is directly depicted on paper. For this direct tracking
an algorithm was developed which uses information on local density, step
direction and step length of previous steps, in order to determine the length
and direction of the next step. This approach, based on stored information
about the last steps performed, gives the densitometer a high tracking speed
and a remarkable capacity in handling stains and other imperfections of the
film sheet.
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Treatment planning for interstitial and intracavitary radiotherapy
recieves much attention nowadays because of the increased availability of
radioactieve materials suitable for implantation or application. The use of
thin Iridium-192 wires in implants requires a technique for reconstruction
of the wire localizations with which corresponding pieces of the wires in the
radiographs can be identified. The isocentrical method is a technique especially
appropriate for reconstruction of curved wires because of the ease in identifi-
cation of corresponding wire pieces on the radiograph together with the high
accuracy of the reconstructed localizations of these pieces.

At the moment different definitions are existing for the reference dose
rate, i.e. the dose rate on which the treatment time is based. Some of these
definitions are used extensively in other countries. All these definitions
are incorporated in our planning software in order to use each of them when
appropriate and to compare our treatment planning with that in other coun-
tries.
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1
CHAPTER 11

SUMMARY

This thesis is based upon 6 articles on computerized radiation treatment
planning. Two articles on related subjects are also included.

Chapter 1 gives a general introduction which presents some pertinent
radiobiological aspects of treatment planning and discusses the different
treatment modalities with emphasis on computerized treatment planning. The
current state of computer planning is given in relation to the work presented
in this thesis. Some aspects of the accuracy in treatment planning are dis-
cussed for the different treatment modalities.

Chapter 2 'Tseudo optimization of radiotherapy treatment planning"
describes a chain consisting of three computer programs which has been
developed for treatment planning of external beam radiotherapy without
manual intervention. Apart from the data necessary to identify the patient,
the institute, etc., the input consists only of the anatomical information
indicated on an outline sheet.

Firstly, combinations of incidence directions for a two or three-beam
set-up are judged by the first program. Then a limited number of these
combinations is selected by this program. For every beam of each selected
combination a set of wedges and weights is calculated. Next the dose dis-
tributions belonging to each combination with wedges and weights are
judged by the second program. Finally, the isodose pattern of the dose
distribution judged the best is determined by the third program.

The judgement of incidence directions is done by coarse score functions
corresponding to a set of criteria. The judgement of dose distributions is done
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by detailed score functions corresponding to another set of criteria. These
criteria with their score functions are treated in some detail. The use of the
programs in the clinic is discussed and results are shown.

Chapter 3 "Optimization of external beam treatment plans using score
functions" presents the new score functions used for determination of optimal
incidence directions and explains the calculation of the position of the iso-
centre for each optimum combination of incidence directions.

Also the new score functions to judge the dose distributions, given by
the optimum combination of incidence directions with the corresponding
isocentre, beam wedge filters and beam weights, are treated.

Attention is given to the clinical importance of the score functions
for symmetry of treatment set-up and ease in adjusting the pelient.

A few optimized treatment plans are presented.
Chapter 4 "Wall-scattering effects in electron beam collimation"

describes how a set of applicators, covering fields with dimensions of 4 to
20 cm, for the 6 to 20 MeV electron beams of a MEL SL75-20 linear
accelerator was developed. The electron scatter contribution of the applicator
walls to the treatment field was investigated, varying the applicator entrance
opening and the scattering foil, with the aim of optimizing the resulting
field flatness, with a maximum loss of depth dose. Experiments with field
defining end frames and additional perspex scatterers for large field sizes are
also reported.

Chapter 5 "Calculation of absorbed dose distributions in arbitrarily
shaped electron fields" presents a computer program for three dimensional
electron beam treatment planning. For any arbitrary field contour the
absorbed dose distribution can be obtained in any desired plane parallel to
the central axis of the beam. The computational model is based on the con-
cept of an unit pencil beam as the building element of the clinical electron
beams. The dose distribution of the pencil beam is determined from measure-
ments of a broad beam dose distribution.

The program has been tested for electron beams with 10 and 20 MeV
nominal energy of a MEL SL75-20 linear accelerator. Apart from a correction
procedure needed at high electron energies and small fields to deal with
electrons scattered by the used field defining frames, high accuracy in the
calculated positions of the isodose lines is achieved (± 3 mm up to 90 per cent
depth dose and ± 5 mm up to 95 per cent).

