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3. GENERAL INTRODUCTION

An average 65 000 new cases of malignant tumodiagnosed in Hungary
every year (1). That is why the irradiation treattnguality of these patients is a
very important issue.

The goal of radiation therapy is to irradiate twrbearing tissues while
sparing normal structures. Specifically, we wotlke [to deliver a dose of radiation
to tumor cells that is large enough to produce &@éll at a sufficiently high
probability level to control malignant disease, \hat the same time limiting the
dose to uninvolved surrounding tissues so thapthbability of inducing damage to
these tissues is kept to a minimum. In externalvbeadiation therapy, in which
beams of radiation necessarily traverse normaldss order to treat tumor-bearing
anatomic sites, this goal is often difficult. Ats#olevels at which tumor control
becomes reasonably probable, normal tissue damagmontes a serious
consideration (2).

A major constraint in the treatment of cancer usexdjation is the limitation
in the dose that can be delivered to the tumor usaf the dose tolerance of the
critical normal tissues surrounding or near thgegavolume (3).

The main distinction between treatment planning3dd CRT and that of
conventional radiation therapy is that the formequires the availability of 3-D
anatomic information and a treatment-planning swyistieat allows optimization of
dose distribution in accordance with the clinichjeatives (4).

It should be recognized that 3-D CRT is not a nevdatity of treatment, nor
Is it synonymous with better results than succésasfiad well-tested conventional
radiation therapy. Its superiority rests entiretylmow accurate the PTV is and how
much better the dose distribution is. So, insteadatling it a new modality, it
should be considered as a superior tool for treatrpianning with a potential of
achieving better results (4).

Three-dimensional treatment planning systems (3DTRfave been
commercially available since the early 1990's ankd-dimensional conformal

radiation therapy (3-D CRT) is now firmly in plaes the standard of practice. In



addition, advances in radiation treatment-delivieighnology continue and medical
linear accelerators come equipped with sophisticatanputer-controlled multileaf
collimator systems (MLCs) and integrated volumeimaging systems that provide
beam aperture and/or beam-intensity modulation hibfies that allow precise

shaping and positioning of the patient's doseibigions (3).

3.1. THREEDIMENSIONAL(3D) CONFORMALRADIOTHERAPYPLANNING PROCEDURE

Forward-based 3D planning for conformal therapydatly involves a series
of procedures summarized in Table 1; these inclad&blishing the patient's
treatment position (including constructing a pdtiegpositioning immobilization
device when needed), obtaining a volumetric imagéaskt of the patient in
treatment position, contouring target volume(s) antical normal organs using the
volumetric planning image dataset, determining beamntation and designing
beam MLC leaf settings, computing a 3D dose digtidm according to the dose
prescription, evaluating the treatment plan, ahdeeded, modifying the plan (e.g.,
beam orientations, apertures, weights) until arepiable plan is approved by the
radiation oncologist. The approved plan must themtplemented on the treatment
machine and the patient's treatment verified usipgropriate quality assurance
(QA) procedures. All of these tasks make up thevdod-planned conformal therapy
process (3).

Table 1. Three-Dimensional Treatment Planning Proces

Step 1: Patient positioning and immobilization

- Construct patient repositioning/immobilization d=avi
- Establish patient reference marks/patient coordisgstem

Step 2: Image acquisition and input

« Acquire/input CT into threeimensional radiation therapy treatmr
planning system.
Step 3: Anatomy definition

- Geometrically register all input data (such as MR, PET)

- Define and display contours and surfaces for organisk



Define and display contours and surfaces for targkimes
Generate electron density representation from CTram assigned bu
density information

Step 4: Dose prescription

Specify dose prescription for planning target voi(s)
Specify dose tolerances for organs at risk

Step 5: Beam technique

Determine beam arrangements (using beam's-eyeameMroom's-eyeiew
displays)

Design field shape (multileaf collimator leaf setfs)

Determine beam modifiers (wedges, partial transonsslocks, segments)
Determine beam weighting

Step 6: Dose calculations

Select dose-calculation algorithm and calculatiod g
Input dose prescription

Perform dose calculations

Set relative and absolute dose normalizations
Step 7: Plan evaluation/improvement

Generate two- and three-dimensional isodose display
Generate dose-volume histograms

Perform visual DVH and isodose comparisons

Use automated optimization tools if available

Modify plan based on evaluation of the dose distidn

Step 8: Plan review and documentation

Perform overall review of all aspects of plan abtaom physician approval
Generate hard copy output including digitally restomcted radiographs

Step 9: Plan implementation and verification

Transfer plan parameters into treatment machirefépably to a record-and-
verify system)

Set up (regigr) the real patient according to plan (verificatisimulatior
optional)

Perform patient treatment QA checks including iredefent check
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monitor units

CT, computed tomography; MR, magnetic resonanceHPD#8osevolume
histogram; QA, quality assurance.

3.1.1. Step 1 — Patient positioning and immobiicrat

Ensuring accurate daily positioning of the patienthe treatment position
and reduction of patient movement during treatmisnessential to deliver the
prescribed dose and achieve the planned dosebdistn. The reproducibility
achievable in the daily positioning of a patient feeatment depends on several
factors other than the anatomic site under treatmenluding the patient's age,
general health, and weight (3).

3.1.2. Step 2 — Image acquisition and input

Modern anatomic imaging technologies, such as »xoagputed tomography
(CT) and magnetic resonance imaging (MRI) providéully three-dimensional
model of the cancer patient's anatomy, which isroitomplemented with functional
imaging, such as positron emission tomography (PB&T)magnetic resonance
spectroscopy. Such advanced imaging now allowsatimtion oncologist to more
accurately identify tumor volumes and their relasibip with other critical normal
organs (3).

