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LIST OF ABBREVIATIONS

AFHA : Armed Forces Hospital of Alexandria
Ant : anterior

BEV :  Beam eye view.

CFRT :  Conformal radiotherapy.

CTV :  Clinical target volume.

A max :  Depth of maximum absorbed dose.
DMLC :  Dynamic MLC

DRR :  Digitally reconstructed radiograph.
DVH :  Dose-volume histogram

EPI :  Electronic portal imaging.

GTV :  Gross tumour volume.

ICRU : International Commission on Radiation Units

1G-IM-RT :  Image guided-IM-radiotherapy

IMBs : Intensity modulated beams.
IMRT : Intensity modulated radiotherapy.
IMSRT :  Intensity modulate stereotactic radiotherapy.

ISL :  Inverse square law.
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Linac

LLat

LPO
MLC
MSF/MLC
MUs
OARs

PDD

Pos

PTV

RAO

RLat

RMHL

RMHS

RPO

RT

.o

left anterior oblique.

Linear accelerator.
left lateral

left posterior oblique

Multileaf collimator.

Multiple static MLC-shaped fields.
Monitor units

Organs at risk.

Percentage depth dose.

posterior.

Planning target volume.
right anterior oblique

right lateral.
Royal Marsden Hospital of London.

Royal Marsden Hospital of Sutton.

right posterior oblique.

Radiotherapy



SAR ¢ Scatter air ratio.

SRS ¢ Stereotactic radiosurgery.
SRT ¢ Sterotactic radiotherapy.
SSD ¢ Source surface distance
STT ¢ Segmented treatment table,
TAR ¢ Tissue-air ratio.

3D ¢ Three-dimensional.

TLD : thermoluminescence dosemetry.
TMR :  Tissue maximum ratio
TPS ¢ Treatment planning system.
TSET : total skin electron therapy.
2D :  Two-dimensional.

WOF ¢ Wedge output factor
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INTRODUCTION

Radiation Oncology is a field devoted to the treatment of benign and
malignant diseases with ionizing radiation. The field was born not long after
the discovery of X-rays by Wilhelm Roentgen in 1895." Radiation therapy
(RT) was soon being used in the treatment of a wide variety of malignant
wmours.?Y 1t was also soon recognized, however, that radiation produced
adverse effects on normal tissues. In fact, due to signiﬁcaﬁt normal tissue
damage associated with the then available low energy machines or radioactive
isotopes, RT experienced great improvement after the introduction of the high

energy (megavoltage) therapy machines in the 1950s .

Over the past 20 years, major advances have been made in imaging

and treatment delivery, allowing for improved targeting and increased

sparing of normal tissues."

Radiotherapy is delivered primarily with high-energy photons
(gamma rays and X-rays) and charged particles such as electron. The
distinction between gamma rays and X-rays (both are electromagnetic rays)
lies in their origin; gamma rays originate from excited and unstable nuclei
of radioactive sources (natural or artificial). While X-rays are generated by
linear accelerators where electro-magnetic radiofrequency waves are used
to accelerate electrons produced thcrmionically to high speeds by a
waveguide structure. When the electron beam strikes a tungsten target, X-
rays are produced either by electron energy transitions within the atom or
through  the deceleration of high-kinetic  energy electrons

(bremstrahlung).”’
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Many particles are used in the Oncology field, e.g. protons, neutrons
and electrons .The latter is the most commonly used therapeutic charged
particles. They are produced in linear accelerators, and instead of striking
the target, the beam passes through a series of filters which broaden and
shape it. Other therapeutic modalities include neutrons and protons.
Neutron beams are generated by bombarding a beryllium target in a proton

beam cyclotron accelerator. ©

The goal of radiotherapy is to eradicate a tumour while causing the
least damage to healthy tissues.® Developments such as the introduction of
the computerised tomography scan (CT), magnetic resonance imaging
(MRI) in the radiation field led to accurately delineate the target volume ,
outline normal critical nearby organs and facilitated the application of
beams conforming to the projected shape of the planning target volume
(PTV) as observed from the beam direction under consideration. Following
the introduction of this tool the name “conformal radiotherapy” became
popular,™® to stress the importance of a high dose region just covering the
PTV, avoiding critical structures as much as possible. Conformal
radiotherapy has been defined as a procedure of high-precision irradiation
of a target volume where the 95% isodose of the dose distribution conforms
as closely as possible to the shape of the target volume in three
dimensions.”” Whereas initially conformal radiotherapy was concerned
with the optimal shape of the radiation fields around the PTV, nowadays
the focus is shifting to define also an optimal intensity distribution of
energy fluence within the fields. This intensity modulated radiotherapy

(IMRT) opens the possibility to escalate dose to parts of the target with
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equal or lower complication chances thus aiming at higher local tumour

control rate. (¥

The key-role in radiotherapy improvement is directly linked to
treatment planning. 'Y Where treatment planning can be defined as the
radiotherapy preparation process in which treatment strategies are defined
in terms of planning target volumes, dose distributions tailored to these
volumes and sets of treatment instructions to deliver the dose."” The aims
of treatment planning can be summarized as follows:

I- To localise the tumour volume in the patient and to define the target

volume for treatment.

b
[

To measure the outline of the patient and to place it within the target
volume and other anatomical structures, which may influence the dose
distribution or for which dose constraints may be necessary.

3- To determine the optimum, treatment configuration required to irradiate
the target volume to the specified dose within particular clinical
constraints (especially sensitive organs).

4- To calculate the resultant dose distribution in the patient.

5- To prepare an unambiguous set of treatment instructions for the

radiographers."'?

The basic arithmetical procedure in radiotherapy treatment planning
is the addition of two or more radiation field isodose curves to produce a
composite isodose distribution. This process is done either by manual
isodose addition depending on the treatment site, the availability of

machines and personal preference of the radiotherapist.'¥ Or by a



Shteodiuction 4.

computer treatment planning system using two-dimensional (2D) or three-
dimensional (3D) input data measured from the treatment machine which
enables fast and accurate predictions of absorbed dose distribution within
the body.""’Before the introduction of computer planning , all treatment
plans were produced by hand. This is a lengthy time consuming process
and may compromise accuracy, but more importantly hand planning limits
the opportunity for optimization of the dose distribution and limits the
degree of sophistication to which patients may be treated."? For almost a
century, radiotherapy could only be delivered using rectangular or square
shaped fields producing more side effects to normal tissues and limiting
dose escalation.""> With the use of three dimensional treatment planning in
conjunction with conformal treatment better tumour control could be
achieved with less normal tissue morbidity."® Urtasun showed in an
overview that new treatment techniques resulted in impressive increases in
radiation treatment outcome as in cases of prostate cancer, various head
and neck cancers, uterine cancer as well as Hodgkin lymphoma. In the
latter case, the 10-years survival inclined from 23% to 62 %, (® Dose
escalation in clinically localized prostate cancer has been reported to yield
significant improvements. Initial clinical response in terms of prostate-
specific antigen (PSA) levels was 90% for patients that received 75.6Gy or
more minimum dose to the PTV compared to 76% and 56% for patients
that received 70.2 Gy and 64.8Gy respectively. ' Also Soffen and
Hanks'"® have utilized conformal radiation therapy for the treatment of
localized prostate cancer and reported reduction in acute morbidity with

conformal therapy as compared with non-conformal techniques.

Hanks er al further noted an average 14% reduction in rectal and

bladder dose exposure with conformal therapy. '® As for unresectable



Shtrodbuction 5.

hepatobiliary carcinoma treated with conformal therapy, Robertson and
associates reported a median survival of 19.4 months as compared with

historical survival duration of 4 to 10 months with conventional therapy.!'”

Special techniques for conformal radiotherapy are the stereotactic
radiosurgery (SRS), stereotactic radiotherapy (SRT) and the IMRT. SRS is
a technique used to precisely deliver a single high dose fraction of external
beam radiation to a small lesion commonly used with brain tumours. The
delivery of multiple fractions using the stereotactic process is known as
stereotactic radiotherapy (SRT). The goal of SRS/SRT is to conform the
dose distribution to the target lesion while minimizing the dose to normal
surrounding brain parenchyma. In practice, this is accomplished by the use
of multiple non-coplanar arcs.?” On the other hand IMRT used beams of
varying intensities allowing the high dose region to be better conformed to
the shape of the PTV.?" IMRT has shown a promising approach in several

disease sites.

In prostate cancer, IMRT is used to minimize the volume of the
bladder and rectum irradiated allowing higher doses to be delivered to the
prostate.m’ IMRT has been used to decrease xerostonﬁia (dry mouth) in
head and neck cancer patients by minimizing the dose to the parotid

glands.*”

In the present study it is aimed to use 3D input data from CT images,
contouring for body outline, target volumes and critical structures in each

slice. Consequently, complex relationships between structures can appear
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within the treatment display. Most significantly the use of non-coplanar
beams can now be quickly assessed and integrated into the treatment plan.
Three dimensional treatment planning allows for dose volume histogram
(DVH) analysis. This is a more accurate and optimal way of comparing one
treatment plan to another. By DVH, comparison is available between the
tumour volume and the volume of normal tissue that are irradiated by
displaying the dose received according to the percent volume of tissue. Of
course, the 3D anatomic information is a prerequisite for 3D calculation of
any treatment plan. And because of increased efficiency and flexibility of
data transfer, computer networks have become the method of choice for
communicating digital data from the CT planning to the computer planning
to the computerised treatment machines. Increased automation decreases
errors and treatment planning whether 2D or 3D with DVH comparison all

provide the most optimum plan for achievement of conformality.



~ Aim of the Work



Obim of the Wock 7.

AIM OF THE WORK

» The use of high-tech. for measurement and calibration of the complex
therapy machine is crucial and should be done prior to the
commencement of patient treatment. This inherent complexity of
modern megavoltage equipment added more to the dosimetry protocols
for reliability and accuracy of radiotherapy.

e The presence of a connection between the treatment planning system,
diagnostic imaging machine and the linear accelerator as a therapeutic
unit through the local area network will give benefit to design a special
plan fitting each patient with the proper predetermined radiation dose.
The treatment plan not only provides a set of instructions for the
radiographer but also provides infcrmation regarding the distribution of
dose within the tumour and around it. This enables the oncologist to
assess the adequacy of the treatment arrangements.

e Stereotactic planning for special patients with selected sites and sizes of

tumours introduces new techniques which will give benefit in certain cases.



Review of Literature
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Dose Point of Definitions

To establish absorbed dose distribution in the patient is to determine the
variation of dose along the central axis of the beam. The dose at depth will
depend on many conditions encountered by the photon beam such as field
size, beam energy, depth in the patient, distance from the beam source and
external attenuators. The dose along the centre of the field has been defined by
various energy-dependent parameters, the most common of these being the
percentage depth dose (PDD) and tissue maximum ratios (TMR). PDD is
defined as the dose at depth in a tissue equivalent material (phantom)
expressed as a percentage of the dose at a reference depth d, (usually the

position of the peak absorbed dose, d,= dy,x) on the central axis of the beam.
PDD4,do,ad,s) = Dd/Dy.x 100

The previous parameters are defined in Fig. (1a) which indicate the
dependency of PDD on depth d, position of dose maximum d,, area of the
field Ay at depth d and source to isocentre distance (S). TMR is defined as the
dose at depth in a phantom expressed as a ratio of the dose at the same point in
relation to the radiation source but at the position of peak dose (d;=dma) on

the central axis of the beam:

TMR«d.Ad‘) = D¢/ Dg.
Figure (1b) illustrates the definition of TMR and its relationship to the

field parameters.
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Treatment planning systems use PDD and TMR values for dose
calculations and can be converted between each other by inverse square and

phantom scatter corrections.

Another quantity used by treatment planning systems is the scatter
maximum ratio (SMR) which is particularly useful for calculating scatter dose
from irregular field shapes in a medium. This is defined as the ratio of the
scattered dose at a given point in a phantom to the effective primary dose at

the same point at the position of peak dose (d).(**

Isodose Curves and Charts

An individual isodose curve is a line along which the absorbed dose is
constant. Charts are constructed from a family of isodose curves.?? They
provide means of mapping the variation in dose as a function of depth and
transverse distance from the central axis of the beam. As with PDDs, the
isodose distribution is affected by the beam quality (or energy), field size,

SSD, attenuators, source size and distance and system collimation geometry.

Typical isodose distributions are shown in Fig. (2) for low energy, high

energy and very high energy radiation.
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Fig. (2): [Isodose distributions of field sizes 5x7 left:200kV, middle:*’Co (1.25 MV),
right: 22MV X-rays. %>

Study of these three curves show, with 200kV, the dose falls
continuously reaching about 25% at 10cm depth. With Cobalt 60, the dose
rises rapidly to the maximum of 100% (build up region) at a depth of about
5mm and then falls slowly to reach 52% at 10cm. With 22MV photons
the build up region is up to 4cm is evident, after which the dose falls to 83% at
10cm depth. The exit dose is the dose delivered at the point where the beam
emerges from the patient. If an average patient 20cm thick, with 200kV the
exit dose is almost negligible, with Cobalt 60 some 20 to 25% and with 22MV

about 50%.1%
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Build up and Penumbra Regions

Regions of high-dose gradients in the radiation field require particular
attention from the treatment planner to meet the criteria of acceptability.
Tissues close to the edge of the field and near the skin surface are the areas of
greatest dose uncertainty and accurate measurements are required for the
spatial dose variation with an understanding of the limitations of the computer

planning algorithm which model these high-dose gradient regions.

Megavoltage X-ray beams exhibit a rapid increase in dose in the first
few millimeters of tissue, reaching a maximum value up to several centimeters
deep depending on the incident photon energy. For a 6MV X-ray beam, the
dose increases from 20% at the surface to 85% at Smm deep and peaking at
15mm depth, whereas for a 10MV beam, the peak dose is at 25Smm depth, the
dose then decreases beyond this point. The build up or ‘skin sparing’
phenomena can be explained by the increase in secondary electrons and
subsequent energy deposition, beneath the surface, which reaches an
equilibrium at a finite depth while the photon energy fluency is continuously
decreasing with depth. For treatment planning it is essential to determine
whether the build-up region encroaches on the target volume in which case

some external tissue equivalent material (bolus) may be required.

At the edge of the radiation field the dose falls rapidly with lateral

distance from the central axis; this shadow or penumbra region is caused
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primarily by the finite size of the radiation source and increases with the
distance from the source (geometrical penumbra). For a 6MV X-ray beam, the
distance between the 20% and 80% isodoses in the penumbra is typically 4mm
at dya and 6mm at 10cm deep. The radiation field size is defined as the lateral
distance between the 50% isodoses where the field defining light on the
treatment machine coincides with these points. However, in treatment
planning the selection of field size may not be determined from the
geometrical edge of the field but the position of the, for example, 90% isodose
with respect to the target boundary. A great deal of uncertainty exists about
the definition of field edges that are associated with dosimetric inaccuracies
and beam positioning errors; particular caution should be taken when planning

small fields where these uncertainties are most significant.!'¥

Wedge Filters

The isodose distribution may be shaped by inserting material that
reduces the radiation intensity progressively across the beam, the most widely
used form of this modifying device being the wedge filter.
A wedge-shaped metal block, usually made from lead, steal or brass, is
physically inserted into the beam either behind or in front of the collimators at
a fixed distance from the source. The wedge angle is defined either as the
angle that a tangent drawn through a specified isodose (usually the 50%)
subtends to the central axis or the angle through which an isodose is titled at
the central axis of the beam at a specified depth (usually 10cm).?®

In treatment planning the wedge filter is used for two purposes:
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¢ Deliberately to alter the dose gradient in the patient to enable a uniform
distribution of dose to be produced when beams are arranged at angles
to each other. This angle is known as the hinge angle. The required
wedge angle can be calculated approximately by the formula:

Wedge angle = 90°-(hinge angle/2)

o To compensate for surface obliquity off axis by increasing the dose (thin

end of the wedge) at the region of tissue excess and reducing the dose

(thick end of the wedge) at the region of tissue deficiency, relative to the

central axis.

The radiation beam will result in:

e The dose output is decreased due to attenuation by the wedge and is
characterized by the wedge factor (WF) or wedge output factor (WOF).
WF is the ratio of dose for a given field size with and without the wedge at
a specified depth on the central axis of the beam. WOF is the ratio of dose
of an open 10x10cm field to the dose of a wedge field of specified size at
the depth of peak dose on the central axis of the beam measured at depth
(typically S5cm).'¥

e In some treatments two wedges may be combined. An example is when the
wedge is used to compensate for surface obliquity in dimensions.

Treatment is carried out alternately with a steeper wedge pointing laterally.