Chapter 6 "The Selectron treatment planning system" describes a micro-
processor based treatment planning system for the Selectron remote control-
led afterloading system for intracavitary radiotherapy.

The localizations of the catheters are reconstructed with a modified
version of the stereographic method, i.e. the isocentrical reconstruction
method. For reconstruction of specific points, placed in and around the
target volume and in other regions of interest, orthogonal radiographs are
used.
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The effect of different sequences of active and dummy pellets is rapidly
evaluated by studying the dose rates in the specific points. For final evaluation
of the treatment plan the dose distributions in several planes are plotted
using a combined grid and gradient method.

A fast algorithm for calculation of the dose reduction to the rectum,
caused by tungsten screening segments at the tip of the ovoid catheters, is
presented.

The software is written in Fortran which facilitates user-defined chan-
ges in the program.

Chapter 7 'Treatment planning at the Amsterdam d+T fast neutron
therapy facility" discusses the main differences in treament planning proce-
dures for external beam therapy with neutrons instead of photons. These
differences are caused by the gamma radiation accompanying the neutron
beam, by the large amount of radiation scattered from the collimator and
other structures and by the use of a limited number of collimators with
fixed field sizes.

The adaption of the computer program developed at the Antoni van
Leeuwenhoek Hospital for photon beam treatment planning to include
neutron beams is described. Resulting absorbed dose distributions for treat-
ments with parallel opposed beams, with wedged beams and with a six field
isocentric technique are presented.

Chapter 8 "A microprocessor system for tracking isodensity lines in
film dosimetry" describes a microprocessor based densitometer for plotting
isodensity lines in film dosimetry. The tracking procedure moves the meas-
uring spot directly along an isodensity line, using information obtained in pre-
ceding steps to determine the next step. For registration of the curves no X-Y
pen recorder is needed. The essentials of the procedure together with a
flowchart are given.

Chapter 9 "A comprehensive computer program for dose planning of
interstitial and intracavitary radiotherapy" presents a computer program for
dose planning of brachytherapy. The isocentrical reconstruction method for
the determination of the localization of the sources is described. Several op-
tions to define the planes in which the dose distribution will be calculated are
available. Five different ways to introduce the normalization dose rate are
given, three of them are related to the reference dose rate.

Chapter 10 gives a general discussion about the different aspects of
computerized treatment planning as presented in this thesis.
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C H A P T E R 12

SAMENVATTING

Dit proefschrift is opgebouwd uit 6 artikelen over bestralingsplanning
met behulp van een computer. Tevens zijn twee artikelen over hiermee samen-
hangende onderwerpen opgenomen. (Onder bestralingsplanning wordt in dit
verband het bepalen van geschikte dosisverdelingen voor bestraling van
kwaadaardige gezwellen met ioniserende straling verstaan. Indien hierbij een
computer wordt gebruikt, spreekt men van computerplanning.)

Hoofdstuk 1 geeft een algemene inleiding over de radiobiologische
achtergrond van de bestralingsplanning. Vervolgens worden de verschillende
bestralingsmogelijkheden besproken met nadruk op de toepassing van com-
puters. De huidige stand van zaken van de computerplanning wordt in ver-
band gebracht met het werk in dit proefschrift beschreven. Enkele aspecten
van de nauwkeurigheid die in de bestralingsplanning bereikt wordt, worden
voor de verschillende bestralingsmogelijkheden besproken.

Hoofdstuk 2 beschrijft drie onderling gekoppelde computerprogramma's
voor mathematische optimalisatie van dosisverdelingen verkregen met mega-
volt fotonenbundels. Behalve de gegevens nodig om de patient, het instituut
ed. op te geven, bestaat de invoer alleen uit de anatomische informatie zoals
die is aangegeven in de op papier vastgelegde doorsnede van de patient.

Door het eerste programma worden combinaties van invalsrichtingen
voor twee of drie bundels beoordeeld, Een beperkt aantal van deze combina-
ties wordt dan door dit programma uitgekozen. Voor elke bundel van elke ge-
kozen combinatie van invalsrichtingen worden geschikte wiggen en gewichts-
factoren berekend. Vervolgens worden de dosisverdelingen die bij zo'n com-
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binatie van invalsrichtingen met bijbehorende wiggen en gewichtsfactoren be-
horen, door het tweede programma beoordeeld. Voor de als beste beoordeel-
de dosisverdeling berekent het derde programma tenslotte het isodosepatroon.