The CT scan must be performed with the patienhéntteatment position, as
determined in the preplanning step. Radiopaque enaudkre typically placed on the
patient's skin and the immobilization device toveeas fiducial marks to assist in
any coordinate transformation needed as a resi8Doplanning and eventual plan
implementation (3).
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3.1.3 Step 3 — Anatomy definition

The anatomic information is usually obtained in then of closely spaced
transverse images, which can be processed to tegcinanatomy in any plane, or
in three dimensions. Depending on the imaging mtyalisible tumor, critical
structures, and other relevant landmarks are a@atlislice-by-slice. The radiation
oncologist draws the target volumes in each slicth \@mppropriate margins to
include visible tumor, the suspected tumor spread, patient motion uncertainties.
This process of delineating targets and relevaratcamic structures is called
segmentation (4).

Notwithstanding the formidable obstacles in defgnand outlining the true
extent of the disease, the clinician must followaaralytic plan recommended by
International Commission on Radiation Units and Meaments (ICRU 50,62)
(5,6). Various target volumes (GTV, CTV, ITV, PTShould be carefully designed
(Fig 1) considering the inherent limitations or artainties at each step of the

process.

ITV

PTV

Figure 1. The different target volumes accordingBU 62 (6)

The final PTV should be based not only on the giveaging data and other
diagnostic studies but also the clinical experietita&t has been obtained in the
management of the disease. Tightening of field marground image-based GTV,
with little attention to occult disease, patienttian, or technical limitations of dose

delivery, is a misuse of 3-D CRT concept that nngsaivoided at all cost (4).
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If any part of the diseased tissue is missed daowsgly understood, it will
inevitably result in failure despite all the caredaeffort expended in treatment
planning, treatment delivery, and quality assurafcem the TCP point of view,
accuracy in localization of CTV is more critical 33D CRT than in techniques that
use generously wide fields and simpler beam arraegés to compensate for the
uncertainty in tumor localization (4).

Patient motion, including that of tumor volumeitical organs and external
fiducial marks during imaging, simulation, and treant, can give rise to systematic
as well as random errors that must be accountew@n designing the planning
target volume (PTV).

The van Herk margin formula can be applied to deitee the optimum PTV
margin before systematic error correction. So amapn PTV margin can be given
as the absolute mean error of the isocenter ¥ 2.9.7%, whereX is the standard
deviation of systematic error angdthe standard deviation of random error (7).

If sufficient margins have been allowed in the laaion of PTV, the beam
apertures are then shaped to conform and adequaiedr the PTV (e.g., within
95 % to 107 % isodose surface relative to presdriuese) (4).

3.1.4. Step 4 — Dose prescription

The radiation oncologist, when planning the treatimef a patient with
cancer, is faced with the problem of prescribirigeatment regimen with a radiation
dose that is large enough potentially to cure artrod the disease, but does not
cause serious normal tissue complications. Thisitaa difficult one because tumor
control and normal tissue effect responses aredilpi steep functions of radiation
dose; that is, a small change in the dose deliveaadresult in a dramatic change in
the local response of the tissue. Moreover, thegoteed curative doses are often,
by necessity, very close to the doses toleratedhbynormal tissues. Thus, for
optimum treatment, the radiation dose must be gdrand delivered with a high

degree of accuracy.
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The frequently used tolerance doses for these ergam not absolute, and larger

doses are sometimes given to fractional volumekesfe organs (3, 8).

3.1.5. Step 5 — Beam technique

It is necessary to deliver higher doses to the tutiman to the surrounding
uninvolved tissue. This is accomplished by seletyivargeting tumor volumes with
multiple radiation beams (2).

External photon beam radiotherapy is usually cdroet with more than one
radiation beam in order to achieve a uniform dostridution inside the target
volume and an as low dose as possible in heal#syds surrounding the target.
ICRU Report No. 50 recommends a target dose unifgrwithin +7% and —5% of
the dose delivered to a well defined prescriptiompwithin the target (9).

Conformal treatment plans generally use an incceaganber of radiation
beams that are shaped to conform to the targemeld o improve the conformity
of the dose distribution, conventional beam modifi§e.g., wedges, partial
transmission blocks, segments) are sometimes Uibelforward planning approach
to 3DCRT is rapidly giving way to an inverse plampiapproach referred to as
intensity-modulated radiation therapy (IMRT), whidan achieve even greater
conformity by optimally modulating the individualedmlets that make up the
radiation beams. IMRT dose distributions can bete to conform much more
closely to the target volume, particularly for tao®lumes having complex/concave
shapes, and shaped to avoid critical normal tissudke irradiated volume. This
increased conformality results in IMRT treatmen&ng much more sensitive to
geometric uncertainties than the two-dimensionaBDCRT approaches, and has
spurred the development of treatment machinesrated with advanced volumetric
imaging capabilities, which is again pushing thgeedf the frontiers in conformal
therapy practice from IMRT to what is now refertedas image-guided IMRT, or
simply image-guided radiation therapy (IGRT) (3).

BEV: type of display, called beam's-eye-view (BEWhich simulates the

treatment planner's viewing point from the perspecof the radiation source
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looking out along the axis of the radiation beamilar to that obtained when
viewing a simulation radiograph (3).

Beam’s-eye-view (BEV) visualization of the delinecttargets and other
structures. The term BEV denotes display of thenseded target and normal
structures in a plane perpendicular to the ceatal of the beam, as if being viewed
from the vantage point of the radiation sourcengshe BEV option, fields margins
(distance between field edged and the PTV outlaw® set to cover the PTV
dosimetrically within a sufficiently high isodosevel (e.g., greater than equal to
95 % of the prescribed dose) (4).