For half the total number of fractions and in the patient’s longitudinal
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dimensions for the other half. A particular example of the combination of
differently wedged fields through a single portal is the use of a motorized
wedge. In this system the treatment unit has a single wedge, typically 60°
which is combined with an open field to produce any wedge angle up to

60°.%

Dynamic Wedge

A dynamic wedge differs from a physical wedge in that no external
beam modifier is used to create the wedge dose distribution. The wedge effect
is produced by the motion of one of the asymmetric diaphragms from the open

{o the closed position while the beam is on.?"?®

The relations between collimator position and beam machine units
delivered is defined by a segmented treatment table (STT), and this is
accurately followed under computer control to create a wedged field of
desired wedge angle. All dynamic wedge treatments give some fraction of the
total dose before the diaphragm starts to move, the smaller the wedge angle
required the larger is this fraction. The fraction also varies with field size and
beam energy. During the dynamic part of the treatment, the number of
machine units delivered varies with diaphragm position, and depends on the
wedge angle and beam energy. This is achieved by varying the dose rate or the

diaphragm drive speed under computer ¢ untrol.
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Fig. (3): Graphical presentation of a segmental treatment table for a 20cm wide
symmetric 60° dynamic wedge giving 100 machine units for 6MV Varian

600C linear accelerator.

Beam profiles orthogonal to the wedge direction are not subjected to the
beam hardening effect resulting from the use of manual wedges and this
means that profiles for unwedged fields can be used for off-axis dose

. 29
calculations.”

Wedge factors for dynamic wedges decrease both with increasing the
wedge angle and field width.®” The majority of modern linear accelerators are

equipped with a dynamic wedge facility.®

Physical Properties of Electron Therapy

Electron beams of 4 — 20 MeV deliver high doses (greater than about
90% depth dose) to depths from 1 to 6cm. Common applications include skin

and lip cancers, chest wall and peripheral lymphatic areas in breast cancer,
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additional boost doses to limited volumes, such as scar areas and nodes,
certain head and neck cancers. The most widely used beams are generally
those of medium energy. Most electron treatments are given as normally
incident single fields at fixed SSD.  Fig. (4) shows isodoses
(90-10%) for a 10x10cm’ field for two electron beams, of 7.5 and 17MeV,
illustrating the characteristic flat closely-spaced isodose lines in the central

region of the field.®"

(@)

(b)
8 6 4 2
ﬁ&'

Fig. (4):  Typical electron isodose distributions in water for (a) 7.5MeV and
(b) 17MeV beam.®"
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Air gap effect on distribution

Irregularity of curvature of the skin surface often creates an air gap
between the treatment cone and the skin surface. The distribution at beam
boundary becomes less and less sharp with increasing distance. Under normal
circumstances, the applicator wall contributes to the scattered electrons to the
edges of the beam. The distribution of scatter is altered if any air gap exists,
resulting in inferior cross-beam flatness. This effect should be borne in mind if
large treatment fields are obtained by employing an extended treatment
distance. Any increased source-skin distance causes a decrease of the
absorbed dose delivered to the treated area. Also extra air space between skin
and abplicator influences the absorbed dose build up curve. An increased air
gap gives rise to a higher relative skin dose and thus a shallower build up. This
can be explained by the fact that those electrons which are scattered off the
collimating system enter the skin with greater obliquity than in the case when

the applicator is close to the skin at a conventional treatment distance.

In general, the relative depth dose increases with increasing distance

from the effective electron source.?*
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Manual Treatment Planning

Since long time, a set of isodose charts for open and wedged fields were
required for each field size to allow the manual transcription of this data to the

patient contour (usually a transverse outline of the body).("¥

It is important to understand the computational techniques in which
combinations of isodose curves drawn in different coloured inks on
transparent paper as shown in Fig. (5a & b) are added together using

a light box.

Before a plan is commenced a patient contour and target volume are
required. After labelling the anterior, posterior, right, left, superior or inferior
depending on the treatment site, availability of machines and personal
preference of the radiotherapist, a two-, three- or four field plan will be
selected for an initial planning attempt. No more than two sets of isodose
curves are added together at any one time. It is important to decide which two

fields to add together first.'?
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Fig. 5 (a,b): A case of cancer cervix treated by cobalt-60 using 6 fields [4oblique with
an anterior and posterior fields vith 50% weighting] was manually done in
1969 in Alexandria Faculty of Medicine. Dose distribution is shown
through the cross section to the patient. Fig. (5a) is the summation of the
radiation fields from the isodose curves and Fig.(5b) is the final result.
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Single Fields

Single-field treatment is a term applied to those situations in which the
irradiated volume does not overlap any other volume treated concurrently. In
photon therapy, treatments with a single field are generally used only for
palliative purposes, a typical example being the irradiation of the spine to

relieve pain in patients who have spinal metastases.

Shielding Blocks

A shielding block is used to protect a sensitive structure in part of the
field, some modification is required. The equivalent square-field size is
changed resulting in an alteration to both output and depth dose. The method
of calculation is to substrate the projected area of the block at the treatment
distance from the square of the equivalent field size and to take the square root
of this difference. The output has to be corrected by a tray factor which may

vary sufficiently with field size.?

Methods of Correction

A. Source Surface Distance (SSD) Correction

SSD correction to the depth dose values is required if the actual SSD
deviates from the SSD of the input data or isodose chart. Most isodose data
are measured at an SSD = 100cm, for all types of linacs, 80cm for Co*® and

non-standard SSDs are used for isocentric treatments and extended SSD. (¥

Most common non-standard treatments when the field size needed is
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larger than can be obtained at the standard SSD and so an extended SSD is
required. This is unusual for single-field irradiation. Alternatively, shortened
SSDs may be used in order to increase the dose rate and therefore to decrease
treatment time. Altering SSD causes a change in output factor and to a lesser
extent, in the depth dose. The variation in output factor with SSD can be
assumed to depend on the inverse square law (ISL), provided that the
deviation from the standard SSD is not large (less than about 10cm). The

correction to be applied to the output factor is:
(]
f.+d,,,

Where f is the treatment distance, f, is the nominal SSD (100 cm for
linacs and 80 cm for Co®) and d,, is the depth of dose maximum. The ISL is
a multiplicative factor for high energy X-ray. In changing from an SSD of
100cm to one of 90cm, this correction affects the depth dose at a depth of 5cm

by just under 1%.""?

B. Correction Methods for Patient Shape
The given isodose curves for each field size and SSD can be corrected
according to the patient’s topography and homogeneity to be used for

treatment planning.''?

B. 1. Effective SSD/ Isodose Shift

This is achieved either by sliding the isodose chart forward (for missing
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tissue) or backwards (for more tissue) compared with its central axis position
on the skin surface. Referring to the Figure (6) where the patient’s surface is

represented by S.

xp' X p"

Fig. (6):  Calculation of the effect of surface obliquity for a beam at SSD = F incident
on the surface S.('?

If the surface had been at S°, then the primary component of the dose to
p’ would be unaltered. There will be small changes to the scattered dose to p°,
but thié is ignored as is the change in pefcent depth dose with change in SSD
from F to F+h’. The dose to p* can be found by sliding the isodose chart away
from the source by a distance h and reading off the new value. This accounts
for the change in attenuation to p* but introduces an inverse square law ISL
error because the distance of p* from the source has not changed. This must be

removed and is done by multiplying the depth dose by:
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(F+d_, )’
(F+h+d_ )
Where dpex is the depth of maximum absorbed dose. In a similar manner, the
dose to p" can be found by sliding the isodose chart towards the source by a
distance h", reading off the depth dose at p" and multiplying by:

(F+dp)’
(F-h"+d_,)?

In this method, sliding the fsodose chart by the full amount h of the
excess or lack of tissue overestimates the correction required, and the use of
the ISL factor reduces this overestimate to give an approximately correct
result. If the isodose chart was moved a distance less than h, then the correct
result would be obtained without having to multiply by the ISL factor. The
fraction of h through which the isodose chart has to be shifted varies with

energy as shown in table (I):

Table (I): Isodose shift as a function of radiation energy"®

Radiation energy .Fraction for isodose shift
Upto 1 MV 0.8 cm
1-5 MV 0.7 cm
5-15 MV 0.6 cm
15-30MV 0.5cm
Over 30MV 0.4 cm

For manual planning, the isodose shift is the most commonly used

method for correcting for patient shape as it can be implemented by the use of
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isodose charts only and requires no arithmetic calculation.

B.2. Effective Attenuation Coefficient

In this method, a correction factor is determined for the excess or lack

of tissue h* along a fan-line to a calculation point such as p’ in Fig. (6).

The depth dose at p' is determined as for normal incidence and is
multiplied by the correction factor evaluated from exp (-ph), where p is the
effective linear attenuation of tissue. Vaiues of p are obtained from depth-dose
curves by removing the effect of the ISL or from tables of TARs and will vary
with beam area. For ease of use, correction factors are generally supplied in

graphical form as in Fig. (7) for a 4AMV X-ray beam.

5x5
"aT Correction
tactor

20x20 2l

114+

8 5 4 3 1 2 3 4 s ]
A ! i i i

L 1 1 i 1 J
Lack of lissue (cm| 1.0 Excess of tissue (cm)

N
-

20x20
0.8+

6x5
0.74

Fig. (7): Shows the correction factors for missing or excess tissue for 4MV X-rays
i . . . (12)
using the effective attenuation coefficient.

B.3. Tissue-Air Ratio Method

It takes into account the beam size and the depth of the point. With
reference to Fig. (6), a correction factor Cg for point p’ can be obtained from
the relation of TAR for the depths d-h’, d corresponding to the tissue lack and

to normal incidence respectively.
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TAR@ -w',n

CF =
TAR, 1)

Where r is the effective beam radius for the dimensions of the field.!'?

C. Correction Methods for Patient Composition

Application of standard isodose charts and depth dose tables assume
homogenous unit density medium as it is measured in a homogenous phantom.
In a patient however, the beam may traverse layers of fat, bone, muscle, lung
and air. The presence of these inhomogeneities will produce changes in the
dose distribution depending on the amount and type of material present and on
the quality of radiation. The effects of tissue inhomogeneities may be
classified into two general categories: (a) changes in the absorption of the
primary beam and the associated pattern of scattered photons; and (b) changes
in the secondary electron fluence which affects the tissues within the

inhomogeneity and at the boundaries.”

C.1. The Use of Correction Factors '

The simplest method of correcting for the presence of lung tissue is to
apply correction factors such as those given in table (II). The depth dose is
increased by the percentage shown for every centimeter of lung traversed

according to the energy of the radiation used.
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Table (II):Corrections of depth dose necessary after transmission
through lung tissue.!"?

% of increase in dose per
Energy cm of lung tissue
traversed
%Co 3.0
4MV 25
10MV 2.0
20MV 1.5

C.2. Effective-Depth Method

All manual methods require the determination of the unit density
equivalent thickness of material between the entrance surface and the point of
calculation, usually known as the effective depth. This is the thickness of unit
density material that would attenuate the beam by the same amount as the
body composition along a fan-line to the point. The depth dose to point P Fig.
(8) at a depth d = 15cm beneath the surface is required. This distance is made
up of 2cm of unit density material followed by 8cm of lung of assumed
density 0.3, a further Scm of unit density material. The effective depth dey of
unit density material is 2+(8x0.3)+5 = 9.4cm. The depth dose to P can then be
evaluated by interpolating from the  appropriate chart at
a depth of 9.4cm instead of 15cm. However, the distance of P from the
radiation source has not changed and although corrects for attenuation it

introduces an ISL error that has to be removed. The depth dose to P must
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therefore be corrected by multiplying by an ISL factor:

(F+d q)?
(F+d)?

Where F is the SSD, d = true depth and d .« = effective depth.

l

lung
scm p=03

tissue
(X RE:]

Px

Fig. (8): Lung cglz'gection for a point P in unit density tissue behind lung with density
0.3.

C.3. The Effective-Attenuation Method
Correction factors are determined from exp[-p(d-dey) where d is true
depth and d.rris the effective or water equivalent depth, d-dey is the lack of

tissue-equivalent material.

C.4. Tissue-Air Ratio Method

This method applies a correction Cr by using the ratio of two TARs:

_ TAR(d,q,)
F™ "TAR(®d,r)
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Where d is the true depth, d.q is the water equivalent depth, and r is the
effective beam radius for the beam used. This method takes account of the
beam size and depth and doesn’t take into account the position of the
calculation point with respect to the inhomogeneity or the lateral extent of the
inhomogeneity. However, it is accepted as the most accurate of the manual

methods. \'?

Adjacent Treatment Fields

Adjacent treatment fields are commonly employed in external beam
radiotherapy, such as mantle and inverted Y technique. In some cases, the
adjacent fields are orthogonal such as craniospinal fields. Another example is
the irradiation of head and neck tumours when the lateral neck fields are
placed adjacent to the anterior supraclavicular field. In each of these
situations, there is a possibility of intreducing very large dosage errors across
the junction. Consequently, this region is at risk for tumour recurrence if it is

underdosed or severe complications if it is overdosed.”

A single field may be treated that is adjacent to a volume that has either
been irradiated previously or that is to be treated concurrently. A common
example of the latter situation is in the treatment of breast cancer. For this
treatment the supraclavicular region may be irradiated using a single anterior

field and this is matched to two field irradiation of the breast.('?

For the general situation when two areas of single field treatment are

adjacent to each other, account must be taken of beam divergence. If the two
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field edges are matched at the skin, the dose at any depth below the skin will
be significantly increased in the region of overlap in comparison with the dose
elsewhere at the same depth. If the beam edges at the surface are separated by
a distance that is sufficient to cause an exact match at the depth of dose
specification, there will then be underdosing at more superficial depths. Better
matching can be achieved if the two adjacent beams can be angled as shown in
Fig. (9), so that their edges are parallel. This minimizes the discontinuing in
dose and produces optimum matching at all depths. It is assumed that the

beam edge corresponds to 50% dose level.

When beams are matched in this way, effective divergence on the
opposite side of the beams is doubled. This may need to be considered if
irradiation of sensitive structures is to be avoided. Also it becomes more
difficult to add a third field. Beam matching inevitably causes some
discontinuity in dose, even if the set-up is perfect. If a single field has to be
matched to a volume that has been irradiated by two or more fields, then a
smaller angular change in the central axis needs to be made. Improved field
matching may be achieved using asymmetric jaws if that option is available on

the linear accelerator’s collimator system. '?
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4- The line of field matching must be drawn at each treatment session on the
basis of the first treated. It is not necessary to anatomically reproduce this
line every day since variation in its location will only “smear” the junction
point which is desirable.

5- A field matching technique must be verified by actual isodose

distributions before it is adopted for general clinical use.”

Opposed Coaxial Fields

The simplest combination of two fields is a pair of fields directed along
the same axis from opposite sides of the treatment volume. The advantages of
the parallel opposed fields are the simplicity and reproducibility of set up,
homogeneous dose to the tumour and less chances of geometrical miss
(compared to angled beams), provided the field size is large enough to provide
adequate lateral coverage of the tumour volume. A disadvantage is the
excessive dose to normal tissues and critical organs above and below the
tumour. A composite isodose distribution for a pair of parallel opposed fields
may be obtained by adding the depth dose contribution of each field. The
manual procedure consists of joining the points of intersection of isodose
curves for the individual fields which sum to the same total dose value. The
resultant distribution shows the combined isodose distribution normalized to

the individual beam weights.
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Fig. (10): Opposed coaxial field irradiation for 6MV X-rays with separation of the entry
points equal to 18cm and for 12x12cm? field size.'?

Figure (10) shows a typical isodose distribution that results from opposed
coaxial fields. Certain features should be noted. It can be seen that the dose
difference between the subcutaneous region at the depth of dose maximum
and the midpoint of an 18cm thick section treated by a 6MV X-ray beam is
about 4%. The difference depends on the beam quality and the separation
between the skin entry points. For higher energies and or smaller separations
the central dose may be greater than the subcutaneous dose. It may also be
seen that the isodose curves show that the dose profile at the mid-line is less
uniform than at the surface due to the effects of scatter. In addition, the
penumbn;a width increases with depth. Presentation of full isodose data for
parallel-pair treatment is not the usual practice. In general, these treatments
are prescribed in terms of the dose to the midpoint of the target volume. In
addition, the dose at the depth of dose maximum below the skin is usually

calculated. When calculating this dose it is necessary to look up the depth dose
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on the exit side of the beam at a depth that is equal to the total separation

minus the depth of build-up.?

Multiple Fields

Single-field and coaxially opposed field irradiations are mainly used for
palliative treatments for which the dose to the target volume is relatively low.
Curative treatments generally require a higher dose and these simple treatment
techniques are unsatisfactory because the dose to the tissues overlying the target
volume would be excessive and could cause unacceptable early and late radiation
effects. In these circumstances three or more fields are used, although there are
some high-dose treatments, particularly within the head and neck region which
may only require two fields because the depth of the target volume is relatively
small. For multiple-field and for non-opposed two-field treatments, the dose
distribution in the target volume and in the surrounding tissue is less predictable

than for the single or opposing field treatment methods.('?