De beoordeling van invalsrichtingen wordt gedajm door wat minder
nauwkeurige scoringsfunkties, die corresponderen met een stelsel kriteria.
De beoordeling van dosisverdelingen gebeurt met nauwkeurige scoringsfunk-
tiss, die corresponderen met een ander stelsel kriteria. De kriteria met de bij-
behorende scoringsfunkties worden gedetailleerd behandeld. Het gebruik van
de programma's in de kliniek wordt besproken en enige resultaten worden ge-
toond.

Hoofdstuk 3 bespreekt nieuwe scoringsfunkties voor het optimaliseren
van invalsrichtingen en geeft de berekening van de beste ligging van het iso-
centrum in het doelgebied voor elke optimale combinatie van invalsrichtingen.

Ook nieuwe scoringsfunkties om de dosisverdelingen te beoordelen die
gegeven worden door de optimale combinatie van invalsrichtingen met het
bijbehorende isocentrum en de bijbehorende wiggen en gewichtsfactoren,
worden behandeld.

Het klinische belang van de scoringsfunkties voor de symmetrie in de
bestralingsopzet en voor het gemak waarmee de bestraling uit te voeren is,
wordt aangegeven. Enkele geoptimaliseerde dosisverdelingen worden gepre-
senteerd.

Hoofdstuk 4 beschrijft de ontwikkeling van een set applicatoren met
veld afmetingen van 4 tot 20 cm voor de 6 tot 20 MeV electronen bundels
van een MEL SL75-20 lineaire versneller. De bijdrage van electronen die van
de wanden van de applicator in het bestralingsveld worden gestrooid, werd
onderzocht als funktie van de opening van de applicator aan de intree zijde
van de bundel en als funktie van het verstrooiingsfolie, teneinde de egaliteit
van de dosisafgifte over het veld te optimaliseren met een minimum verlies
aan dieptedosis.

Hoofdstuk 5 beschrijft een computerprogramma voor 3-dimensionale
planning van electronentherapie. De dosisverdelingen kunnen in elk vlak
evenwijdig aan de centrale as van de bundel berekend worden voor een
willekeurige veld vorm. Het rekenmodel gaat er van uit dat de klinische
electronenbundels zijn opgebouwd uit een groot aantal, evenwijdig invallen-
de, elementaire bundeltjes. De dosisverdeling van zo'n elementaire bundel
wordt bepaald uit de gemeten dosisverdeling van een bundel met een voldoen-
de groot veld.

Het programma is getest voor 10 en 20 MeV electronenbundels van een
MEL SL 75-20 lineaire versneller. Indien bij hoge energieën en kleine velden
de correctieprocedure is uitgevoerd om de electronen in rekening te brengen
die van de randen van het frame dat het veld definieert naar de centrale as
verstrooid worden, wordt een grote nauwkeurigheid in de berekende ligging
van de isodosislijnen bereikt (± 3 mm tot en met de 90% isodosislijn en ± 5 mm
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tot en met de 95% isodosislijn).
Hoofdstuk 6 beschrijft een microprocessorsysteem voor bestralingsplan-

ning van intracavitaire radiotherapie met de Selectron "afterloader".
De ligging van de catheters in de patient wordt gereconstrueerd met een

gewijzigde stereografische methode, de zo genoemde isocentrische reconstruc-
tie. Voor reconstructie van de specifieke punten, die in en rond het doelge-
bied en in andere voor de behandeling belangrijke gebieden liggen, worden
onderling loodrechte röntgenopnamen gebruikt.

De invloed van verschillende volgorden van actieve en niet-actieve kogel-
tjes in de catheters kan snel worden geëvalueerd door de dosissnelheden in
deze specifieke punten te bestuderen. Voor de uiteindelijke beoordeling van
een op deze wijze bepaalde geschikte cathetervulling worden dosisverdelingen
getekend in verschillende vlakken van de patient. Voor het tekenen van iso-
dosislijnen is een gecombineerde raster-gradient methode ontwikkeld.

Voor het berekenen van de dosisreductie in het rectum door het plaat-
sen van wolfraam segmenten in de ovoïden, is een algorithme ontwikkeld die
snel genoeg is om met een microprocessor te worden toegepast.

De programmatuur is geschreven in Fortran zodat de gebruikers zelf
wijzigingen kunnen aanbrengen.