Optimization of a treatment plan requires not ahly design of optimal field
apertures, but also appropriate beam directiomapeu of fields, beam weights, and
intensity modifiers (e.g., wedge, MLC, etc.) In @ward-planning system, these
parameters are selected iteratively or on a tndrerror basis and therefore, for a
complex case, the whole process can become veoy ilatiensive if a high degree of
optimization is desired. In practice, however, mplsinners start with a standard
technique and optimize it for the given patieningsB-D treatment-planning tools
such as BEV, 3-D dose displays, non-coplanar begtiors, inensity modulation,
and dose-volume histograms (4).

One of the important features of 3-D CRT is tharbalirections are chosen
and the beam MLC setting boundaries are definedrdoty to 3-D based target and
anatomic information. Non-coplanar beam directiomske available many more
choices of treatment technique. At present the Iseaye view (BEV) projection is
the most prominent mechanism for interactively deteing beam directions and
defining beam MLC settings (2).

By three-dimensional conformal radiotherapy (3DIGR mean treatments
that are based on 3-D anatomic information anddaese distributions that conform
as closely as possible to the target volume in sevmadequate dose to the tumor
and minimum possible dose to normal tissue. Thecejoin of conformal dose
distribution has also been extended to includeazirobjectives such as maximizing

tumor control probability (TCP) and minimizing noamtissue complication
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probability (NTCP). Thus, the 3D-CRT technique empasses both the physical
and biologic rationales in achieving the desiredicil results (4).

Even if the fields have been optimally designealdgic response of the
tumor and the normal tissues needs to be considerachieving the goals of 3-D
CRT (Fig. 2).

100 _ Tumour Normal tissue

TCP 70%

@ NTCP 5%

-8

=

7 50 TCP {

- NICPF —*

(e

-

]

P

0. Dose

Acceptable dose
Figure 2. The main rationale behind 3D-CRT

In other words, the optimization of a treatmentnphas to be evaluated not
only in terms of dose distribution (e.g., dose waduhistograms) but also in terms of
dose-response characteristics of the given dismadehe irradiated normal tissues.
Various models involving TCP and NTCP have beemp@sed, but the clinical data
to validate these models are scarce. Until morabiel data are available, caution is
needed in using these concepts to evaluate treatplans. This is especially
important in considering dose-escalation schemasittvariably test the limits of

normal tissue tolerance within or in proximity tetPTV (4).

3.1.6. Step 6-7-8-9 — Dose calculation and pladwatson, improvement, review,

documentation, implementation and verification

The time required to plan a 3-D CRT treatment ddpesn complexity of a

given case, experience of the treatment-planniragnteand the speed of the
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treatment-planning system. The final product, tleatment plan, is as good as its
individual components, namely, the quality of inpphtient data, image
segmentation, image registration, field apertuwlese computation, plan evaluation,
and plan optimization (4).

Despite considerable progress in improving theusmy and precision of
radiation therapy, many sources of uncertainty renihese include the limitations
of imaging devices to reveal the true extent of dmeease, displacement of the
internal anatomy at the time of treatment relativeits position at the time of
imaging, motion of patient and internal organs wgritreatment, variation of
response to dose from one patient to the nextatuntror variation in response,
dosimetric inaccuracies, and so on. These are enbblems, but a reduction in
uncertainties is essential for the accumulationmaire accurate data and for an
improvement of the state of the art of radiotheréd)y

The concept of image guidance is not revolutionary] really should be
viewed as an evolutionary component in the devetgnof conformal therapy. In
the past, many systems and/or processes have beeloped to help better localize
the patient for treatment (and hence conform the&e}ancluding dedicated x-ray
simulators, megavoltage radiographic port flmgcalonic portal imaging devices,
implanted radiopaque markers, ultrasound imagingfesys, and optical surface

tracking systems (3).

3.2. MOTIVATION ANDCONCEPTS

The primary obstacles to achieve the maximum ptessiherapeutic
advantage in favour of the patient being treateith wonventional radiotherapy are
the limitations of existing ST 3-D CRT methods toguce desirable radiation dose
distributions and to ensure that unacceptable not,saue complications are
prevented (2).

3D-conformal radiotherapy planning techniques atid widely used in
places where either the treatment planning systenthe linear accelerator or the

dosimetry equipments are not allowing the implemgon of IMRT and IMAT
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advanced planning techniques. Applying them instea@-D CRT is not cost-
beneficial in many tumor-regions, even in placeemhthese advanced techniques
are available.

18



4.MAIN OBJECTIVES

In many tumor regions (e.g. pancreas, prostatebcal, etc.) the use of ST
3-D CRT techniques are not allowing to treat th&/Rilith the prescription dose —
needed for adequate tumor control — homogeniousty & the same time spare
normal tissues to receive less dose than theiraiobe limits.

So my aim was to reach better OAR sparing with strget coverage. That
could be made with IMRT, IMAT techniques, but fbeetn a better (more precise
Isocenter) LINAC and dosimetry equipments are néede a time-consuming QA
procedure. These are not available in many oncot@yyers, so dealing with this
problem is still an actual challenge.

Developing advanced more efficient conformal 3-DTCORtanning methods
allows better OAR sparing at those places (stilhy)avhere a linear accelerator
(LINAC) and/or dosimetry equipments are not allogvithe application of latest
IMRT and IMAT techniques. Secondly it can spare tlmee of additional QA
procedure needed for them.

My aim was to find new, but still 3D conformal ptang methods to treat the
PTVs with at least the same homogeneity and confgymeanwhile decrease the
dose to critical OARs receiving too high dose —iksinto IMRT, but taking minimal
time and technical requirements.