One of the most important objectives of treatment planning is to deliver
maximum dose to the tumour and minimum dose to the surrounding tissues. In
addition, dose uniformity within the tumour volume and sparing of critical
organs are important considerations in judging a plan. Strategies useful in
achieving these goals are; (a) using fields of appropriate size; (b) increasing
the numbers of fields or portals; (c) selecting appropriate beam directions; (d)
adjusting beam weights; (e) using appropriate beam energy and (f) using beam

modifiers such as wedge filters and compensators.®
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Field Arrangement

The field arrangement, i.e. the number and orientation of the fields,
determines the basis of treatment technique. The technique is specified not only on
the basis of the physical dose distribution, but also on clinical constraints.
Generally, the most even dose distribution is achieved if the beam directions are
chosen to be spaced uniformly around the patient. However, this is not necessary

for the achievement of uniform target dose if wedges are used.

Field Dimensions

The planning target volume includes not only the tumour and its
subclinical spread but also the margins that have been added to allow for
uncertainties in localization movement and treatment set up. To achieve this ,

the field dimension must be greater than the target volume (Fig. 11).

Figure (11): Four-field treatment technique showing the geometric edges of the
beams."'?

The extra margin depends on the distance in the penumbra of each field,

between the points corresponding to 50% and 90% of the central axis dose at
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the depth of the center of the target (typically 5-10mm for deep-seated

tumours) and on the geometry of the field arrangement.('?

Beam Weighting

The weight of a treatment beam js the relative contribution of that beam
to the treatment plan. For treatments at fixed SSDs, the weight represents a
multiplying factor for the dose at the depth of dose maximum, usually
expressed as percentage. For isocentric treatments, the definition of the field
weight varies for different centers. The weight is defined as either the relative
contribution to the dose at the isocenter or the relative contribution at the

depth of dose maximum.

In certain clinical situations, coaxial beams may be treated with unequal
weights. This arrangement may be preferred when the target volume is not
central in the patient’s cross section or when one of the fields is directed

through a particularly radiosensitive structure as the spinal cord .(?

A weight of unity is equivalent to an applied radiation field dose of
100%.."? Methods of beam weighting and normalization vary between
radiotherapy centers. Two of the most common are:

* The beam weight for a fixed SSD treatment is a multiplying factor

applied to the peak dose on the central axis of the beam, i.e. wt = 1.00,

dose at dpay = 100%, wt = 1.2, dose at d,,, = 120%.

* The beam weight for an isocentric treatment is the relative contribution

to the dose at the isocenter, dose at dis, = 100%.
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However, method 1 may also be used for isocentric treatments where a

pair of equally weighted parallel fields are each normalised (100%) to dpay.'¥

Fig. (12): A three-field technique in which the doses to points A, B, C, D and O are to
be balanced by adjusting beam weights.(m

Table (I1I): Depth-dose data for the field arrangement in Fig. (12)."?

Point I II III
A 70 48 44
B 58 62 40
C 52 56 50
D 58 42 56
0 60 . 52 48

The dose to five points within the target volume is to be balanced by
altering the relative weights of the three fields. The procedure is as follows:
1- Make sure that the dose to B and C from field I are (approximately)
equal. If not use a wedge on this field to make them equal.

2- Determine the weights w, and w; for fields II and III such that the
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doses to B and D from these fields are equal:
Dose to B = 62w, + 40w,
Dose to D = 42w, + 56w,
Therefore 20w, = 16W,
And if w; = 1.00, w; = 1.25 ,
3-  Determine the weight for field I so that the total dose to points A and
C are equal:
Dose to A = 70w, + 48w, + 44w,
Dose to C = 52w, + 56w; + 50w,
Therefore 18w, = 8w, + 6w;
w; =0.86

4-  Use these weights to calculate the doses to each point:

Dose to A = 163
Dose to B = 162
Dose to C = 163
Dose to D =162
Dose to O = 164.11?

Limitations of Two-dimensional Treatment-Planning

The conventional two-dimensional 2D treatment planning programs
showed limitations, these include: a lack of involvement in defining the
clinical problem, deficiencies in the algorithms for computing dose, failure to
compute the dose thfoughout the volume of interest; inability to handle
treatments with non-coplanar rival plans, inadequate definition of geometric
coverage of anatomic structures by external beams and failure to provide tools

for specifying and verifying accuracy of treatment delivery. 42
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Computer Treatment Planning

The era of modern treatment planning evolved as a result of the
development of computers for general use The use of a sophisticated
computer-controlled delivery system for routine patient treatments with
complex plans has led to decrease in treatment delivery errors with little
increase in treatment time.®” The first computerised treatment planning
systems used punched cards for input and line-printers for output calculations
were made in batch mode. We should remember, however that when
computerised treatment planning started there were only X-radiographs and
conventional tomographs available to provide input image data for
determining the target volume and sometimes even cruder methods of patient
outline and target delineation were used. Today planning systems can plan 3D
treatments, beams may be non-coplanar, targets may be determined from
multimodality (CT, MRI) and the results may be displayed in a huge variety of

ways.®?

All planning systems require a digitizer for contour input and a printer
and a plotter. One of the main advantages of using the workstation approach is
that it can be linked with a local network, allowing data collection and transfer
from other areas of the department. It is straight forward to add another
workstation as a second planning station, while sharing the peripherals already

available on the network, including the storage media.



Seview of Litevatue 40.

Beam Data Input and Storage

The advent of beam data acquisition system allowed data to be fed
directly into the planning computer. The mass storage method is a fast
computational but the drawback is that substantial amount of work is required
to measure and ensure the integrity of data. This method requires the radiation
dose distribution for a large number of radiation beams to be samples at many

points.

The mathematical approximation method entails dose computation from
the product of a central axis and an off-axis ratio. This method is difficult and

time-consuming to obtain the required accuracy.

A last method of beam data input and storage is by separation into
primary and scattered components of dose. Differential SARs can be used to
determine the scatter contribution of dose to point by interpolation from a
table of differential SARs. Allowance can be made for the fast that the scatter
originating from any point is proportional to the primary, and therefore, the
method can deal with wedged fields. This approach requires the storage of a
small amount of physical data for any machine, namely in-air beam profiles,

zero-area TARs, and differential SARs.!?

Patient Data Input and Storage

The method employed is determined by the equipment available and the

requirement for two-dimensional (2D) or three dimensional (3D) data. Patient
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contours taken using mechanical devices are the simplest and commonest to
obtain a 2D contour taken through the mid plane of the target volume. These
devices range from a flexicurve to the optical and ultrasound techniques. The
successful method employs laser lines projected onto the patient and multiple

contours can be constructed by computer manipulation.'¥

The most accurate method of obtaining patient data is the use of CT
scanning or simulator CT. This provides both the external outline and internal

structures.

Outlining and Target Drawing

After transferring the CT slices to the treatment planning system, the
patient’s external contour, the target (s) to be irradiated, and any internal
organs of interest are outlined. Outlining of the external body contour work by
searching for boundaries in the matrix of CT numbers. It is important to check
for CT couch or positioning aids, external fiducial markers, gap between the
patients skin surface and an immobilization device and tracking of internal
surfaces as in the vicinity of oral and nasal cavities. Internal organs are
outlines for two main reasons. First they can be visualised in three
dimensional views, beam’s eye views or reconstructed planes. Second it
enables the computation of the dose within the organ. Outlining is generally

only performed for organs that are considered to be dose limiting.®”
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Fig. (13): ICRU 50 Definitions of target volumes.

(E)

Targets according to the ICRU Report 50 are represented in Fig. (13).
Malignant tumour that is visible to the eye, by palpation or by imaging
techniques is known as the gross tumour volume (GTV).
The density of malignant tumour cells is greatest in the GTV. Surrounding the
GTV is a zone in which the tumour cells infiltrate, and across which tumour
cell density decreases. The clinical target volume CTV includes the GTV plus
a margin to include this microscopic spread of tumour. Other sites of
suspected subclinical spread of disease such as regional lymph nodes, are also
part of the CTV. The planning target volume (PTV) includes the CTV with a
margin to allow for internal organ movement and treatment set-up errors. The
latter may be due to machine tolerance or patient positioning reproducibility.
The treated volume is that which receives a dose equal to or greater than the

minimum prescribed therapeutic dose and is greater than the PTV because of
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MRI has shown superior imaging quality, however the following
difficulties are associated with using MRI for radiotherapy dose calculations:
1- No tissue density information is available;
2- The images often display spatial distortion, particularly around the
periphery and at interfaces;
3- Bone is not imaged leading to difficulties in identifying landmarks

and verifying the accuracy of set-up.

For planning purposes, it is recommended that the target is ‘mapped’
from an MRI image set to a CT image set and the latter used for dose
calculation. Alternatively, it is possible to fuse surfaces, such as the skull
outline. Some systems require that for both CT and MRI the patient in the
same position and the slice positioning and spacing are matched. Other
mapping tools permit three-dimensional scaling and rotation images. This
could be particularly useful for brain tumours as internal organs stay in the
same relative position when the head is moved but problems could arise in the

pelvis if the degree of bladder or rectal filling differed between scans.®

Dose Calculation Algorithms

Conversion of CT Numbers to Electron Density
After CT scanning, images are transferred to the treatment planning

computer, but before their use the CT numbers must be converted into

electron densities and this requires a calibration curve for the scanner.



could be particularly useful for brain tumours as internal organs stay in the
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Dose Calculation Algorithms

Conversion of CT Numbers to Electron Density
After CT scanning, images are transferred to the treatment planning
computer, but before their use the CT numbers must be converted into

electron densities and this requires a calibration curve for the scanner.

A typical calibration curve Fig. (14) which shows the relationship

between CT numbers and electron density.
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Fig. (14): Typical calibration curve for a CT scanner relating CT number to electron

density %
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A linear relationship holds up to relative electron densities slightly
greater than 1.0, which covers air, lung and soft tissue, all with similar atomic
numbers. A different relationship is found at higher relative electron densities
and this represents structures that are bone-related with a higher atomic
number. It is normal to set a CT number of 1000 for air (zero density) and a

CT number of zero for water (unit density).?”

Types of Calculation Algorithms

The first type of algorithm is one dimensional and correct only for the
effective depth of a point considering the changes in the primary component
of dose and can be used manually. The second type of algorithm takes account
of the position of the calculation point with respect to the heterogeneity but
considers it to be of uniform thickness. This is known as tissue-air ratio
power-law method. It is a two-dimensional method and only requires
knowledge of the tissue electron densities between the radiation source and
the calculation point. The method should be used with caution if the distance
of the calculation point from heterogeneity is less that the build-up distance

dmax for the energy of the radiation used.

The third type takes into account the three dimensional shape of
heterogeneity. The idea is that a beam irradiating a medium of uniform but
non-unit density will produce the same dose to a point as a beam irradiating a
unit density medium, with the depth and field size scaled in proportion to the

density.
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The fourth algorithm is the convolution methods where the energy

deposited in a homogeneous medium is obtained by convolving the primary

fluence at a point with a tota) energy deposition kernel. Pencil beam kernels

have been produced by one of two methods:

I-

1i-

By deconvolving experimentally measured beam profile in a
homogenous medium (measured for a large field size) with the primary
distribution; or

By using Monte Carlo simulations. It predicts the dose distribution
from a beam of radiation passing through a patient by simulating the
behaviour of a large number of photons that make up the beam.
Random numbers are used to determine for example, the interaction
processes that occur, the distance that a photon will travel along a
particular path, and the way in which the photon is finally absorbed.
The main problem is that a very large number of random samples is
required to achieve an acceptable accuracy for the resultant dose
distribution. With current computer hardware the computation times
are too long for routine treatment planning. The method is used for
bench-marking in testing the performance of other dose-calculation
algorithms. Several groups are currently involved in using multi-
processor parallel computing in an attempt to reduce computational

times to a level that could make routine planning a possibility.?”
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Conformal Therapy

A significant proportion of treatments fail to control the primary
disease. It is logical to conclude that if the target dose could be increased, then
cure rates could be improved. The tolerance of normal tissues limits the dose
that can safely be delivered, and is dependent upon the volume of tissue that is
irradiated. Thus by minimizing the treated volume, the dose delivered to the
PTV could be increased, offering the possibility of improved cure rates with
no increase in complication rates.®%*” For these reasons, there is much interest
in implementation of what has become known as conformal radiotherapy,
where beam portals are individually shaped to the PTV. There is probably no
simple uniformly accepted definition of conformal radiotherapy; in fact
radiotherapy has always been conformal in making use of whatever
technology was available.”” Most importantly, radiophysicists and doctors
understood the need to “concentrate” the radiation in the tumour whilst
sparing normal structures. Many imagine conformal radiotherapy (CFRT) to
be a new concept. Today’s achievability of CFRT is through synergistic
advances in mathematics, therapy planning techniques, radiation technology,
computing and 3D imaging that gives it its somewhat unwarranted modern

flavour.!'”

Conformal radiotherapy requires the delivery of radiation beams that



Seview of Liteeatuee 48.

are tailored to the planning target volume.®® The first essential element is the
outlining of the patient, the target, and any organs of interest as three
dimensional structures in the correct geometrical relationship to each other. In
practice, this is usually achieved using a CT study. The second element is the
positioning of the radiation beams in 3D space to match optimally the beams
to the target shape, to minimize the treated volume and to keep doses to
critical organs within acceptable limits. This involves the use of blocked
beams and non-coplanar beams, where necessary. The third element is to
prescribe a higher target dose whenever possible. There is evidence that
escalation of dose can be implemented without excessive morbidity.
Successful implementation of conformal radiotherapy relies on the
determination of optimal treatment margins. The extent of microscopic
infiltration is more a matter of clinical judgement than of scientific
measurement. Set up errors can be more readily measured and minimized by
proper quality assurance of treatment machines and the use of patient
immobilization. Even if each of these parameters is known with reasonable
precision, it is still not clear how they should be combined when drawing the
PTV. If margins are set too small, then the outcome might be tumour
underdosage and a failure to control the disease. The investigation of
treatment margins is of key importance to the success of conformal
radiotherapy and will be an important area of research for some time to

COIIIC.G‘))
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Three Dimensional Planning (3D) |

Three-dimensional treatment planning must allow the calculation of the
dose distribution in three-dimensions, and allow the freatment beams to enter
the patient from any direction. This implies that the calculation and set-up of
non-coplanar treatment beams is possible and therefore the planning software
must deal with treatment couch and diaphragm rotation. Non-coplanar
treatment is especially useful in treating lesions in the head and neck regions.
Although the following tools were not specifically developed for non-coplanar
planning, it is safe to say that full three-dimensional planning is not practical

without their availability.

Beam’s Eye View (BEV)

Beam’s eye view is probably the most useful tool that has been
developed for three-dimensional planning. In this approach, the observer is
placed at the radiation source, and the projection of the contour of any
structure that has been outlined on a CT image set, is displayed on a plane
normal to the central axis of the beam passing through the isocenter.
It provides considerable assistance during the treatment-planning process for
the selection of gantry angle, table angle and field size, specifically when
trying to avoid vital structures. The definition of field size can include the
position of asymmetric diaphragms, and the drawing of any beam blocks

required by the use of interactive computer graphics. It is essential in
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determining the field shape. Algorithms are available that will automatically
give a specified margin around whatever target volume has been specified, but
it should be remembered that the size of the margin required may vary with
direction. The field shape obtained can be used to manufacture customised
blocks or can be used to determine automatically the required position of the
leaves of a multi-leaf collimator. Some computer planning systems allow the
beam’s eye view to be displayed superimposed on a digitally reconstructed

radiograph.®”

Asymmetric Collimators

Asymmetric collimators are also known as independent collimators.
The main difference when compared to the symmetric system is that each of
the four collimators can be moved independently of the other three. Each can
generally be moved across the central axis of the beam, but the amount they
can move is often determined by mechanical constraints of the system.“” In
practice, the movement of any one collimator blade is usually restricted to 10
cm beyond the central axis of the accelerator. Some of the advantages are as
follows:

1- Field matching: By moving one collimator blade to the central axis
of the beam, that is used as a “half beam block”, beam divergence at
one edge of the field is eliminated. Matching to a similar field without
beam overlap is greatly simplified, as there is no need to match the

diverging edges of fields by gantry rotation.
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2- Reduction in treatment volume: In treatment of Hodgkin’s disease it
may be desirable to cone down the treatment volume after a certain
dose in order to limit the dose to the supraclavicular region. In other
treatments it is often necessary to ensure that the spinal cord is out of
the treatment volume, again after a certain dose has been given. These
changes in treatment volume can be achieved simply by changing the
position of one or more of the collimator blades without having to
change the treatment set up.