Hoofdstuk 7 bespreekt de belangrijkste verschillen in de procedures
voor de bestralingsplanning met snelle neutronen in plaats van met fotonen.
Deze verschfllen worden veroorzaakt door de gammastraling component in de
neutronenbundel, door de grote bijdrage van strooistraling vanuit de colli-
mator en door het gebruik van een beperkt aantal coflimatoren met vaste
veldgrootten.

De aanpassing aan neutronenbundels van programmatuur voor fotonen-
bundels wordt beschreven. Dosisverdelingen van een bestraling met oppone-
rende bundels, met wigfilters en met een isocentrische 6 velden techniek wor-
den gegeven.

Hoofdstuk 8 beschrijft een densitometer die voorzien is van een micro-
processor voor het tekenen van isozwartingslijnen. De volgprocedure beweegt
de lichtvlek voor het meten van de zwarting direct over de isozwartingslijn,
waarbij informatie verkregen in voorgaande stappen steeds wordt gebruikt
om de volgende stap te bepalen. Voor het tekenen van de lijnen is geen aparte
X-Y recorder nodig. De werking van de volgprocedure wordt samen met een
stroomdiagram gegeven.

Hoofdstuk 9 beschrijft een computer programma voor bestralingsplan-
ning van radiotherapie met inwendig aangebrachte radioactieve bronnen. De
isocentrischs reconstructie voor de bepaling van de ligging van de bronnen
wordt beschreven. Verschillende mogelijkheden zijn beschikbaar om de vlak-
ken te definiëren waarin de dosisverdelingen worden berekend. Vijf verschil-
lende manieren om de normalisatie dosissnelheid, de 100% waarde van de
dosisverdelingen, te definiëren worden behandeld, drie ervan hangen af van de
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referentie dosissnelheid, de dosissnelheid waarvan de duur van het implan-
taat of de applicatie afhangt.

Hoofdstuk 10 bespreekt de belangrijkste aspecten van de computer-
planning zoals die in dit proefschrift gegeven worden.
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STELLINGEN

1. Het is onjuist de objectfunctie voor mathematische optimalisatie van
dosisverdelingen te richten op het minimaliseren van de integraal

;| geabsorbeerde dosis.
\ij (Hodes, L.: Semiautomatic Optimization of External Beam Radiation Treat-

/ ' ; ment Planning. Radiology, 110: 191-196 (1974))

2. De localisatie van de omtrek , het doelvolume en de omliggende organen
met behulp van Compute r Tomografie is voldoende voor het nauwkeu-
rig berekenen van dosisverdelingen van megavolt fotonenbundels.

3. D e gebruiker van een commercieel verkrijgbaar planning systeem kan
voor de juistheid van de hiermee berekende dosisverdelingen niet

••--'• verantwoordeli jk gesteld worden wanneer de fabrikant de betreffende
i'.j- software met bijbehorende documentat ie niet aan de gebruiker ter
'{ beschikking stelt.

x 4. D e gebruikelijke omrekeningsfactoren van gemeten ionisatie naar geab-
4 sorbeerde dosis mogen niet toegepast worden in de dosisberekeningen

bij pat iënten die een totale huidbestraling ondergaan met electronen met
een energie lager dan 5 MeV.

5. Voor de bepaling van de stralenbelasting van het rectum bij intracavi-
taire radiotherapie van gynaecologische tumoren verdient dosisbereke-
ning de voorkeur boven dosismeting.

6. Het oefenen in het met de hand berekenen van volledige dosisverdelin-
gen d o o r radiotherapeuten en laboranten in opleiding is weinig zinvol.

7. In de dagelijkse praktijk van een radiotherapie afdeling is het gebruik
van de centigray (cGy) voor het ui tdrukken van geabsorbeerde doses te
verkiezen boven het gebruik van de gray (Gy).

8. Het is te verwachten dat het stellen van een diagnoss mede met behulp
van een computer p rogramma grote waarde kan hebben bij het tijdig
onderkennen van minder vaak voorkomende afwijkingen.



9. Voor de documentatie van eenvoudige bestralingsinstellingen kan niet
worden volstaan met het vastleggen van de dosis in slechts enkele
punten.

(ICRU Report 29: Dose Specification for Reporting External Beam Therapy
with Photons and Electrons. International Commission on Radiation Units and
Measurements, Washington, 1978)

10. Verlaging van de overheidsbijdrage aan de Dagverblijven voor School-
gaande Jeugd zou voor de overheid wel eens kostenverhogend kunnen
zijn.

Amsterdam, 18 februari 1981 R. van der Laarse
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