My main concept was to use such beam directionsyevitom their BEV the
OAR — PTV positions are optimal, thus the least OaRas are in their MLC
setting, meanwhile the PTV is sufficiently covered.

Finally a completely different challenge was theirmproblem of cranio-

spinal irradiation (CSI) — in between the matchafighe fields.
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5.WEDGE DIRECTION DETERMINATION (WEDDE)

ALGORITHM

| created the WEDDE algorithm to determine the pragpllimator angle for
the required wedge direction. My algorithm used pecgal model in order to
simplify the problem of determining the collimatangle for the appropriate wedge

direction (Fig. 3).

por

Figure 3. The model used in the WEDDE algorithm reh&/B represents the
gantry position of the wedged beam, B represertgémtry position of the
beam where the wedge in WB will direct, O is thacel of isocenter, and AP

represents the gantry position of the AP beam.

The principle of my model was the following: It usa spherical coordinate
system from the table point of view (POV), wherthei a table or a gantry rotation
could be seen as a gantry rotation (Fig. 3). Ia BOV the gantry could move on a

unit-radius sphere, what is limited by physical tggtable collisions.
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5.1. DETERMINATION OF THEREQUIREDCOLLIMATORANGLES

In this article | defined the direction of a wedae the direction where the
wedge has greater blocking effect. The initial clien of the wedges was always
the upper direction — when the wedge directed tcABnbeam. The collimator
rotation angle of the initial wedge direction degeron the actual gantry angle:
when the gantry angle is less than 180° then thlisr@tor angle is 270°, otherwise
it is 90° — using the IEC standard 601 (10) applsdour Elekta LINAC. The
algorithm converted the spherical coordinates ef pbints on Fig. 3 to Cartesian
coordinates.

X =rLsindLcos¢
y =r [sin@king [1]
z=r[cosf

Equation 1 shows in general the equations how gm@ieroordinates can be
transformed into Cartesian coordinates (11). In\W#eDDE algorithmr was the
source-to-axis distance (SAD) — the distance baiwke source (x-ray focal spot)
and the isocenter) and @ values were calculated from the actual table aartryg
angles of the beam — taking into account the ARctivn having zer@ and @
values and the Elekta IEC 601 standard values, dbtdrmines the table-gantry
angle values.

From these coordinates, the equation of a plan&l dmei determined — with
the help of the following coordinate-geometric ol

The general equation of a plane in 3-D is

A*x+B*y+C*z+D=0 [2]

If the points given in the space are,Yxzi), (X2,¥2,2), (Xs,¥3,Z3) than the

equation of the plane through these points canvena@s the followings (12):

1y z x 1 2z X W X Y 4
A=l y, z;B=x, 1 z;C=)x, vy, 1, D=)% vy, 2 [3]
1y, z x 1 z X3 Y3 X Y 4

If we expand the above formulas in equation 3 tha@nget the following

equations:
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A=y, L(z,-2)+Y,L(z,-2)+Yy,L(z-2)
B =27 0(X, = %) + 2, U(X = %) + 2, 1% — %)
C =3 0(Y, = ¥3) + % O(Y; = Y1) + % LY, — ¥,)
D = x Iy, Uz, -y, 0z,) + %, Ly, Uz, -y, Uz;) + %, Ly, Uz, -y, Uz)
If we have the following two planes:
A+B+C +D, =0
A +B,+C,+D,=0

[4]

[5]

Then the dihedral angle (the angle between these planes) can be

determined with the following formula (13):

ACA+BLB,+C LG
JA B +CI YA +B2+CF
So using this formula | determined the equatiotheftwo planes defined by
points AP, O, WB and O, WB, B (Fig. 3). This dihadangle (equation 6) was the

required collimator rotation angle to direct thedge to another beam. Using these

[6]

cosa =

principles my algorithm determined the exact cadlior angle in all the four lateral

fields. This method can be efficiently applied iamyg treatment planning situations.
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6. CONKISS: CONFORMAL KIDNEYS SPARING 3D NON-

COPLANAR RADIOTHERAPY TREATMENT

FOR PANCREATIC CANCER AS AN ALTERNATIVE TO IMRT

6.1. NTRODUCTION

Pancreatic cancer is the fourth leading cause ateramortality in the
western world (14) and in the United States tooenehan estimated 37,680 deaths
are attributed to this disease in 2008 (15). AlRi+B5 % of these patients have an
inoperable disease at the time of diagnosis. Apprately 50 % of these patients
are classified as having locally advanced unrebéetpancreatic cancer without
evidence of radiographically apparent extrapantreatetastases. The optimal
strategy for treating these patients is still comtrsial because this disease is not
curable using the existing treatment techniquess Tdflects the aggressiveness of
this disease and the inherent resistance to chemnauy (CHT) and radiotherapy
(RT), the two modalities used to manage it (14, 16)

Several authors have already published the impostaof different
chemotherapies used as a part of a chemoradioth@Z#RT) treatment of patients
present with unresectable, locally advanced paticreeancer (14, 17-20).
Considering these data, RT is widely used as a @athe treatment strategy.
Delivering adequate radiation doses to the pandaseémited by the presence of
radiation-sensitive normal structures in the uppbedomen. These include the
kidneys, liver, small bowels, stomach, and the apiord (19).

The 5-FU based CHT combined with the standard (&T)conformal RT
treatment (3D-CRT) technique was used in our dapant (21). The disadvantage
of the ST technique is that the kidneys often necdiigher mean dose than their
generally accepted tolerance limit. Is there a teageduce the too high dose to the
kidneys? With Intensity-Modulated RT (IMRT) techonap the dose to the kidneys

could be significantly reduced (22). My aim wasfiiod a conformal treatment
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technique that delivers lower dose to the kidnégs ttheir tolerance limit — similar

to IMRT, but taking minimal time and technical regunents.