3- Non-coplanar techniques: They are particularly useful in enabling
non-coplanar techniques to be set up with a common isocenter as in

treatment of nasopharyngeal center.*

Customized BlocRing

Optimal shaping of beams can be achieved by manufacturing
customized blocks made of low melting-point alloy. A mould is prepared by
milling the desired shape out of a Styrofoam sheet of suitable thickness.
Molten alloy is poured into the mould, a':d the Styrofoam sheet is mounted on
a slide that can be located in the shadow tray on the head of the treatment
machine. The shape of the block can be defined on a simulator radiograph or
by using a beam’s eye view facility on the treatment planning computer. The
cutting of the Styrofoam can be accomplished by exporting data from the
planning computer to an automated block milling machine. Alternatively, a

“hot-wire cutter”, a device with a pointer linked by a wire to a focal point can
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be used. Placing the radiograph, or a plot of the BEV, at the correct distance
from the focus reproduces the geometric setting of the beam. The Styrofoam is
placed at the distance corresponding to the shadow tray on the treatment
machine. Thus the edge of the block is matched to the divergence of the
radiation beam, thereby minimizing penumbral edges. The block may simply
shield at one or more edges of the beam, or may define the entire field shape
as a portal within the block. The thickness of the block depends on the degree
of dose, reduction required on the shadow tray and the physical weight of the

,
block.?”

Multi-Leaf Collimator (MLC)

Conformal therapy using a multileaf collimator was developed to match
more closely the shape and size of the individual treatment volume and
produce a carefully shaped three-dimensional high dose volume.
This has helped to reduce the use of heavy and labour intensive straight edge
lead or divergent custom-made blocks that have traditionally been used to
produce nonstandard field shapes. “” The MLC consists of opposing pairs of
tungsten leaves, usually about 60 mm thick, which can be driven
independently across one axis to the beam. The width of the leaf is usually 10
mm at the isocenter plane, although micro MLCs are now available, for which
the leaf width is 3-5 mm. The maximum length of field for which the MLC
can be used will obviously depend on the number of pairs of leaves and the

leaf width, but is generally in the range of 20-40 cm. Due to physical
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constraints of weight and space, the thickness of the leaves is less than that of

the diaphragms.m)

Characterizing the potential advantages of MLC:

i- The time to digitize an MLC field-shaping file is 1/3 that of the time to
mould a Cerrobend block.

ii- Space requirements are reduced (space for a workstation compared with a
Cerrobend block facility).

iii- A cleaner environment results.

iv- There is a reduced need for storage space for blocks.

v- There is no need to change blocks in the blocking tray (no lead blocks to

fall and no need to lift heavy weights).

vi- Multiple fields can be set without entering the room.

MLC leakage was measured. The leaves leaked 1.5% of the open field.
The leaf interfaces added between 0.25% and 0.75% more depending on
whether this was measured near attachment screws or not. The total leakage
was thus never more than 3% which was over 1% less than for standard 3

inches (~ 7.6 cm) thick Cerrobend blocks.

The penumbra of an MLC is a complex feature. Comparing penumbras
for a 20x20 cm’ field collimated by either:

i- Leaves only.
ii- Leaves + diaphragms.

iii- A Cerrobend block.
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They found for both field edges and for both 6 MV and 25 MV beams
that the penumbra for condition (i) was larger.*” Best conformation is
achieved when the angle formed between the outline of the PTV and the

direction of movement of the MLC is minimal ¢?

For ease of use, it is essential that the MLC positions are set
automatically from the linear accelerator’s computerized record and verify
system. Key board entry of all of the MLC positions for each beam would be
tedious, slow and prone to error. Ideally, the data should be transferred over a
network link between the treatment planning computer and the linear
accelerator record and verify system. Alternatively, data transfer can be made

using floppy disks.?”

Digitally Reconstructed Radiographs (DRR)

Digital radiograph has begun to replace film and high resolution images
can be produced. It is also possible to compare or register these images with
those taken at the time of treatment using electronic portal imaging (EPI)
techniques. A third type of image, known as digitally reconstructed radiograph
(DRR) can also be produced at the time of treatment planning. It can be used
both to assist with the planning process and as a further method of verification

either at simulation or at the time of treatment.®”

Dose-Volume Histograms (DVH)

Three-dimensional treatment planning produces a large amount of dose
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information which can be difficult to interpret if displayed as a set of two
dimensional dose distributions. For that reason different methods of displaying the
dose distribution have been developed. The dose distribution throughout individual
organs, for example, the target volume or anatomical structures of interest, can be
displayed as histograms. A conventional histogram shows the total number of
voxels receiving a dose in a specified dose interval against a set of equally spaced
dose intervals. If the total volume of the voxels is plotted instead of total number,
the histogram is referred to as a differential dose-volume histogram. It has become
more usual to plot the volume of the organ that receives a dose greater than a
specified dose against that dose over the full dose range given by the treatment.
These histograms are known as dose-volume histograms (or cumulative dose-

volume histograms). The volume may be specified as absolute volume or more

commonly as a percentage of total volume.

100 ! .
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Fig. (15): Example of a dose-volume histogram for a treatment of the bronchus. The
upper curve is the PTV and the lower curve is the DVH for the lung.®

It is important to remember that the full extent of any organ of interest
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must be both CT scanned and outlined if accurate DVHs are to be calculated.
The three-dimensional anatomical representation of any organ will consist of a
set of two-dimensional outlines that have been drawn on a sequence of CT

slices.®”

With the rapid implementation of conformal 3D-RT, DVHs have
proved useful as a tool for the evaluation and comparison of treatment plans.
However, the loss of spatial information on dose-distribution in a DVH is a
serious constraint in determining the relationship between local tissue damage
and overall morbidity. A high-dose region in the histogram may represent a
single hotspot in the volume of interest or a number of smaller hotspots from
contiguous regions or from different regions. These could have quite different
implications for tissue tolerance. DVHs also do not differentiate between
functionally or anatomically different subregions or compartments within an

organ.®?

Dose Display and Reporting

A common system for reporting doses facilitates comparison of
reported studies and enables consistent dose prescription between clinicians
within and between centers. As described by the ICRU Report 50 (1993), it is
necessary to report the prescribed target dose, dose uniformity, dose to critical
organs and the treatment technique. The point chosen for reporting the target

dose, the “ICRU point”, is that which can be calculated most accurately and
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most reproducibly. The distribution of dose can be described by DVH or by

reporting maximum, minimum, average values.

Clear presentation of the distribution of dose, usually CT images,
should be done slice by slice. Calculation of doses in orthogonal planes
(sagittal and coronal slices) can give some indication of the need for wedging
in the longitudinal direction. For some treatment sites (e.g. oesophagus) where
the target and spinal cord are rotated in the A-P view, the dose can be usefully
viewed on a reconstructed oblique plane. Isodose surfaces can be presented in
three-dimensions, but the success of this depends on the computing power
available. The isodose line can present as a wire frame but a better approach is
to use colour rendering of the surfaces of these structures. In 3D planning,
dose display is ideally examined slice by slice by the clinician and the planner
as it is often difficult to present the full dosage information in a hard copy

form.?”

Arc Therapy

When the radiotherapist was limited to the use of 200-300 kV
X-rays, it was very difficult to get enough radiation into an internal tumour
such as a cancer of the oesophagus by using fixed fields in a cross-fire
technique. As a result rotation therapy was developed which place energy into
an annular ring about the center of rotation.”> Arc therapy almost disappeared
with the availability of megavoltage energies. However, arc therapy has

recently undergone something of a revival in dynamic conformal therapy,
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where the beam portal is dynamically shaped to the target using asymmetric or
multileaf collimation during the arc.*? Electron arc therapy has been used to

treat superficial target areas in curved surfaces such as the chest wall.®"

A treatment arc can be simulated adequately by a number of equally
spaced static beams. The smaller the angle between the beams, the more
accurate is the calculation, but a beam separation of 5°-10° is sufficiently
small to give an accurate simulation of the dose distribution. Care must be
taken in the calculation to ensure that the changes in depth dose and beam
weighting, resulting from the variable SSDs for each of the simulating beams,
are taken into account. The first and last of the beams simulating the arc

should be given half-weight.

Even at megavoltage energies, the dose distribution resulting from arc
therapy have some merits compared to those from static beam therapy. High-
dose regions are more regular, approximately to cylindrical or ellipsoidal in
shape and fall-off in dose outside the high-dose region is more rapid. Incident
doses are lower and the relatively high-dose volumes under the beam portals
are averaged out over the whole of the irradiated volume. However, as stated,
at megavoltage energies an acceptable t i“get to non-target dose ratio can be
obtained with three or four fields making treatment planning, treatment set-up
(25))

and verification (in addition to the smaller integral dose in fixed fields

considerably simpler than for arc therapy. For these reasons static field
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therapy is preferred.®”’

Intensity-Modulated Radiation Therapy

Intensity-modulated radiation therapy (IMRT) is a special form of
CFRT. It is the delivery of radiation to the patient via fields that have non-
uniform radiation fluence. Arguably the terminology has become incorrectly
established because strictly it is fluence not intensity that is modulated.*> The

spatial modulation can be performed either:

i- By Creating a spatial variation by continuously interrupting an
otherwise uniform flow of X-rays via collimation and/or compensation,

Or

ii- By creating a spatial variation by temporally modulating the fluence

and varying the temporal modulation in space.



Feview of Litovatue 60.

(b)
@

\(49)
=
v

(c)

Fig. (16): Illustrating the key differences between (a) conventional radiotherapy,
(b) conformal radiotherapy without intensity modulation, (c) CFRT with IMRT.
For almost a century radiotherapy could only be delivered using rectangularly-
shaped fields with additional blocks and wedges (conventional radiotherapy).
With the advent of MLC more convenient geometric field shaping could be
engineered (CFRT). The most advarced form of CFRT is now IMRT whereby
not only is the field geometrically sha'ed but the intensity is varied pixel by pixel
within the shaped field. This is esp.cially useful when the target volume has a
concavity in its surface shown here in the head-and-neck, where tumours may be
adjacent to spine, orbits, optic nerves and parotid glands.('s)
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Physical Basis of IMRT

Ifa numbe; of beams are brought together around an isocenter and each
beam, possibly shaped geometrically, is of uniform fluence, then the volume
of intersection of such beams will be “convex”, i.e. it will not contain any
concavities, no dimples, no dips, no invaginations. For example, if a large
number of circular fields were brought together from all directions then the
volume of intersection would be a (convex) sphere. For example, six square
fields were directed form the six main compass point directions then the
volume of intersection would be a (convex) cube. This describes conventional
non-IMRT. If, conversely, the fluence were modulated across some or all of
the fields the high-dose volume so created by superposition of beams can have
invaginations Fig. (17). This is the physical bases of IMRT. Plans are
designed so the high-dose volume “shrinkwraps” the planning target volume
(PTV). By arranging that the organs at risk (OARs) lie in the concavities of
the high-dose volume they will receive a lower dose. Ideally they should
receive no dose but this is not possible owing to the finite range of X-ray
generated electrons and the physics of scattering interactions.

Fig. (17): lllustrating the principles of IMRT. A single CT slice of a patient is shown with the
contours of the prostate (PTV), rectum (OAR) and bladder (OAR) outlined. The
prostate has a concave outline and it is desired to achieve a high dose in the PTV
sparing the OARs. Three intensity modulated beams (IMBs) are shown. For
simplicity they are shown as parallel beams and at arbitrary gantry orientations. It is
not intended to suggest these three orientations are the most appropriate for the
treatment. Each beam has a modulated fluence.!'>
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Inverse Planning for IMRT

The trajectory of inverse-planning can be explained by a little story.
Suppose there is a sell-out football match, each seat has a ticket allocated to jt
with seat row, number, etc. ahead of time these tickets are scattered
throughout the country, may be even abroad with their purchasers. On the day
each purchaser travels from their home to the appointed seat and the
purchasers all sit down in a pre-determined location. The stadium is full. Now
think of the purchasers as pixels. Consider their journeys as beam orientations.
Consider the full stadium as a dose distribution. If we know where each
person lives (the pixels) and we know their ticket number specifying the
Journey from home to seat (irradiation), then the pattern of people in the
stadium (dose distribution) can be precisely determined. This is forward
planning. But suppose we do not know the home places nor the journey.
Suppose all we know is the pattern in the stadium. Suppose we want to
“invert” this pattern to find out exactly where everyone has come from
(assuming no one can speak and tell us!). then this is an ill-conditioned
problem. We know this because if the ticket distribution had been
geographically quite different, the tickets and their purchasers the night before
would have been in totally different places. But on match day the tickets and
their purchasers would all be in their appointed places corresponding to the
seats. So there is a huge number of configurations of ticket sales (pixels and

beam directions) that correspond to the same final location of tickets (dose
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However, the burden is returned to the doctor and planar to use their
experience to decide appropriate constraints. Clearly the physics of photon-
tissue interactions limits what can be achieved. Sadly no amount of
specification of zero dose to OARs and high uniform dose to PTV will
actually achieve this. The solution is to arrive at sensible compromises

between what can be expected to be achieved and what the doctor wants.!"*

The front runners of delivering IMRT are:

I-  Multiple-static MLC-shaped fields (MSF/MLC). Fig. (19)

Il- Dynamic MLC techniques (DMLC). Fig. (20)

111- NOMOS MIMIC: A slit beam 2 cm x 20 cm and intensity modulation is
achieved via 20 pairs of leaves. Each of the 40 leaves defines a pencil
beam 1 x 1 cm® which is either on or off. As gantry rotates through 360°
arc, all 40 leaves open and close in a binary manner. i.e. each arc treats a 2

cm long strip of tissue. 7
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Fig. (19): lllustrating the multiple-static field (MSF) technique for delivering IMRT.
For illustrative purposes a five-leaf MLC is shown with leaves labeled 1,
2,..,5. Four field components (segments) at four times t, t3, t3 and t4. The
radiation is off between segments. The leaves move positions between
segments when the radiation is off. To the left of the diagram, a type of
trajectory diagram for the fifth leaf pair. The vertical axis represents distance
along the direction of travel of a leaf pair, the horizontal axis represents time.
The zfgf trajectories are now a set of discrete positions changing at each
time.
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Fig. (20): Illustrating the concept of DMLC. For illustrative purposes a seven-leaf MLC
is shown with leaves labeled 1, 2,..., 7. The leaves begin at a parked position
with all leaves at the left of the field P, and subsequently move from left to
right. The field width H is defined as the projected width of one leaf
multiplied by seven. The leaves move as time progresses. The area between
the leading and trailing leaves (open area is irradiated). Finally, both the
leading and trailing leaves reach a final parked position P, at time T (total
treatment time.“®’

Smooth Beams
Beam modulation by definition means the creation and use of beams
which are not smooth as uniform beams are. It is well known that the more

modulated the beam becomes; the more complex becomes the delivery. Also
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for the DMLC delivery technique the number of monitor units required

directly relates to the sum of the rising fluence changes as the leaves move

across the aperture. Hence it is desirable to achieve modulation that is no more

than is required for beam conformality and with as little warranted noise as

possible. Clearly if the beam-space is constrained too smooth, conformality

will worsen. Conversely, if the beam-space is not constrained at all then the

conformality will be the best possible subject to all other factors

pertaining.

(48,49)

Reasons for IMRT at Present Time

1-

Clinicians require concave dose distributions in about 30% of clinical
cases. These cannot be achieved without IMRT and it offers a significant
step-function leap in tumour control probability without compromising
normal structures.

Commercial manufacturers are making IMRT delivery technology
available, even though it always requires further m house development
and customization to local situation.

Computer control of radiation delivery is possible.

Inverse planning to determine IMRT distributions has reduced maturity
and can be performed in realistic times.

3D medical imaging by four modalities (CT, MRI, SPECT and PET) can
more accurately determine the geometry of target and normal structures.

Techniques to verify and quality assure IMRT delivery are emerging.*®
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Observed Advantages of IMRT in Radiation Oncology

i- IMRT allowed physicians to re-treat previously irradiated patients with
minimal doses to adjacent normal structures.

il- IMRT can be used to trace nerves to the base of the skull and different
doses can be delivered to the nerve paths and the primary site.

iii- Different doses can be delivered as boost technique to a tumour in head
and neck and the dose to the neck itself which makes possible once-a-day
radiotherapy that can be completed in a shorter time.*®

iv- Multiple targets can be treated while minimizing dose to adjacent normal

structures.“®

IMRT of the Breast

When IMRT plans were compared with the standard plans, it was found that:

i- Improved PTV uniformity, typically the maximum dose was reduced from
120% to 112%.

li- Decreased the lung dose, typically the lung volume receiving the
prescription dose reduced from 10.2% to 6.6%.

iti- Reduced the dose to coronary arteries, the mean dose was reduced from
21.3 Gy to 14.8 Gy and the dose encompassing 20% of the volume
decreased from 36.1 Gy to 26.7 Gy.

iv- Reduced the dose to contralateral breast by 35%.

v- Reduced dose to other soft tissues.“®
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72 Gy, plus a 9 Gy boost with the rectum blocked) indicated that IMRT
improved the conformality of the 81 Gy isodose line relative to the PTV and
decreased the dose to the surrounding normal tissues. A systematic analysis
(using the Wilcoxon assigned rank test) of the two types of plans on 20
randomly selected patients demonstrated that significantly higher percentage
of CTV received 81 Gy with IMRT relative to 3D-CRT (98 £ 2% vs 95 £ 2%).
Concomitantly, the percentages of rectal wall and bladder wall volumes
carried to 75 Gy were significantly decreased with IMRT. These data support

the notion that IMRT significantly improves the conformality of the radiation

treatment in prostate cancer.*”

IMRT for Head and Neck Cancer

For head and neck cancer treatment, IMRT has the potential to improve
target coverage and decrease the dose to normal tissues (spinal cord, oral
mucosa, brain stem, cerebellum, lung tops) allowing for dose escalation
studies. Comparison of IMRT plans with 3D-CRT, IMRT consisted of large
fields encompassed the PTV tumour and the PTV elective nodes, 2 large
oblique fields, 1 lateral field and 1 submental non-coplanar anterior field.
Better tumour coverage with IMRT Fig. (21). The sparing of the contralateral
parotid was identical for both Fig. (22) while the ipsilateral parotid was better
spared in IMRT plan. A decrease in dose to normal tissues such as oral cavity,

brain stem and spinal cord was obtained with IMRT.®®



Steiew of Litoeatuee 71.