6.2. METHODS ANOMATERIALS

Between February 2005 and August 2008, consec@Bs/patients in our
department with locally advanced, unresectable neatic cancer were treated with
standard 3D conformal RT treatment (3D-CRT) techeigST) (21). The patient
immobilization was done using individual vacuum lgos in supine position.
During RT procedure 10 mm increment computer tomplgy (CT) scans were
taken with a Siemens Somatom CT (Siemens, ErlanGenmany) scanner and
transferred to the Precise Plan treatment plannsygtem (TPS) (Elekta,
PrecisePLAN 2.02/2.03, Atlanta GA, USA). The prdsad dose was 45 Gy to the
PTV in 1.8 Gy per fractions. During the planningogess the ICRU 50, 62

recommendations were followed (5, 6).

6.2.1. Contouring

First the primary gross tumor volume (GTV) and thieical target volume
(CTV) were defined. Organ motion and set-up erveese also considered, thus the
planning target volume (PTV) was defined as CTVhwét uniform margin of
15 mm. The clinically uninvolved regional lymphatiewere not included into any of
the target volumes. As organs at risk (OAR), thaén&ys, liver, small bowels, and

spinal cord were contoured on all CT images.

Planning priorities and OAR tolerance dose limits

Main priority was to deliver the 45 Gy prescribecean dose to the PTV
homogeneously. Secondly to keep the OAR’s meansdaisé relative volume doses
below their tolerance limits (19,22-24) (Table Zhe kidney and the spinal cord
limit were respected with higher priority withindlDARs.
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Table 2. OAR tolerance limits in case of pancreaser*

Primary goal
PTV coverage | Vs.1079,@S high as possible
Secondary goals

OAR mean dose limit Vx limit
Kidney <12 Gy V20 <30 %
Liver <25 Gy V35<33%
small bowel <30 Gy V45 <10 %

spinal cord - V45 =0 %

Abbreviations: OAR = organ at risk; Vx (%) = pertage of total volume receivingQy.

* These are mainly institutional guidelines usedhia literaturé % 2 13

6.2.2. ST 3D-CRT treatment planning

The ST 3D-CRT plans consisted of three fields idiclg an open
anteroposterior (AP) and two opposed, wedged latgfdV photon beams (21).
The isocenter was defined to the geometrical ceotehe PTV. For generating
MLC fields the following shapes were used: 10 mnrgmaaround the PTV from
beam’s eye view (BEV), except near the kidneys #red liver where they were
manually reduced to 3 and 8 mm, respectively. Té@nmbweights were optimized
with the IMRT optimizing module of TPS to achieve @y mean dose to the PTV.

6.2.3. CONKISS planning method (25)

The baseline of the CONKISS five-field beam arranget was (Fig. 4): one
AP-like beam with 40° gantry angle and 90° tablglarfG40-T90) and four lateral
fields: G270-T340, G90-T340, G270-T20, G90-T20,|dwekd by individual
adjustment. The isocenter was moved from the ceafethe PTV anteriorly
considering the followings:

1. Isocenter should not be closer than 1 cm to the Bdider, for
adequate dose calculation

2. The AP-like beam is not causing gantry-patientéatallision.
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Figure 4. The beam arrangement and the wedge idmsaif the CONKISS
method

The name CONKISS came from a similar abbreviati@amely the CONPAS
— Conformal Parotid-Sparing Technique, that wasothiced and published by
Wiggenraacet.al (26).

Individual beam direction adjustment

The gantry angles of the lateral fields were adjgisto that from their BEV
the same kidney areas — from both of the kidneygere overlapped in the PTV.
The table angle of the AP-like beam was adjustetthabagain the same areas of the

kidneys were overlapped in the PTV.

Wedge direction adjustment

| used the ELEKTA integrated motorized physical gedn all of the four
lateral beams. The direction of the wedges werasteljl so, that the wedges of the
two lateral fields closer to the AP-like beam diegtto the other lateral beams on
the same side. In the other two lateral beams theges directed to the AP-like
beam (Fig. 4).

With my WEDDE algorithm | determined the requireallimator rotation

angles in all the four lateral wedged fields usti®g physical wedge angles.
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MLC setting adjustment

The generation of the MLC fields and the beam wempbtimization was
done in the same way as in case of the ST technijughis point when the mean
dose to the kidneys was less than 50 % of the#raake limit (65y) | increased the
previously reduced margins either until the meain&y dose reached the 66 % of
the tolerance limit (&y) or until it reached the original value (f@im). | named this
procedure as the “1/22/3 rule”.

To further increase PTV homogeneity and to redbeertaximum dose value
| used a second segment in the AP-like beam — d kiha multisegmented
technique — that excluded the highest 2—-3 % dasaddrom its BEV, similarly to
Gulybanet al. where this kind of multisegmentation technique wasd in case of
breast irradiation to reduce the maximum doseedXRV (27).

Fig. 5. shows in a nutshell the workflow of the Wwth@ONKISS method.

beam directions.

!

~
[ Calculation and adjustment of physical wedge direc-

( Isocentre placement and adjustment of the optimal

J

tions (collimator angles).

A 4

Generation of MLC fields and beam weight optimi-

zation

| |

Checking the dose to the
kidneys and applying the
“1/2->2/3 rule”.

[ Ready plan.

Figure 5. The workflow of the CONKISS method.

6.2.4. Plan evaluation and comparison

The conformity of the plans was evaluated with @bgl conformity index,

the conformation number (CN) according to the fwileg formula:

27



CN = VT,PI XVT,PI
VT VPI

[7]

where Vf p, is the volume of PTV receiving at least the prgggian dose, V¥, is the
volume enclosed by the prescription isodose, apisthe PTV (28, 29).

The homogeneity was evaluated in two different wasisg the cumulative
dose volume histogram (DVH): First according to ICBO, 62 recommendations
(5, 6), where the ¥_ 1979 represents the percentage of PTV that receiveg than
95 % and less than 107 % of the prescribed dossonfiy the homogeneity was
evaluated with thdgs.50, according to van Asselest al. (30) with the following

formula:

D, -D
Dos s = 5%PI 2 [8]

whereDsy, andDgsy, Were the doses received by 5, and 95 % of the fAdlivme
according to the DVH of the plans, respectively Bhds the prescribed isodose.

For the better comparison of the different plannteghniques | used a
graphical representation of the conformity index) (&d the critical organ scoring
index (COSI) according to Menhet al (31). According to Lomax and Schieb (32)
the definition of Cl is:

_Vip
Ve

[9]

According to Webeet al (33) for the CI | used not the prescription dbsgjust the
95 % of it because only the 95 % isodose cloud Ishgover the whole PTV
according to ICRU 50, 62 (5, 6). The definition@DSI is:

V
COSI =1—($LC)V>“’I [10]

where V\joarysto IS the fraction of volume of an OAR receiving mdrean the
tolerance dose, and {/Gs the fraction of PTV volume covered by the prggmon
dose.

As regards the OARs | evaluated the mean doseetg&itimeys, liver and the
small bowels, the maximum dose to the spinal cthrel,percentage of kidneys and
total kidney volumes receiving 20 Gy (V20), theqeattage of liver receiving 35 Gy
(V35), and the percentage of small bowel receivibdsy (V45) (19, 22). Similarly

to Kozaket al. | evaluated the doses to the OARs in percentagbeofotal mean
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prescribed PTV dose too (34). The same way as gs8inpp DCet al. (35)
reported, | compared the two techniques by givimg ®AR’s dose reductions in
percentages. So to compare the two techniquesveelavaluation was performed

using the percentage OAR dose reduction values.

Statistical analyses

All data are presented in mean dose * standardt@viand as percentage of
tolerance limit too. | made 2-tailetl significance tests to decide whether the
difference of the results between the ST and COMNK[#anning technique are
significant. The 5 % probability level (p < 0.05)asv considered to be statistical

significant.

6.3. EESULTS

6.3.1. PTV coverage

The mean PTV volume was 657,8%tnfrange, 296-1080 cth The
CONKISS plans resulted in a bettess\o70, and D550 homogeneity and a slightly
worse Cl and CN conformity (Table 3). None of thddféerences were statistically
significant. Concerning the PTV coverage, just thaximum dose to the PTV
showed significant (p < 0.008) decrease: 47.38vL2 Gy.

Table 3. PTV coverage comparison — conformity amehdgeneity — between
the ST technique and the CONKISS method accordinGRU 50, 62, Van't
Riet et al., Feuvret et al., Asselen et al. (3633).

PTV ST /SD/ CONKISS /SD/ p
V g5.10796— hOMoOgeneity 95.5 /2.6/ 96.4 /2.1/ NS
Dgs 50— homogeneity 8.4/2.7/ 7.6/2.1/ NS
CIl — conformity 0.787 /0.1/ 0.784 /0.1/ N$
CN — conformity 0.656 /0.06/ 0.636 /0.06/ NS

Abbreviations: PTV = planning target volume; NSat gignificant p > 0.05);
Statistical significance was determined using taited, paired test.
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6.3.2. Dose to OARSs

From the 23 patients with the ST plans the mear doshe right kidney
exceeded its defined tolerance limit in 10 casesite left kidney in 8 cases, and
for the total kidney 9 times. With the CONKISS @ahis number was reduced to 4,
2, and 3, respectively. All the other OAR mean do#ee liver V35, the small bowel
V45, and the spinal cord maximum doses were fdn bbthe techniques under their
tolerance limits.

The comparisons of the OARs mean doses and relatitene doses are
shown in Table 4. With the CONKISS technique theaméeft, right, and total
kidney doses were significantly reduced (from 10.7.7 Gy, from 11.7 to 9.1 Gy,
and from 11.1to 8.4 Gy, respectively). The measedt the liver significantly
increased (from 15.0 to 18.1 Gy) meanwhile the W#5the liver decreased (from
13.8 to 12.1 %). The differences between the atiesin doses and relative volume

doses were not statistically significant.

Table 4. ST — CONKISS comparison concerning theslts the OARs

OAR ST CONKISS D Reduction in %
/SD/ /SD/ (CONKISS/ST)
mean dose 10.7 7.7
eft kidney (Gy) 142/ 12.8/ <0.008 28.1
V20 115 8.5 NS
(%) /10.0/ 16.7/ 26.1
mean dose 11.7 9.1
fight Kidney (Gy) 5.0/ 3.7/ <0.05 22.4
V20 12.8 9.7 NS
(%) /12.6/ 7.9/ 27.0
mean dose 11.1 8.4
total Kichey (Gy) 141 3.1/ <0.02 24.7
V20 12.0 9.0 NS
(%) /10.1/ 7.1/ 25.0
mean dose 15.0 18.1
iver (Gy) 13.8/ 13.3/ <0.008 ~200
V35 13.8 12.1 NS
(%) 7.8/ 6.3/ 11.9
mean dose 11.9 14.6 NS
small bowel (Gy) 16.2/ 16.41 —225
V45 4.3 5.1 NS
(%) /3.8/ /5.1/ —18.6
spinal cord mezél?)um /13507/ /14582/ NS 2.9

Abbreviations: OAR = organ at risk; PTV = planning target volun®&f 3D-

CRT =standard 3D conformal radiotherapy treatmeiitechnique);
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CONKISS = conformal kidneys sparing (method); VX) @gercentage of total
volume receiving XGy; NS = not significant > 0.05); Statistical significance
was determined using two-tailed, paitedst.