100 ~ _
w4 — IMRT plan
g | 3D Conformal plan
204
o N

Dose (Gy)

Fig. (21): Dose volume histogram for GTV of head and neck cancer.®®
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Fig. (22): Dose volume histogram for contralateral parotid gland of head and neck
cancer.®?

The Future of Planning for IMRT

With modern linear accelerator and accessories for delivery of radiation
doses, it is relatively simple to plan and to deliver a high dose to a small target
in patient. However, if this small target changes its relative location with
respect to the high radiation dose volume because of daily set up variation
(inter-fraction organ motion) or because of organ motion during a treatment
session (intrafraction organ motion), this high dose volume may miss the

target and may even deliver the high dose to the neighbouring, healthy critical
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organ. There is a diaphragm movement of 2 to 3 cm, on average between
normal breathing and breath-hold after exhale. The target motion ranges from
no observable movements to 3 cm.®" We are good at shaping a high-dose
distribution to a stationary target but we are still embryonic on solving the
problem of irradiating the moving target''” If such organ motion is not
properly accounted for during the radiation treatment planning process,
geographical misses will reduce the probability of cure and will increase the
danger of radiation complications. In the meantime, using PTV by adding
large margins around the GTV to minimize geographical misses may cause
unacceptable normal tissue toxicity and radiation complications which will

limit the possibility of dose escalation in hope of improving cancer cure.

Recent studies have shown that synchronizing (gating) the radiation
delivery with the relative position of an organ or the target, (image guided-IM-
radiotherapy 1G-IM-RT) can reduce the necessary margin around the GTV.
Radiation beam can be gated by using either positive breath-holding devices
which force the patient to breathe at a particular interval or by using an
external sensor linking the skin motion with the breathing cycle.
It has been demonstrated that holding the radiation beam introduces
inaccuracies in dose delivery because of the delay in linear accelerator beam
control ~mechanism. Treatment tiane could be lengthened by

300 percent.

Breath-holding is commonly practiced after an exhale for a period of 10

seconds. For linear accelerators delivering radiation doses at a rate of 600
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Monitor Units (MUs) per minute, a typical treatment MU can be delivered

within 10 seconds.”"

Perhaps when molecular genetics moves from the lab to the clinic there
will be an enhanced response due to combination with radiation, which will be
an enhanced response due to combination with radiation, which will be

required to be selectively delivered to precise geometric sites.!'>

Optimization

Optimization of external beam treatment planning can be defined as
the determination of the various beam parameters that will produce a dose
distribution such that the target volume will receive the required lethal

radiation dose without producing any pa'.:nt morbidity.

Specification of the Planning Problem

The treatment planning process can be considered in two parts, the first
of which is the clinical optimization. If radiotherapy is the chosen method of
treatment, a clinical decision is made regarding the optimum technique to be
used including modality, radiation energy and, usually, the field arrangement.
The therapist will also decide on the most appropriate method for the accurate
localization of the target volume, normally by CT scanning or conventional

simulation.

The sequence of steps in this part of the radiotherapy process varies

from center to center and to a certain extent, with tumour site. In some centers
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the target volume is defined at simulation and the choice of field size is part of
the physical planning process. Following simulation, the therapist selects the
target dose and fractionation scheme. The critical dose to vulnerable
constraints can be fed into the physical planning process. The second part of
the planning process is to produce a treatment plan and this is often referred to
as physical optimization. If the direction and size of the beams have been
established, then it consists of determining beam weights and wedges, such
that the resulting dose distributions will best match that required from clinical

assessment.“z)

Criteria of Ideal Dose Distribution
I- The dose gradient across the tumour should be minimized.
2- The tumour dose relative to the target incident dose should be maximized.

3- Integral dose should be minimized.

4- The shape of the high dose volume should be matched to that of the
chosen target volume.

5- The dose to particular vulnerable regions should be minimized.

6- A higher than normal dose to regions of possible direct extension or

lymphatic spread should be allowed."*”

Visual Optimization

The operator can observe visually the effects of varying any of the beam

parameters and interactively arrive at w"at they consider to be an acceptable
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dose distribution. This is subjective and relies on the ability of the operator to

Judge the results correctly and consistently.

Would it be a good thing if a genuinely automated customization
(optimization) technique could be created? At first sight the answer might
seem to be affirmative. However, after a while, the skills of human judgement
would cease to propagate. Planners might even forget what controls the
goodness of outcome. It could become dangerous. Hence, complete

automation is not a desirable objective."*8

Score Functions

An exhaustive search to find the best figure of merit is made for a large
number of plans in which the treatment parameters vary over a preselected
range. Score functions have been based on the six criteria of judgement of
Hope et al., 1967°%, The technique cz. not guarantee to provide the global
solution to the planning problem. It can be best described as a process that

provides an improvement to some starting solution.'?

Mathematical Optimization

Successful use has been made for mathematical programming to
determine beam weight and wedge selection. The solution obtained is the
optimum for the manner in which the problem is formulated. Linear
programming is a technique in which the minimum or maximum value of

linear function is found when the variables of the problem are constrained



Seview of Litevatuee 76.

within set boundaries. A clinically meaningful parameter is the maximum
difference between the mean target dose and the dose to any one of a number
of preselected points with the target region.®® This parameter represents the

dose variations over the target.?

Optimization of IMRT

Over the past 10 years, techniques have been explored for designing
optimized intensity-modulated beams to produce nonuniform dose
distributions for each of a number of beams with the requirement that all the
dose distributions added together result in a desired pattern of optimum dose

distribution conforming much closer to the shape of the target volume.

Intensity modulation involves the optimum assignment of nonuniform
intensities (i.e. weights) to tiny subdivisions of beams, which we may call
“beamlets” or rays. The ability to manipulate the intensities of individual rays
within each beam permits greatly increased control over radiation fluence ,which
can be used to custom-design optimum dose distributions. The optimality of an
intensity-modulated treatment plan depends critically on the specification of the

criteria used to evaluate and compare competing treatment plans.®"

A compromise between PTV and the OAR doses; this is achieved by
the importance factors which specify the relative importance that each volume
in the patient is ascribed for achieving conformality, whether this is by
conformal therapy or conformal avoidance. For each patient, the human
planner may set these differently and the optimization algorithm then finds the
best solution for the compromise sought. Some cost functions to be minimized

is specified which may be based on dose-volume constraints with these
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importance parameters. They refer to these plans as the optimum whereas
really they are the best outcome for the constraints applied. The term
“optimum” should strictly be reserved for the one-probably unachievable plan
which leads to unity tumour control probability with zero normal tissue

complication probability.*”

Inverse solution is physically impossible for IMRT. This is because
inverse planning is a technique to redistribute dose rather than change the

integral dose.®?

The dose-based optimization extended to take into account dose-volume
constraints of the form “no more than x% of the volume may get more than y
Gy”. Existing algorithms considering maximum and minimum dose
constraints can simply be extended to consider dose-volume constraints. Hard
dose-volume constraints may lead to reporting that the algorithm cannot be
met. Instead when applying soft constraints as recommended by Arellano et
al., (2000)(59) namely a minimum and maximum dose to the PTV and a
maximum to the OAR. The treatment-planning system (TPS) then computes a
whole series of feasible plans of indicates to the clinician that a solution
cannot be found, and requests the clin'~ian to make a change. This puts the
control back from the computer to the clinician. It also allows a region of
search space to be reached for inverse planning that might not otherwise be

reached.“®
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Stereotactic Radiosurgery & Radiotherapy

Professor Lars Leksell coided the term radiosurgery (known as single-
fraction radiosurgery) in 1951 to characterize a method destroying diseased or
dysfunctional tissue with single large doses of irradiation delivered through

stereotactically directed narrow beams.”

Stereotactic target localization techniques have been used for many
years to deliver high single doses of radiation to small intracranial targets in a
procedure referred to as stereotactic radiosurgery (SRS). Larger target
volumes are treated with multiple daily fractions of conventional RT, to
benefit from the normal tissue-sparing properties of fractionated RT.
Stereotactic radiotherapy (SRT) combines the target and dose localization

characteristics of SRS with the biologic advantages of dose fractionation.®”

The technique is based on the precise localization of a target within an
independent three-dimensional co-ordinate system defined by a stereotactic
frame fixed uniquely to the patient’s head.?” Conventional stereotactic frames
require fixation to the skull with surgical pins penetrating the scalp. SRT with
conventional daily fractionation schemes requires a comfortable, precisely,
relocatable, non invasive stereotactic frame. The stereotactic operative
techniques for target localization and fixation differ among the various linac

. (62)
radiosurgery groups.
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Linear accelerators (linacs) have been adapted for use as instruments for
stereotactic radiosurgery. It involves the use of multiple noncoplanar treatment
arcs that converge on a common target. For field definition, using the
rectangular collimation system built into the accelerator head, secondary

external collimation produced smaller circular fields with reduced
penumbra.®”

Treatment planning is a multistep process that induces:
1- Frame fitting. 2- Imaging with MRI and/or CT.
3- Definition of treatment target.

4- Evaluation of alternative treatment plans in terms of target coverage and

dose to normal structures.®"

Dose Planning

Radiation dose treatment planning for radiosurgery requires specifying
the intended total dose, selecting the various beam parameters, and then
calculating the dose distribution which would encompass precisely the
intended target with a high-percentage-value isodose surface e.g. 80 or 90%
relative to the maximum dose, defined as 100%. Ideally, the treatment region
would receive a nearly homogeneous dose, indicated by the availability of a
high-percentage-value isodose surface that encloses the target and the selected
isodose would conform to the size anu shape of the target. Other treatment
planning goals include limiting the dose to critical neural structures and
minimizing the overall integral dose to the brain. Cumulative dose-volume

histograms for critical structures and radiosurgery targets may be helpful for



Materials and
Methods
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MATERIALS

I- Machines:
A- Medical Linear Accelerators

I- Siemens Primus linear accelerator: is an isocentrically mounted
megavoltage treatment machine. It can produce dual X-ray energies of
6 and 15MV with six electron energies from 6, 9, 12, 15, 18 and 21

MeV. It provides variable field sizes from 4x4cm to 45x45cm at 100cm

SSD for the X-ray beam.

Electron applicators: 5¢, 10x10, 15x15 and 20x20cm at 100cm SSD.
Variable X-ray dose rate can be changed manually or via the digital

interface protocol.

Multileaf collimator (MLC) and asymmetric jaws provide manual
and automatic beam shaping for conformal therapy. There’s availability of

arc and rotation therapy. Virtual wedge is also present.

Sequential Intensity Modulation Technology [SIMTEC] for
sequential beam delivery is present in the machine for IMRT treatment

fields.

2- The Mayneord Elekta linear accelerator: is a digital accelerator with 6
and 10MV photons and from 6, 9, 12, 15 and 20 MeV electrons.
Appropriate for conformal therapy with asymmetric jaws and fully

integrated multileaf collimator, with rapid and stable start up suitable
for IMRT.
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3- The SL15 and SL25 Philips linear accelerators: the SL15 has 6 and

10MV X-rays and from 4-15 M.cV electrons. The SL25 has 6 and
IOMV  X-rays and 4-15 MeV electrons. Both machines have

independent jaws and dynamic wedges. The former was upgraded with

an MLC head.

} The Varian Clinac2100C linear accelerator with 6 and 15SMV photons

from 4, 8, 12, 16 and 20 MeV electrons, arc therapy, dynamic wedges
and independent X and Y collimators. This system is powered by

dynamic IMRT [Millennium-120 leaf MLC, delivers a resolution of

e e ert s e

2x5mm).

e

-

B- Treatment Planning Systems (TPS)
1- The DSS+ (Decision Support System) Multidata is a 3D TPS containing

t9

the combination of physical or virtual wedges, blocking and rotation
therapy. It imports data from CT or MRI, has manual bolus capability and
with manual or automatic MLC shape generation through the BEV. The
3D calculation algorithms are based on the machine specific measured
data tables and correction factors. Data can be exported to the internal

radiotherapy network and the block cutting machine.

The Pinnacle3 Philips TPS is truly 3D with IMRT planning
optimization. The convolution calculation of the Pinnacle accounts for
the patients heterogeneities for primary and secondary radiation. In
addition to the wedge, block and MLC handling, the. characteristic

feature is the target and organ at risk display with colour wash suitable
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for non-coplanar field arrangement. CT images or DRRs can be used
for planning and verification. Data transfer to the milling system and

the linacs is present.

A Varian CAD Plan Plus is a treatment planning system with IMRT
capability: 3D presentation supports display of structures [solid,
translucent or wire frames], fields and dose distribution with ability of
non-coplanar arrangements. It provides 3D auto margin function
(e.g., CTV to PTV). Each field may have a seperate isocenter and
irregularly shaped fields may block the central axis. Display of
simulator and port film reference images with high resolution DRR
images for verification is available. MLC settings can be modified

graphically or via the keyboard.

A Varian Eclipse treatment planning system: a 3D TPS for 3D
definition of the tumour and other anatomical structures, field set up,
dose calculation and evaluation. Volumes can be displayed in a 2D
axial, sagittal and coronal views. It provides functionality to match two
or more 3D image sets [CT, MRI, PET, etc.] to align them into the
same coordinate system. Contouring can be done in orthoviews which
enables drawing in transverse, sagittal or coronal planes. 3D dose
distribution can be presented as a dose colour-wash, dose cloud or
surface dose map on any structure. Comparison side by side for plans

together with comparison of DVHs for multiple plans is possible.
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5- The Radionics X knife RT2 system is a stereotactic radiation therapy
planning system. It is provided with features supporting 3D radio-
surgery planning, standard MLC and Mini-Multileaf collimator. It has
visual display for frame orientation, localisers and target location .
Fusion of CT and MR images .ombines the advantage of spatial
accuracy and superior tissue definition. Calculation displays all target

and trajectory coordinates needed to orient the stereotactic frame.

A local area network information system (LANTIS) was present
between the Siemens and the Multidata, in AFHA, the Mayneord, SL15
and SL25 and the Pinnacle in RMHS and between the Clinac and the CAD
Plan and Eclipse in RMHL. The network is a machine link to transfer data
between the simulator and the planning system and the radiotherapy
machine to have increased accuracy, to increase access to clinical
information from multiple sites, produces electronic medical records and

reducing errors.

C- Dosimetry Devices

1- Phantoms

A- A water phantom (MP;): an automatic water phantom for simultaneous
ion chamber measurements is used for machine calibration after major
repairs for therapy treatment units or in periodic quality control. Its
dimensions are 73x64x52cm, made of acrylic with vertical and
horizontal detector movement. There’s a connection between the water

tank and the control unit dual channel electrometer.
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B- A PTW water phantom 30x30x30 cm for horizontal beams with
possible depth variation. The ionization chamber or TLD detectors are

placed in its appropriate water proof adapter.

C- The RW; slab phantom 30x30x30cm consists of 1 plate 1mm thick, 2
plates each 2mm thick, 1 plate Smm thick and 29 plates each 10mm
thick. This combination makes it possibie to vary the measuring depth
in increments of Imm. It contains adapter plates for the ionization

chamber.

2- Types of Chambers

A- Farmer’s ionization chamber: A 0.6 cc PTW thimble chamber is used
for photon measurements in a solid phantom or in a water phantom with
the water proof adapter.

B- Markus electron chamber: A plane-parallel chamber for different

electron energy measurements. Its volume is 0.055cc and is used with
the solid phantom.

C- The water proof pinpoint ionization chamber is used for dose
measurements in radiotherapy and stereotactic techniques. 0.015cc is

the sensitive volume.

3- The PTW Unidos Dosimeter

The dosimeter is used for dosimetry of the linacs. The secondary
standard was used with the ion chambers with wide measuring ranges.
Measurement of the integral dose was done where the electrical values of

charge and current are displayed in C or A.
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4- Thermo luminescence Dosimetry (TLD)

The Harshaw model 4500 manual TLD reader was used for TLD
measurement. It incorporates two photomultiplier tubes with a planchet for
unmounted TLD-100 elements as disks (1/8 x1/8 x 0.035¢cm) and rods
(Ixémm). The planchet uses electric resistance heating to produce 400°C.
Cooling to the photomultiplier tube is done to a constant temperature.

Nitrogen is used to eliminate condens: ‘on.

Windows Radiation Evaluation and Management System
(WinREMS) software is connected to the reader and is available on a
personal computer. It controls the reader operations including storing the
operating parameters: time temperature profiles, reader calibration factors
and element correction coefficients. It enables calibration of the reader and
dosimeters in dosimetric units as Grays or Sieverts or directly in

nanocoulomb.

II- Patients:

* 50 patients were selected with malignant disease in different organs with
different sizes and sites of tumours: 15 patients with brain tumours, 4
head and neck cases, 4 thoracic tumours, 4 breast and chest wall
irradiation, 6 abdominal cases, 1 thigh tumour, 15 pelvic cases and one

total skin electron therapy (TSET).

* 6 patients with brain lesions were treated by stereotactic radio surgery.
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The radiation beam set up was arranged after specifying the energy.
Using the BEV, adjustment of the field size, gantry angle, couch angle
and collimator angle was done.

Adjustment of MLC with an average of 6mm margin was essential in
most of the cases. Beam weighting was varied according to the
prescribed dose and number of fractions.

The previous settings were calculated by the TPS [then optimization in
IMRT].

Isodose distributions were checked through the transverse (and/or
coronal and sagittal) cuts.

Results were obtained through the DVH and the printed plan.

The final plan check for the tumour dose and critical organs, energy,
isocenter, dose homogeneity (manual or by a computer software)
wedge orientation and plan transfer. For IMRT plans, exporting the
plans to an IMRT phantom, TPS and film influence checks were done

for plan validation.

I111-Planning and treatment for stereo tactic radio surgery: six brain tumour

cases were subjected to the following:

Patient’s head was attached securely to a stereo tactic frame that
establishes a reference to a coordinate system for target determination
and patient positioning.

CT and MR imaging was done (3mm thickness through the target and Smm

elsewhere). The scan should extend at least 3cm inferior to the anticipated

PTV.
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Transfer of the images to the TPS starting with CT and MR fusion and
localization of the PTV and OAR was done to be prepared for dose
planning.

The goal was to use multiple arc therapy to achieve rapid dose fall-off
in all directions.

Using different cone diameters '.~pending on the tumour size, the
couch was positioned at a given angle and the arc treatment was
delivered by rotating the gantry through the specified start / stop point
combinations. Sequential changes are then made in the couch angle and
the arc is changed by gantry movement.

Plan checking for dose distribution and DVH was done with
subsequent plan printing and machine verification ensuring

applicability and precise delivery.
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(A) Linac Performance Checks

Linacs were periodically tested and calibrated using the Unidos
dosimeter with the Farmer, Markus and pin point chambers. Checks
were done for radiation-light alignment, isocenter rotation, MLC
motion, couch adjustment and machine output [MU/cGy ] .The

accepted range of output dose was below 1 %.

Thermoluminesent dosimeters (TLD) chips [Harshaw 4500 at the
Alexandria University Hospital] were used for measuring and
verification of some radiation doses for few patients .The aim was to
verify and measure in vivo skin, target and exit doses. The results

were in the range of 5 %.
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(B) Treatment Plans

Patient No. 1

A neuroectodermal tumour Fig. (24) treated in AFHA by 6 MV
photons using two 30° wedges and an open field (8.2 x 9.4, 8.3 x 9.4 and
3.5 x 7.3 cm) with beam weighting of 0.66, 0.22 and 0.11 respectively.
Customised blocks were used for the anterior beam and MLC for the left
lateral beam. The PTV was covered by 98% isodose summation. The left
eye was not considered because of no vision. The right eye was the OAR.
The DVH Fig. (25) shows that right eye region did not receive more than
28% of the prescribed dose mainly to medial orbital wall with negligible

dose to the lens of the eye.
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Patient No. 2

An astrocytoma of the brain treated in AFHA by 6 MV photons
using two perpendicular 45° wedges (6.6 x 6.4 and 7.4 x 5.3 cm) with
equal beam weighting. Both beams were modified by MLC. The PTV was
covered by 100% isodose summation. The target did not reach the level of

the eye and the contralateral hemisphere was the QAR F ig. (26).
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Patient No. 3

A brain tumour treated in RMHL by 6 MV photons with 3 non-
coplanar wedged fields (25°, 60°, 25°) (11.2 x 11.2, 11.5 x 13.3,
11.5 x 13.3, 11.5 x 13.3 cm) and field weighting 0.9, 0.45, 0.85
respectively Fig. (27). All radiation fields were modified by MLC. The
PTV was mostly covered by 95% isodose summation. It was clear that the

right eye received a higher dose than the left eye. Fig. (28)
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Patient No. 4

Figure (29) shows a sagittal cut of a case of a brain tumour treated in
RMHL by 6 MV photons with 4 non-coplanar wedged fields (9.7 x 6.9, 9.8
x 7.1,9.9 x 9.6, 10.1 x 9.1 cm) with mostly equal weighting, the fields
were modified by MLC. The PTV was covered by 95% isodose

summation. DVH shows that the right and left eyes received minimal doses

Fig. (30)
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Patient No. 5

A brain tumour treated in AFHA by 6 MV photons two oblique 30°
wedges and open lateral field (5.9 x 4.4, 6.1 x 4.4 and 6 x 6 cm) with beam
weighting of 1.00, 1.00 and 0.28 respectively. The wedged fields were
modified by MLC. The PTV was covered by 100% isodose summation.
The contralateral hemisphere was considered as the OAR receiving from

25-50% of the prescribed dose. Both eyes didn’t receive any doses

Fig. (31).
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Patient No. 6
A meningioma treated in AFHA by 6 MV photons with
2 perpendicular 45° wedges (6.3x5.4, 10.2x5.4 cm) where the isocenter is

outside the tumour and with equal beam weighting. The left lateral wedge

was half beam blocked posteriorly. The PTV was covered by 100%

isodose summation . [Fig. (32)]
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Patient No. 7
A brain tumour Fig. (33) treated in AFHA by 6 MV photons using

three open fields, one anterior and two lateral fields (83x84,4x5and4 x5
cm) with beam weighting of 1.000, 0.125 and 0.125 respectively. Customized
blocks were used for the anterior field. The tumour was covered by 100%
isodose summation. As shown in the DVH Fig. (34) 25% of the prescribed
dose was received by the medial walls of the right and left globes.
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Patient No. 8

A brain tumour treated in RMHL by 6 MV photons with 4 non-
coplanar 30°, 30°, 25° and 60° wedged fields (10 x 7.6, 9.6 x 7.6, 8.7x7.1,
8.7 x 9.6 cm) and field weighting of 1.15, 1.25, 0.85 and 1.00 respectively.
All radiation fields were modified by MLC. The PTV was covered by 97%

isodose summation. Both eyes received negligible dose Fig. (35).
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Patient No. 9

A brain menengioma treated in AFHA by 6 MV photons using two
perpendicular 45° wedges (10.8 x 7.4 and 7.3 x 7.4 cm) with equal beam
weighting. Both fields were modified by MLCs. The PTV was covered by
100% isodose summation and since it was large, the contralateral

hemishpere received 50% of the prescribed dose.

Patient No. 10

Brain tumour treated in RMHL by 6 MV photons with 4 non-
coplanar fields (3 wedged and one open), (13.2 x 11.8, 13.2 x 15.7, 13 x
15.6, 12 x 13 cm) and field weighting 0.52, 0.8, 1.16 and 0.52 respectively.
All radiation fields were modified by MLC. The PTV was covered by
100% isodose summation. The right eye was the organ at risk and received

a negligible dose.

Patient No. 11
An oligodendroglioma of the brain treated in AFHA by 6 MV

photons using two angled 45° wedges (7.8 x 7.4 and 9.5 x 7.4 cm) with
equally weighted beams. The PTV was covered by 95% isodose
summation. The contralateral side of the brain was considered as the OAR

receiving about 25% of the prescribed dose.

Patient No. 12
A right fibrillary astrocytoma of the brain treated in AFHA by 6 MV

photons using two open parallel fields with 7° tilting (9 x 8.4 and

8.1 x 8.4 cm) with beam weighting of 1.00 and 0.33 respectively. The right
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and left eyes were the OARs. 20% of the prescribed dose was received by

the eyes limited mainly to the posterior portion.

Patient No. 13

A sagittal cut in a case of brain tumour F ig. 36 treated in RMHL by 6
MYV photons using four non-coplanar beams (3.8x8.4,3.6x8.1,6.1 x8.5,
55 x 8.6 cm) with beam weighting of 1.00, 0.83, 0.87 and 0.78
respectively. All radiation beams were modified by MLC. The PTV was
covered by 97% isodose summation. The right and left eyes were the
OARs. The left eye received about 57% while the right eye received about
13% of the prescribed dose Fig. (37).
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Patient No. 14

A lymphoma of the maxillary sinus treated in AFHA by 6 MV
photons using two perpendicular 45° wedges (5.7 x 5.4 and 7.3 x 5.4 cm
with equal beam weighting. The PTV was covered by 100% isodose
summation. 25% of the prescribed dose is received by the contralateral

brain tissue by the exit doses.

Patient No. 15

A pituitary adenoma treated in AFHA by 6 MV photons using three
co-planar open fields (4.7 x 3.4, 5.6 x 3.4 and 6.7 x 3.4 cm) Fig. (38) with
beam weighting of 1.00, 0.65 and 0.65 respectively with MLC. Although
the PTV was covered by 100% isodose summation yet the eyes still

received 25% of the prescribed dose as shown also by the DVH Fig. (39).
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Patient Ne. 17

A laryngeal carcinoma treated in RMHL by 6 MV photons by
5 non-coplanar IMRT beams Fig. (42) (RPO: 19.4 x 20.3, RAO: 174 x
188, LAO: 159 x 193, LPO: 19.9 x 20.3, AIO: 204 x 21.8 em) with
beam weighting 0.293, 0.3574, 0.3218, 0.3030, 0.355 respectively. The
mdnhmhmmmﬁﬁdbymmmwmmm
by95%dmesumaﬁnnﬁg.(43).ﬂnoxgmsatriskmﬂwﬂ§nm
lefi parotids and the spinal cord. The parotids received about 32-38% of the
mean prescribed dose and the spinal cord about 28% of the mesn
prescribed dose Fig. (44).

Fig. (42)
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Patient No. 18

A head and neck case treated in RMHS by 6 MV photons using six
non-coplanar fields with 4.9°, 4.9°, 16.1°, 16.1°, 53° and 53° wedges (upper
L Lat: (6.0 — 0.0) x 5.6, upper R Lat: (6.0 — 0.0) x 5.6, lower LAO: 9.5 x
(0.0 - 12.30), lower RAO: 9.2 x (12.3 — 0.0), lower LPO: (12.3 — 0.0) x 9.3.
lower RPO: (12.3 —0.0) x 9.5 ecm) with beam weighting of 1.00, 1.00, 0.57,

0.57, 0.45, 0.45 respectively. All radiation beams were modified by MLC.

Trial plan

Clinical plan
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The large PTV was mostly covered by 90%. T!e spinal cord, left and
right parotids were the OARs. 50% of the spinal cord received 16% of the
prescribed dose. While the left and right parotids received a dose up to the
twumour dose Figures (45 (clinical plan) 46 and 47). In another trial plan 4
coplanar beams Fig. (45) (trial plan) were used [RAO, RPO, LAO and LPO].
A comparative DVH Fig. (48) between the clinical plan [non coplanar fields]
used in treating the patient and the trial plan [coplanar fields] gave better

saving for the two parotids on the expense of tumour coverage.

e = e - o -




AT J

St 115.

Dose Volume Histogrer Trial | Trial s =]
' | ! Sy, TTTRRET . | DVH Calcusation
o9 | | : 5] = 5 : ]'  Cumutative
:..a(f : | | ! | : ! + Difierential
N | \
8L ' | |[ | . 1 Dose Axis Display
: | e r' i ! ! W [ + Normalized Dose
] - - ! = i | ;
| [ 4\ | ] | i < Absolute Dose
.ﬂ;/ | = - | | I
Norm, Valume = ; T |! S II |' I i 7 “ Auto-Compute Max
04 = o ' I ~ Specify Max Dose
2 | | | Sesi [ w | |
| 1 , =5 = Volume Axs Display
2.1} ‘ ! | ‘ I i “* Normalized Volume
s | | 1 w . [ e J N | s Absolute Volume
) 1060 2500 anoc 4000 SognT T Bo00 " 7000 ,
Add DVH |
Dose {cGy)
Remove Current DVHI
‘ Current  Region of Interest Trial Beam Color Dash Color 5% Outside Grid % > Max NTCP/TCR
A Bng BT — | Triaig = | AlBeamy’Sources — | [ NoDesh — | ooow | [ osom | —
T = | Al Beams/Sources — | NeDast —|[goo% | ooow |-
v =3 Trial_g i | All Beams/Sources ..![ [m__ NeuDuh -t i L 000% || poo% |-
1
; — | Tralg ] All Beams/Sources — | [yelow | Ne Dasi ~|oo0% | [ coow Jif= ]
~  PRIETY — | PhI Ciinical Pfi— | All Beams/Sources — | (B | =|[ooox | [ooo% |i— 1
v | PM ClinicalPt— | Al Beams/Sources — | [gign | = ooo% | [ooe% | [ |
~ =1 f Ph1 Clinical Pl — All Beams/Sources ' L.V‘E"‘__. | = | | D-UU%_| " o0o0% | ==
v Sfing core — | Ph1Clnical Pi— | All Beams/Sources | § | =|[ooo% | ooom | == |

Fig.(48)

g

T

TP ey

ST = 5 o

AT b

==y

o Caa

T

HE

Ty

S

NPT T T = S




-'_.?}% 116.

=fient No. 19

22 In RMHL by 6 MV photons u using S IMRT beams (RPQO: 20.3 x
RAQ: 17 x 204, A: 22 x 209, LAO: 22.8 x 20.4, LPO: 21.8 x 20.9
- radiation fields were equally weighted and modified by DMLC.
“TV was covered by 100% isodose summation. The oral cavity and
:>inal cord were the OARs where the oral cavity received less than
o7 the prescribed dose and the cord about 1/3 the dose. (Aim of dose

-:rains) Fig. (56).

Fig. (49)

igures (49,50,51,52,53,54., 35) show a case of laryngeal carcinoma
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Patient No. 20
An oesophageal carcinoma treated in AFHA by 6 MV photons using

2 anterior oblique 15° wedges (8.9 x 7.4 and 9.4 x 8.4 cm) with equal
weighting. The two radiation fields were modified by MLC. The PTV was
covered by 95%. The spinal cord was the organ at risk and received less

than 20% of the prescribed dose Fig. (57).
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Patient No. 21

A bronchogenic carcinoma treated in AFHA by 6 and 15 MV
photons using 2 opposing, anterior 15° wedged and posterior open fields
(10.6 x 11.4 and 10.6 x 11.4 cm) Fig. (58). Beam weighting was 1.00 and
0.6 respectively. The two radiation fields were modified by MLC. The PTV
was covered by 95% dose summation. The spinal cord was the organ at risk

and received low dose as shown in Fig. (59).
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Patient No. 22

A bronchogenic carcinoma Fig. (60) treated in AFHA by 15 MV
photons using three fields, two anterior and posterior 45° and 30° wedges
and one open lateral field (LAO: 17.7 x 21.4, L Lat: 18.9 x 19.4 and LPO:
12.5 x 19.4 cm) with beam weighting 0.52, 1.00, 0.65 respectively. All
fields were modified by MLC. The PTV was covered by 95% isodose
summation. The heart and the spinal cord were the OARs. The spinal cord
received 50% of the prescribed dose and 50% of the heart received 55% of
the prescribed dose Fig, (61).
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Patient No. 23

Figure (62) shows a case of a bronchogenic carcinoma treated in
AFHA by 6 MV photons using 3 open fields (Ant: 12.3 x 11.4, Post: 12.3 x
11.4, Lat: 16.1 x 12.4 cm) with beam weighting 0.83, 1.00, 0.167
respectively. All radiation beams were modified by MLC. The PTV was
covered by mostly 100% isodose summation. The spinal cord and heart
were the organs at risk and received about 10% and around 20%
respectively of the prescribed dose Fig. (63).
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Patient No. 24

An infiltrating duct carcinoma of the right breast in AFHA after
mastectomy the chest wall was treated by 6 MV photons using two 30°
wedged fields (6 x 17 and 5 x 17 cm) with equal weighting. The two radiation
fields were half beam blocked Fig. (64). The PTV was covered by 95% dose
summation. The right lung was the OAR and received less than 50% of the
prescribed dose within 2 cm of the right lung Fig. (65).