With the CONKISS method the following mean doseurtibns were
achieved: left kidney — 28.0 %, right kidney — 2%2 total kidney — 24.3 %. The
mean dose to the liver increased by 20.7 %. Comwgiihe relative volume doses
the reduction was 26.1, 24.2, 25.0, and 12.3 %eas/ely (Table 4).

For the CONKISS plans the mean doses in percentagéseir tolerance
limits to the kidneys and to the liver were similieft kidney — 64 %, right kidney —
76 %, total kidney — 70 %, and liver — 72 %. The NOOSS method allowed
balancing the doses to the kidney and to the hwere balanced — compared to the
ST technique, where these percentages were thwwfoly: 89, 98, 93, and 60 %,
respectively (Fig. 6). The doses to the other OAgtsall bowels and spinal cord)
remained under ca. 50 % of their tolerance limitd aone of these changes were
statistically significant.

Balancing the load among the OARs

140

120 A

ST
OCONKISS
=8D

100 -

(=2
o

percentage of tolerance limit (%)
B
o

ro
o
I

Figure 6. Balancing the load among the OARs

Abbreviations: ST = standard; CONKISS = conformdhleys sparing (method)
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The CONKISS plans were superior to the ST planseonng the COSI
values for the different OARs — mainly for the dose the OARs, meanwhile the ClI
was just slightly better for the ST plans (Table 5)

Table 5. ST — CONKISS comparison concerning the IG@kie
ST 3D-CRT CONKISS

Cl 0.787 /SD: 0.100f 0.784 /SD: 0.086

COSI left kidney V20 0.879 /SD: 0.1050.911 /SD: 0.072

COSI right kidney V20 | 0.866 /SD: 0.13p0.906 /SD: 0.084

COSI total kidney V20 | 0.874 /SD: 0.1060.906 /SD: 0.076

COSl liver V35 0.856 /SD: 0.080/0.875 /SD: 0.066

Abbreviations: Cl = conformity index; COSI = criéiicorgan scoring index; ST
3D-CRT = standard 3D conformal radiotherapy treatnfchnique);
CONKISS = conformal kidneys sparing (method); VX @qercentage of total

volume receiving XGy

The 2D COSI-Cl graph (Fig.7) shows visually theasen why the
CONKISS plans were superior to the ST plans.
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Figure 7. COSI-CI plot for the comparison of the 8 the CONKISS plans
Abbreviations: COSI = critical organ scoring indexXZl = conformity index;
ST = standard; CONKISS = conformal kidneys spa¢mgthod)

6.4.DISCUSSION

While developing the CONKISS method | applied reprectively more than
30 different three-field to seven-field, mainly rooplanar beam arrangements with
different photon energies (6 MV or 18 MV). Sometloém were better only for a
few patients similar to other reported methods .(31)sed the experiences | got
from the previously tried techniques in developitg final CONKISS method
which had better results for all the patients. &y to Higginset al. (36) | found
that the 6 MV plans were superior to the 18 MV onesng the same beam
arrangements. Accordantly to this in the CONKISShoé | used just 6 MV photon
beams. Osbornet al. (37) reported a comparison of non-coplanar and acpl
irradiation techniques to treat pancreatic candéis comparison was based on
normal tissue complication probability (NTCP) and wtal weighted equivalent

uniform dose (EUD) calculations. They found thah+omplanar techniques have an
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overall benefit compared to the coplanar ones. kpeaences similarly showed that
all the coplanar beam arrangements | tried (indgdhe ST technique) were worse
than the CONKISS method that contained five nonlaotgr beams.

The lower SD values of the CONKISS method showeadl tire reproduction
of its results were easier than that of the STriggre. The advantage of my method
was that it accommodated individually to each patiend had a unique beam
arrangement due to adequate beam direction adjospieeam weight optimization,

and wedge direction adjustments.

6.4.1 Advantages of lateral beam directions

The reason why | used four lateral fields was thatkidneys were mainly
under the PTV from an axial POV and using maintedal fields the dose gradient
was higher in the AP direction. Thus the kidneyseieed the least dose when the
lateral fields went through on the least kidneyaaseen from the BEV. Concerning
the mean dose to the kidneys | came to the sanmusion, taking into account the
shape of the photon percentage depth dose (PDM¢ eund the total kidney volume
in the beams. | achieved this by adjusting theedent kidney areas from BEV.

Another reason for this was that according to Blgsst al (38) the
respiration-induced movement of the pancreas aadRs in the AP direction is
the least compared to the movements in other dwext Giergaet al. similarly
reported the movements in the abdomen: in the @tandal direction an average
21.6 mm, in the LR direction an average 12.0 mmd enthe AP direction and
average 6.0 mm (39). The use of mostly laterab$iet during the treatments —
allowed a higher probability in delivering the ptead dose to the PTV and to the
OARs.

The isocenter was moved upward to allow the usth®fAP beam that was
declined in the caudal direction thus avoiding plssibility of any collision caused
by the physical extents of the gantry, table, dr@gdatient. Even with this the table
angles of the lateral fields were unfortunately adiitrary because | had to avoid

any table-gantry collision. This could be achievedith an EEKTA accelerator —
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by using lateral fields with no more than 20° talm&ation. With such lateral fields
the best PTV coverage and OARs sparing | couldeaehi concerning the PTV

homogeneity and conformity — was created with the of physical wedges.