A\
1o@.ox DoseteGu) A\
o8 D8R \
8BS ax :ﬁ_‘%
9;13; «  3688. 7
S8.gx =  IV5.2 J o
25.0x : Efg-t | i_\__‘\
N 7 |1 \\
\ J )
\ f \\_ !
LI TN [
| | t
: =
C): N /
Pl‘:: = //
: - n_ua_.}_—_:r
Fig. (64)
Dose (cGy)
- 449 §991349!?99225@27003!5&359_?39491-49&945
99 w
Y
B8O
H
378\
See| |
sel ; Organ Uol<ece)

i .eew _Target 203.6
0L = Rt Lung 5©8.9
3eL
20
1el

T = |
o _—

] " ; = e 2o
@ 1e 2e 3¢ 42 50 60 70 820 90 100 11e
% Prescribed Dose

Fig. (65)




Swults 128.

Patient No. 25

A lobular carcinoma of the left breast treated in AFHA by 6 MV
photons using two 30° wedges (9.9 x 15.4 and 9.7 x 17.4 cm) with equal
beam weighting. The intact breast and chest wall were covered by 95%

isodose summation. Less than 1.5 cm of the left lung received less than

50% of the prescribed dose.

Patient No. 26

An infiltrating duct carcinoma of the right breast treated in AFHA by
6 MV photons using two radiation beams: one open ad the other was a 30°
wedged field (7 x 20 and 7 x 20 cm respectively) with equal beam
weighting. The two beams were half beam blocked. The PTV was covered

by 100% dose summation. The right lung received a negligible dose.
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Patient No. 27

A lobular carcinoma of the right breast after mastectomy the chest
wall was treated in AFHA by 6 MV photons using two 30° wedged fields
(10.1 x 18 and 10.1 x 18 cm respectively) with equal weighting Fig. (66).
The two radiation beams were half beam blocked. The PTV was covered
by 95% dose summation. The right lung received less than 50% of the

prescribed dose.
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Pat.ent No. 28

adenocarcinoma of the ampulla of water treated in RMHS by

MV photons using three anterior, lateral and posterior oblique 16.6°,

and 16.6° wedges respectively (RAO: 8.9 x 8.5. Lat Qi 1.2 % 8.5,

PO: 9.1 x 8.5 cm). The beam weighting was 1.00, 0.84 and 0.79

respectively rig. (67). All radiation fields were modified by MLC. The

was covered by 95% isodose summation. The spinal cord, right and

left kidneys were the OARs. The kidneys received very minimal doses
while 50% of the spinal cord received 63% of the prescribed dose.

Fig. (67)
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Patien’ No. 29
A renal rhabdoid tumour treated in RMHS by 6 MV photons. Two

plans (five open fields) were done. The first was a step and shoot IMRT
and static fields for the second plan. The first plan (Ant: 20.63 x 15.5,
LAO: 20.81 x 15.02, LPO: 21.56 x 14.09, RPO: 21.50 x 20.74, RLatO:
21.50 x 13.44 cm) with beam weighting of 0.77, 0.22, 0.74, 1.00 and 0.93
respectively. The second plan (Ant: 18.5 x 14.00, LAO: 18.50 x 13.00,
LPO: 18.50 x 11.50, RPO: 19.00 x 15.50, R LatO: 18.50 x 11.00 cm) with
beam weighting of 1.00, 0.14, 0.95, 0.71 and 0.54 respectively. All beams
were modified by MLC. The PTV was covered by 95% isodose

summation. The right kidney was the organ at risk. Better saving to the

right kidney was obtained by the first plan as shown in Fig. (71 ).

Fig. (68): Transverse slices for first plan (right) and second plan (left) of patient No. 29
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Patient No. 30

A deudenal carcinoma treated in RMHS by 6 and 10 MV photons
with two phases where the second phase aimed for localisation and field
size reduction. Phase 1 Fig. (71): Three fields of wedge angles 12.9°, 11.5°
and 46.4° respectively (Ant: 14.5 x 16.9, RPO: 13.3 x 14.5. LAO: 13.5 x
14.5 ¢cm) with beam weighting of 0.87, 0.61 and 1.00 respectively. Phase 2
Fig. (72): Three wedged fields with angles 34.5° 32.8° and 53°
respectively (LAO: 8.7 x 6.8, RAO: 6.8 x 11. L lat: 9.8 x 6.8 cm) with
equal beam weighting. MLC were used for beam modification for phase |
and 2. The PTV was covered by 100% isodose summation. Since the two
phases were used to treat the same patient a composite plan of both phases
I and 2 Fig. (73). Figures (74,75) show DVHs of phases 1 and 2. While

Fig. (76) illustrates the total dose received by the OARs (spinal cord, liver,

Fig. (71): Phase one
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Fig. (72): Phase two

Ll

Lh



Dose (cGy)

Current Region of interest Trial Beam Color  Dash Color - % Outside Grid

| PM : —1j M.mdl

o i s T SRS © 1 Fex Sisc——ean

] NoDesh | Toai%

Fig. (74): DVH Phase one

e

E



Dese Vuolume Histogram
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Patient No. 31

A cholangiocarcinoma Fig. (77) treated in AFHA by 15 MV photons
using two open fields (Lat: 7.3 x 5.4 and AO: 6.3 x 5.4 cm) with beam
weighting of 0.61 and 1.00 respectively. Both radiation beams were
modified by MLC. The PTV was covered by 95% isodose summation. The
liver, kidneys and spinal cord were the OARs. The liver received less than
25% of the prescribed dose with about 25% to the right kidney and
a negligible dose to the left kidney and the spinal cord F ig. (78)
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Patient No. 32

A cholangiocarcinoma treated in AFHA by 6 MV photons using one
anterior oblique and two lateral oblique 15° wedged beams (Ant: 10 x 8.3,
R Lat O: 9.2 x 8.7, L Lat O: 9.5 x 8.8 cm) with beam weighting of 0.95,
1.00 and 0.88 respectively Fig. (79). The PTV was covered by 95% isodose
summation. The kidneys and the spinal cord were the OARs. Figure (80)
shows that the right kidney received about 50% of the prescribed dose with
minimal dose to the left kidney and about 25% of the prescribed dose to the

spinal cord.
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Patient No. 33

A retroperitoneal sarcoma treated in AFHA by 6 MV photons using
four fields Fig. (81) two open and two 30° wedges (Ant: 14 x 13.4, LPO:
12.7 x 134, R Lat: 12.5 x 13.4, L Lat: 12.4 x 134 cm). Weighting of the
radiation beams was 1.00, 0.43, 0.43 and 1.00 respectively. All radiation fields
were modified by MLC. The PTV was covered by 95% dose summation. The
liver and the left kidney were the OARs. The liver received more than half the
prescribed dose and the right kidney (not shown in the central slice) received
about 40% of the prescribed dose F ig. (82).
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Patient No. 34

A soft tissue sarcoma Fig. (83) of the thigh treated in RMHS by 6

th

MV photons using two opposing anterior and posterior fields (38.32 x |
and 36.78 x 14.6 cm) with 1.00 and 0.66 beam weighting respectively. The
radiation fields were modified using MLC. The PTV was covered by 95%

dose summation Fig. (84). There was no critical organ.
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Patient No. 35

A transitional cell carcinoma of the bladder treated in AFHA by
15 MV photons using four open fields (RAO: 9.9 x 9.4, LAO: 10.1 x 9.4,
RPO: 10.1 x 9.4 and LPO: 10.7 x 9.4 cm) with equal weighting Fig. (85).
The radiation beams were modified by MLC. The PTV was covered by
95% isodose summation. The OARs were the rectum and the femoral heads

that received minimal doses.
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Patient No. 36

A case of cancer cervix Fig. (86) treated in AFHA by 15 MV
photons using three open fields (Ant: 10.4 x 10.4, R Lat O: 9 x 94,L Lat:
9.7 x 9.4 cm) with equal weighting. The radiation beams were modified by
MLC. The PTV was covered by 95% dose summation. The rectum was the
OAR which received about 50% of the prescribed dose mainly to its

anterior wall Fig. (87).
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Patient No. 37

An adenocarcinoma of the prostate treated in RMHS by 10 MV
photons. Two plans were performed for this patient: Plan 1 Fig. (88): Using
six fields, two opened anterior large and small, two right lateral large and
small 48.3° and 24.8° wedges, and two left lateral large and small 48.3° and
24.8° wedges (Ant large: 8.86 x 10.31, Ant small: 7.15 x 7.15, R Lat large:
9.31 x 10.61, R Lat small: 6.46 x 7.15, L Lat large: 9.15 x 10.61, L Lat small:
6.45 x 7.20 cm) with beam weighting of 1.00, 0.24, 1.00, 0.24, 1.00 and 0.24
respectively. Plan 2 Fig. (89): Using three fields, opened anterior, right and
left 48.3° wedges (Ant: 8.86 x 10.31, R Lat: 9.31 x 10.61, L Lat: 9.15 x 10.61
cm) with beam weighting of 1.00, 0.75 and 0.75 respectively. All radiation
beams in plan 1 and 2 were modified by MLC. The PTV in plan 1 and 2 was
covered by 100% isodose summation. In spite of good coverage to the PTV,

-

the rectum received lower dose in plan 1 Fig. (90).
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Fig. (89): Plan two
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Patient No. 38

A prostatic adenocarcinoma Fig. (91) treated in RMHS by 10 MV
photons using six radiation beams two anterior large and small, two right
large and small and two left lateral large and small fields (Ant large: 9.6 x
8.3, Ant small: 6.2 x 6.7, R Lat large: 9 x 9.7, R Lat small: 6 x 6.2, L Lat
large: 8.7 x 9.7, L Lat small: 6 x 6.2 cm) with beam weighting of 1.00,
0.15, 0.6, 0.09, 0.6 and 0.09 respectively. All radiation fields were
modified by MLC. The PTV is covered by 100% isodose summation. The
OARs were the rectum and the bladder. 50% of the rectum received 70% of
the prescribed dose while 50% of the bladder received 16% of the

prescribed dose Fig. (92).
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Patient No. 39

An adenocarcinoma of the prostate F igs. (93,94 and 95) treated in
RMHL by 6 MV photons using five IMRT beams (Ant: 9.8 x 6.9, RAO:
9.8 x6.9,RP0O: 92 x6.9. LAQO: 9.3 x 6.9, LPO: 9.7 x 6.9 cm) with equal
beam weighting. All radiation fields were modified using DMLC. The PTV
was covered by 100% isodose summation. The rectum, bladder and two
femoral heads were the OARs. DVH F ig. (96) shows that The rectum
received 50%, bladder 10% and the two femoral heads 30 and 44% of the
prescribed dose which fulfilled the dose constraints.

Fig. (93)
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Fig. (94)

Fig. (95)
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Catient No. 40

A prostatic adenocarcinoma treated in AFHA by 15 MV photons
using seven fields, anterior and two lateral open fields and four oblique 30°
wedges (Ant: 10.2 x 8.4, RAO: 9.7 x 8.4, R Lat: 8.1 x 8.4, RPO: 8.2 x 8.4,
LAO: 8.7 x 84, L Lat: 8 x 8.4, LPO: 8.7 x 8.4 cm) with equal weighting
(1.00) except for the posterior oblique fields 0.9 Fig. (97). All the radiation
beams were modified by MLC. The PTV was covered by 100% isodose
summation. The rectum was the OAR where 50% of the rectal volume

(mainly the anterior wall) received 50% of the prescribed dose Fig. (98).
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Patient No. 41

A prostatic adenocarcinoma treated in AFHA by 6 and 15 MV
photons, using five radiation beams Fig. (99) one anterior and two lateral
open fields and two 30° wedged anterior oblique fields (Ant: 7 x 7, RAO:
10.9 x 104, R Lat: 10.9 x 9.4, LAO: 11.3 x 8.4, L Lat: 10.7 x 9.4 cm).
Except for the anterior beam, all were modified using MLC. The PTV was
covered by 100% isodose summation. The rectum was the organ at risk and

50% of the rectal volume (mainly the anterior wall) received about 50% of

the prescribed dose.
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Patient No. 42

A prostatic adenocarcinoma with lymph node involvement treated in
RMHL Fig. (100) by 6 MV photons using five dynamic IMRT beams
(Pos: 15.9 x 16.3, R Lat: 12.9 x 16.3, RAO: 15.9 x 16.3, LAO: 16.1 x 16.3,
L Lat: 13.4 x 16.3 cm) with beam weight of 0.26, 0.21, 0.27, 0.27 and 0.17
respectively. All radiation beams were modified using DMLC. The PTV
was covered by 97% isodose summation. The OARs were the rectum, the
bladder and the two femoral heads. The rectum received 78%, the bladder
59%, the two femoral heads 30 and 33% of the prescribed dose and
fulfilled the dose constraints Fig. (101).
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Patient No. 43

Fig. (102) is a prostatic adenocarcinoma treated in AFHA by 6 MV
photons using six open fields (RAO: 8.5 x 9.4, R Lat: 8 x 9.4, RPO: 5 x 5,
LAO: 8 x 9.4, L Lat: 6.9 x 9.4, LPO: 5 x 5 cm) with equal beam weighting
(1.00) except for the two posterior oblique fields with 0.92. The anterior
oblique and lateral beams were modified by MLC. The PTV was covered
by 100% isodose summation. The rectum was the OAR where 50% of the
rectum Fig. (103) mainly the anterior wall (as shown in Fig. (102))

received 50% of the prescribed dose.
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Patient No. 44

An adenocarcinoma of the prostate Fig. (104) treated in AFHA by 6
MYV photons using six fields, two open anterior oblique, two open lateral
and two posterior 30° wedged fields (11 x 9.4, 10.6 x 94, 8.6 x 8.4, 9 x
94,9 x 9.4 and 10.5 x 9.4 cm) with beam weighting 0.95, 0.5, 0.5, 0.72,
0.88 and 1.00 respectively. All radiation beams were modified by MLC.
The rectum was the OAR where the anterior wall received the same PTV

dose. The rest of the rectum received 50% of the prescribed dose.
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Patient No. 45

An adenocarcinoma of the prostate Fig. (105) treated in AFHA by 15
MV photons using five fields one open anterior, two lateral and two
oblique 30° wedges (10 x 9, 7.6 x 8.4, 7.6 x 84, 7.7 x 84 and 8.5 x 8.4
cm) with beam weighting of 1.00, 0.5, 0.5, 0.5, and 0.5 respectively.
Except for the anterior field, all were modified using MLC. The PTV was
covered by almost 95% Fig. (106). The rectum was the organ at risk where
the anterior wall received more or less the same prescribed dose with about

50% of the prescribed dose to the rest of the rectum.
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Patient No. 46

An adenocarcinoma of the prostate treated in RMHS by two plans:

Plan1: Fig. (107): By 10 MV photons using three fields, anterior open and
two lateral 27.9° wedges (Ant: 10.4 x 10.2, R Lat: 9.6 x 10.4, L Lat: 9.7 x

10.4 cm) with beam weighting 1.00, 0.63 and 0.59 respectively.

Plan 2: Fig. (108): by 6 MV photons using five fields one anterior open,
right and left anterior oblique 16.2° wedges and two lateral opened fields
(Ant: 10.23 x 10.32, RAO: 1241 x 11.3, R Lat: 10 x 10, LAO: 11.62 x
10.49 and L Lat: 10 x 10 cm) with beam weighting of 0.45, 0.45, 0.97, 0.45
and 1.00 respectively. All beams were modified using MLC. The PTV was
covered by 100% dose summation for plan 1 while plan 2 was covered by

95% isodose summation. The rectum was the OAR. As shown in the DVH

Fig. (109) the rectum received a lower dose in plan 2.

Fig. (107): Plan one
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Patient No. 47

An adenocarcinoma of the prostate treated in RMHS by 10 MV
photons using three radiation beams an anterior open field and two lateral
16.5° wedged in two plans Figs. (110&]1] 1) (Ant: 10 x 10.3, R Lat: 9.5 x
8.3, L Lat: 9.5 x 85 ¢m) with 0.85, 1.00 and 1.00 beam weighting, All
radiation beams were modified by MLC which was different in the two
plans. The PTV was covered by 100% dose summation in both plans. The
rectum was the OAR. As shown in the comparative DVH Fig. (1 12), 50%
of the rectum received 54% of the prescribed dose for a slightly better PTV
coverage in plan 1 and 50% of the rectum received 34% of the prescribed

dose in plan 2.

Fig. (110): Plan one
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Patient No. 48

A prostatic adenocarcinoma Fig. (113) treated in AFHA by 6 MV

photons using seven fields, one anterior opened field, two anterior oblique,
two posterior oblique, and two lateral 30° wedges. (Ant: 8.3 x 7.4, LAO:
7.7x9.4,L Lat: 7.8 x 8.4, LPO: 7.9 x 9.4, RPO: 7.9 x 8.4, R Lat: 7.8 x 8.4
and RAO: 7.8 x 9.4 cm) with equal weighting. All radiation beams were
modified by MLC. The PTV was covered by 95% isodose summation. The
rectum was the OAR. The anterior wall of the rectum received the same
dose as the PTV while the rest of the rectum received 50% of the

prescribed dose.
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Patient No. 49
An osteosarcoma of the pelvis treated in RMHS. Two plans were
done. the first plan Fig. (114) using 10 MV photons by two fields, right
anterior oblique and right posterior oblique 5.7° wedges (17.9 x 22.7 and
7.9 x 22.7 em) with beam weighting of 1.00 and 0.89 respectively.
The second plan Fig. (115) used 6 MV photons by three fields, lateral
opened field, right two anterior and posterior oblique 16.6° wedges (RAO:
18.76 x 21.47, R Lat: 21.82 x 22.66, RPO: 19.54 x 22.54 cm) with equal
beam weighting. All radiation beams in the two plans were modified by
MILC. The PTV was covered by 95% isodose summation in both plans.
The spinal cord was the OAR where in spite of good coverage of the PTV

in both plans 50% of the spinal cord received 33% in the first plan and 13%

of the prescribed dose in the second plan Fig. (116).

Fig. (114): First plan
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Fig. (115): Second plan
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Patient No. 50

A case of mycosis fungoids (stage 3) was introduced in AFHA for
total skin electron irradiation TSET. As the maximum distance that could
be reached in the treatment room was 330 cm with the gantry in the 90°
position, calibration was done measuring the output dose at SSD 330 cm.
The prescribed dose to the patient was 2800 cGy in 7 weeks, giving
4 fractions/week, i.e., 100 cGy/fraction/day which was equivalent to 2000

MU/fraction by measurements.

The patient was divided treating the upper anteroposterior and
posteranterior and lower anteroposterior and posteranterior, with a 1cm gap

between the upper and lower fields to prevent overlap.

Using 25 x 25 cm electron applicator (fields size 83 x 83 cm at
distance 330 cm) at 90° gantry angle, the patient in the standing position,
and using a screen of perspex (170 x 80 cm) of thickness 2 cm to deliver

the dose to the skin. 0.5 cm eye lead shields were used for protection.
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Steriotactic Radiosurgery

Six cases were treated by stereotactic radiosurgery at the Royal
Marsden Hospital in London with a Varian 2100C linac. All patients were
treated by non-coplanar beams, 6 MV photons and the size of the
collimator was chosen according to the size of the PTV. The PTV was

covered by 95% isodose line with minimal dose to healthy brain tissue.

Patient No. 51
A solitary brain lesion Fig. (118) was treated by three radiation

beams with the same isocenter and the size of the collimator was 20 mm
with an average equal weighting 0.339, 0.339, 0.323 respectively at depths
8.14, 9.96 and 6.94 cm. The couch angle and gantry rotation are

demonstrated in the following figure (Fig. (117)):
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Fig. (118): Coronal and transverse slices showing the isodose distribution for patient No. 51
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Patient Ne. 52

A solitary lesion treated by 3 beams, having the same isocenter and
a collimator size of 36 mm with weighting 0.400, 0.292 and 0.308
respectively at depths 8.12, 5.56 and 6.48 cm Fig. (119). As for the couch

angle and gantry rotation:
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Fig. (119): Coronal and transverse slices for patient No. 52
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Patient No. 53

Two metastatic lesions Fig. (120) treated by 2 sets of non-coplanar
or beams each with its isocenter and has three radiation beams. The first
lesion was situated in the frontal lobe and a collimator of 24 mm was used

with weighting of 0.367, 0.267 and 0.367 for depths of 6.93, 3.92 and 7.81

cm respectively. As for the couch angle and gantry rotation:

The second lesion was in the temporal lobe (appears in the sagittal
slice only) and a collimator of 28 mm was used with weighting of 0.355,
0.29 and 0.355 for depths 6.02, 6.6 and 9.38 cm respectively. Couch angle

and gantry rotation:
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Fig. (120): Sagittal and transverse slices of patient No. 53
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Patient No. 54
A solitary brain lesion Fig. (121) was treated by 3 radiation beams

for the same isocenter with a collimator diameter of 36 mm and weighting

of 0.304, 0.391 and 0.304 for depths 7.1, 5.07 and 7.85 cm respectively.

Couch angle and gantry rotation:
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Fig. (121): Coronal and transverse slices of patient No. 54
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Patient No. 55

A solitary brain lesion was treated by four radiation beams with the
same isocenter Fig. (122) with collimator size of 44 mm and different

weighting of 0.206, 0.191, 0.441 and 0.162 at depths 11.47, 7.42, 10.25 and

8.34 cm respectively. Couch angle and gantry rotation are as follows:

Fig. (122): Coronal and transverse slices for patient No. 55
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Patient No. 56

This patient was successfully treated by stereotactic radiosurgery two
years ago from a single brain deposit. At the present time of the treatment
another solitary metastatic deposit Fig. (125) had appeared. So the beams’
entry had to be changed to protect the previously irradiated healthy tissue.
A collimator of 24 mm diameter for the three beams with a single isocenter
was used. Weighting was 0.371, 0.355 and 0.274 for depths 4.58, 6.48 and
11.21 cm respectively. As for the couch angle and gantry rotation they

were as follows:

Degrees

115°

110°
85°
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DISCUSSION

The principle of a good radiotherapy planning has not changed over
the years. The goal is to deliver a high dose to the target volume while
minimizing the dose to the nearby normal tissues. This has become a reality
in the last decade due to technical advances in computer science.
Conformal radiotherapy aims to exploit the potential biological
improvements consequent on better spatial localization of the high dose
volume.®” The tenet is that by sparing more volume of organs-at-risk

(OARs) the dose to the planning target volume PTV can be escalated.*®)

Organs at risk (OARs) had been defined by the ICRUS0 as “normal
tissues whose radiation sensitivity may significantly influence treatment
planning and/or prescribed dose”. When the dose to a given volume has
been prescribed, then the corresponding delivered dose should be as
homogenous as possible. However, even if a perfectly homogeneous dose
distribution is, in principle desirable, some heterogeneity has to be accepted
due to obvious technical reasons. Thus, when prescribing the treatment, one
has to foresee a certain degree of heterogeneity, which today in the best
technical and clinical conditions should be kept within +7% and —5% of the

. 3
prescribed dose."””

In the present work, care was taken to ensure that the PTV gets not

less than 95% (some cases were more up to 100%).

ICRUS0 has suggested that if such a degree of homogeneity couldn’t

be achieved it is the responsibility of the radiation oncologist to decide
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whether this can be accepted or not. In fact, in some cases a higher dose
may be found in a part of the PTV where the highest malignant cell
concentration may be expected, especially within the GTV and such

a situation may even be of advantage.®®

In this study, plans with co-planar fields had high maximum dose and
had reached up to 16 % above the prescribed dose but it was at all times
within the PTV (and mostly inside the GTV). With the non-coplanar fields
and the IMRT plans better homogeneity was obtained and with even lower

limit (less than +7 and -5%).

Radiation therapy aimed to deliver a high dose to the planning target
volume, simultaneously keeping the dose to OARs as low as possible.
When it is intended to use a small number of rectangular or square fields
(with or without wedges and blocking), the treatment-planning technique is
established by trying a number of different beam weightings, computing
dose distribution and plan evaluation. Many trials can be done by changing
the previous parameters until satisfaction is reached that the plan meets the
prescribed criteria. Using field shaping with the BEV by the MLC, this was
done for patient No. 1, 2, 5, 6, 7,9-12, 14, 20-28 and 31-36. The plans after
trials were considered acceptable regarding the homogeneity, organ saving

and applicability.

Moving towards more conforruality by the use of BEV for MLC
adjustment, using of a larger number of fields and using non-coplanar

fields gave some good results. A larger number of fields (from five to
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seven fields) were used with patients as in cases No. 40, 41, 43-45 and 48
which were all prostatic carcinoma. These plans gave 'good isodose
distribution for the PTV, inevitable high dose to the anterior wall of the
rectum (to prevent target under dose) and 50% of the prescribed dose to
rest of the rectum. Overall, the conformal techniques significantly lowered
the risk of late radiation-induced side effects after prostatic radiotherapy.
This was interpreted in a comparative study for patients treated by
conformal radiotherapy with historical control groups treated with

conventional techniques.‘®®

As for patients No. 37 and 38 which were prostatic adenocarcinoma
treated by six fields: two anterior, two right lateral and two left lateral
(large and small) fields. This plan had the advantage of increasing the dose
over the GTV and fulfilled the dose goals to the prostate and seminal

vesicles and the pelvic lymph nodes.

Non-coplanar beams were used for treating four brain tumours
(patients No. 3, 4, 8 and 13) and a head and neck case (patient No. 18). As
for the brain tumours, the stereotactic head frame was used for daily
fixation with the mouth bite and MLC beam shaping. This method gave
a superior PTV coverage and very low doses to OARs. As for the head and
neck case treated by the non-coplanar fields, the PTV was very large and in
a difficult anatomical position which was nearly impossible to be treated by
coplanar fields with PTV of 90%. The OARs were only partially saved due
to the dose proximity to the PTV.
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On the other hand, patient No. 15 was treated by three coplanar
fields and in spite of excellent target coverage, the exit doses where high
thus raising the dose to both eyes. In addition to the high dose to the eyes,

healthy brain tissues received a considerable dose that could be avoided if

non-coplanar fields were possible to use.

The argument has sometimes been voiced that IMRT is potentially
dangerous since it “too tightly” conforms the high-dose distributions and
that “older” methods of conformal radiotherapy are safer. The same
argument was offered twenty five years ago against the introduction of CT
to radiation therapy planning, that it would lead to too tight margins on
high dose. In fact, the opposite has happened. CT has shown that the older
techniques were actually more dangerous, missing the target sometimes,
and CT has led to a widening of margins in some instances, similarly, by
conforming the high-dose volume to more complex shapes by IMRT it may
be possible to widen the margin to allow for greater tolerance of location

errors since IMRT inherently spares more of the adjacent normal tissue.®”

Regarding the IMRT cases, there were three head and neck cases
(patients No. 16, 17 and 19) and two prostatic cases (patients No. 39 and
42). PTV coverage and OARs saving were superior. Teh et al. (1998,
2000)** have shown that IMRT can significantly reduce acute toxicity
compared with conventional and six field conformal radiotherapy of the
prostate. Also, Wu et al. (1999)"” have also demonstrated that IMRT of

head-and-neck tumours leads to better dose distributions.
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Dose-volume histograms (DVHs) have the ability to provide graphic
representation of a simulated radiation treatment plan. They provide
valuable information on the dose distribution within the volume of interest
that results from a proposed treatment plan.”" DVHs has been used for
PTV and OAR assessment in all cases of photon therapy in this study. With
IMRT cases, the DVHs became very essential as the success of any plan
depends on fulfilling the dose constraints and excellent plan results were

obtained (patient No. 19 and 39).

DVHs have been useful in plan selection and in comparison of plans.
This was evident in the comparative DVH as patient No. 29 comparing two
5-field plans the first was a step and shoot IMRT and the second used static
5 fields. The comparative DVH showed a better PTV and lower dose to
OAR (right kidney) for the first plan compared to the second plan. As for
patient No. 49 which was a pelvic osteosarcoma, good PTV coverage was
obtained by the two-field plan and the three-field plan, the DVH showed

better spinal cord saving with the three field plan.

For patient No. 47, the comparative DVH was important for plan
selection where as for this patient the PTV was less covered by an MLC
modification and produced much less -ectal saving while the other plan
produced a slightly better coverage of the PTV with higher rectal dose.
This reminds us with the term “conformal avoidance” which is used to
describe sculpting the dose to avoid OARs when this is more important
than obtaining a good distribution of dose in the PTV."*™ As for patient

No. 46 a comparative DVH for three and five field plans where the PTV
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was the same or slightly better for the five field plan with also a slightly
lower rectal dose. Multiple planar and complex non-coplanar beam
arrangements have not shown clear advantages over the simpler beam
arrangement in a study by Dearnaky et al., (1999) probably because of

inevitable overlap of planning target volume and rectum.®®

Patient No. 37, introduced a comparison between a three field
anterior and lateral fields and six anterior and lateral fields. The three field
plan gave better saving to the rectum while the six field plan allowed better

dose escalation to the PTV with slightly higher rectal dose.

For a deudenal carcinoma of patient No. 30 two treatment phases
were used with three fields for two plans, the DVH was used to add up the
total dose reached to the OAR in a composite plan including the two

phases.

As for the total skin electron therapy TSET used for Mycosis
Fungoids treatment, many techniques have been proposed as solutions.
Some of these are based on large-field and long-SSD utilizing two beams
angled at £10-20° to the horizontal. So that the combined distribution is
uniform over the height of a standing patient.®" Others use medium SSDs
and either add adjacent fields or employ translation of the patient or arcing
of the beam with a rotational technique.”" Some remove the beam
trimmers to treat at a distance of 300 cm to ensure minimal treatment time.

Even at 400 cm SSD, a single field is not large enough to treat the patient’s
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entire body. In the well-known Stanford technique, the patient is treated in

six orientations relative to the beam to achieve a uniform skin dose.”™

In this study, patient No. 50 was treated by TSET (6 MeV) with a
distance of 330 cm, the patient was divided into upper and lower
anteroposterior and posteroanterior field without gantry angulation
producing a field size of 83 x 83 with a Perspex screen of thickness 2 cm.
Results were interpreted according to the clinical outcome which was

excellent for this patient.

Treatment planning for stereotactic radiosurgery is a fundamentally
3D task, and requires accurate determination of the target volume and its
spatial relationship to nearby critical structures in the brain. Dosimetric
results may be synthesized with the anatomical information to allow
clinical evaluation of the treatment plan. Qualitative evaluation (isodose
display) and quantitative evaluation (DVH) were of importance in the
clinical decision process. Efficacy has shown for small lesions less than 25
mm in diameter that are not accessible to conventional neurosurgical
treatment or not well managed with conventional external beam

radiotherapy.m’)

In the present work, six cases were treated by stereotactic
radiosurgery by one set of non-coplanar arcs with a single isocenter for
each lesion. The resultant plans for thesie cases produced tight isodose lines
and the DVH concluded that the critical structures remained outside the

beam portals.



- Summary
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SUMMARY

Conformal radiotherapy requires the delivery of radiation beams
that are tailored to the planning target volume. In practice, this is usually
achieved using a CT study then positioning of the radiation beams in three
dimensional space to match the beams to the target shape to minimize the
treated volume and to keep doses to critical organs within acceptable limits.

This process requires the use of blocked fields and non-coplanar beams.

In this study two-dimensional and three dimensional treatment
planning for different malignant tumours at different sites were performed;
in addition, to the presence of a local area computer network for importing
patient data from the CT and simulator to the treatment planning system.
Different planning techniques were used for fifty patients to choose the
optimum plan for the specific target. New techniques were used in
conformal radiotherapy including IMRT and stereotactic radiotherapy
plans. Stereotactic radiosurgery had been used for six patients treating a
selected group with circular small targets in the brain with very precise
localization and delivery of treatment arcs. After the plan is ready, patient

data are exported to the calibrated machine for patient treatment.
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Results of this study entailed plans with homogenous dose
distribution with lowering of the dose to sensitive organs using variable
techniques. Dose volume histograms were used to interpret plan result for
the planning target volume and critical organs and thus achieving a good

tumour coverage and organ saving.



* Conclusion
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CONCLUSION

The presence of a computer network in a radiotherapy department
offers a link between the simulator (conventional or CT), the treatment
planning system, work stations and the machines. The availability of
work stations in staff and physics offices facilitates access to different
parts of the department and allows distant planning that may involve
field collimation, shaping and accurate positioning, reproducibility and

treatment verification.

Minimizing the PTV offers a possibility for increasing the dose without
increasing the complications; therefore the development of conformal
radiotherapy was a natural evolution making use of the available

technology to improve disease control.

More accurate visualization of the target, better display and
manipulation of patient data by the treatment planning physicist affects

greatly plan results and application.

Improvement of immobilisation devices, precise positioning and dose

delivery is a very important part of conformal therapy..

Increased number of fields resulted in only slight improvement in organ

protection when critical organs lie in close vicinity to the target.
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DVHs offer fast assessment for selection of the optimum plan for the
patient regarding the dose to the tumour and the tolerance dose to

sensitive organs.

Non-coplanar fields allow good coverage of irregular PTV and produce

better critical organ saving in certain sites.

Organ movement will add a problem to accurate dose delivery that
greatly affects IMRT where solving it will introduce a new era for
radiotherapy results (robotic RT is being tried at present to overcome

this problem)

Stereotactic radiosurgery/therapy provided excellent coverage of brain
tumours with markedly reduced dose to the nearby sensitive organs.

This was an improvement on conformal non-coplanar fields.
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