6.4.2. CONKISS vs.IMRT comparison

Brown et al (22) compared three different pancreas plannimghods in
between there were 2 IMRT and one conformal tealeniqr 15 patients — similarly
to us — retrospectively. The average volume offi¥ was almost the same as ours
— in their case 678.2 ¢PTV1) and in our case 658.6 £(PTV). Concerning the
PTV volumes the results were fairly comparable. Tgrescription dose was
different: they made a three step irradiation: 45t&the PTV (PTV1), 59.4 Gy to
the PTV-0.5 cm (PTV2), and 64.8 Gy to the PTV-1(@MV3). So they reduced the
PTV volume in two steps and thus they irradiatetly dhe smallest PTV-1 cm
volume with the 64.8 Gy total dose. In our caseptescription dose was just 45 Gy
to the PTV that corresponded to the PTV1 in casth®fiIMRT plans. To compare
my results with these reported IMRT plans | onlgreased the number of fractions
in my plans so, that the total dose to our PTV @48 Gy. | did not decrease the
PTV volume and thus the estimated doses to the OABse a considerable
overestimation of the doses that would be givethéoOARs, when the PTV would
have been reduced in two steps. Table 6 showsaoimgarison of the OAR relative
volume doses for a 64.8 Gy total prescription dd8ben counting the dose to the
total kidney | took into consideration the slightfferent volumes of the left and
the right kidneys. Without sufficient data | had mpossibility to make any
significance test.

In the comparison of the simultaneous integratedRTMboost (IMRTI),
sequential IMRT boosting (IMRTS) techniques and @@NKISS method the liver
V35 and the small bowel V45 exceeded their tolezahmits in case of the
CONKISS technique (Table 6). In this comparison miiean dose to our PTV was
64.8 Gy. Our original mean prescription dose wast 5 Gy for our CHRT
treatment and in my original CONKISS plans the dasethe liver and to the small
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bowels were in all cases below their tolerancetéimihe doses to the OARs would
have been presumably significantly lower when | ldoave been also decreased

the PTV volume in 2 steps.

Table 6. Comparison of the OAR relative volume ddse the 3D-CRT,
IMRTI, IMRTSs, ST 3D-CRT, and CONKISS plans for d&64.8 Gy dose

IMRTs IMRTi CONKISS
tolerance ST
limit 3D-CRT 5 %of | 3D-CRT | % of ST 3D-
3D-CRT 3D-CRT CRT
PTV
45+ 14.4 + 5.4 Gy 64.8 Gy
mean dose
left kidney 13.8 10.5 17.9
50 10.8 29.0
V20 (%) 128 97 62
right kidney 49.0 35.6 22.4
50 62.9 33.0
V20 (%) 78 57 68
Total kidney 27.7 22.3 19.9
50 35.4 30.6
V20 (%) 78 63 65
liver 9.6 7.5 34.4
33 24.4 31.1
V35 (%) 39 31 111
small bowel 3.3 2.1 18.2
10 6.1 19.0
V45 (%) 54 34 96

Abbreviations: PTV = planning target volume; ST 8T = standard 3D
conformal radiotherapy treatment (technique); CO8&E conformal kidneys
sparing (method); IMRT = intensity-modulated rateapy; IMRTi = simultaneous

integrated IMRT boost; IMRTs = sequential IMRT btwog (22); Vx

(%) = percentage of total volume receivingy

In spite of the fact that in my plans the PTV vokinwas not reduced in
2 steps, the V20 for the total kidney was still Berathan it was for the IMRTi and
IMRTSs techniques (19.9 % for the CONKISS plans aAd, 22.3 % for the IMRTS,
IMRTi plans, respectively). On the other hand tH20Vs just one value and do not
contains any information about the mean dose tditheey. This comparison could
not be fully realistic, because of the slightlyferent PTV volumes, different PTV
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reductions, and of the different patient groupaus'hdid not want to make any clear
decision on this IMRT — CONKISS comparison. Bothtbém are much better
compared to the actual (ST) 3D-CRT plans — madétsame patient group.

In addition to these Menhet al. (31) reported that with their COSI-CI 2D
representation the non-coplanar 3D plans were sgerthe IMRT plans in several
cases. This shows that it should be possible toemmaich non-coplanar beam

arrangements that have similar results to IMRT.

6.4.3. Limit of physical wedge direction usage

In general to direct a wedge to another beam uasip@ysical wedge has a
limitation depending on the PTV shape and on th&-PRRs arrangement in
space. When the PTV outline — and so the MLC shapeconvex from the BEV
then the direction of the collimator can be arbytrdout when the PTV outline is
concave then there are such collimator angles wiherd1LC setting would not be
sufficiently fitted to the PTV outline from the BEWhis is due to the fact, that the
required physical wedge direction can be adjustgd proper collimator rotation.
Thus in case of a concave PTV outline from the BEM possible, that the made
MLC setting would not fit sufficiently to the PTWsing the required collimator
angle in such cases when the MLC setting wouldfindb the PTV, the Elekta
Precise Plan planning system allows to use a kindrtual wedge, called Omni
wedge®. Using Omni wedges the collimator angle lsaradjusted to fit the MLC
setting to the PTV, meanwhile the proper wedge ctiva can be adjusted

separately.

6.4.4. Balancing the dose to the OARs

According to Wilkowskiet al. concurrent chemotherapy, especially the use
of cisplatin and other nephrotoxic agents (e.g.naglycoside antibiotics) can

significantly reduce the tolerance level of therlags, therefore they aimed not to
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expose 30 % of a kidney to more than 20 Gy. In tamidi prior to starting the
therapy, creatinin clearance should be checkedpo$sible for each kidney
separately, with an isotope nephrogram in ordetake individual differences in
kidney function into account before planning raidiattreatment (23). If one kidney
is not functioning well than it can be sacrificed arder to spare as much of the
other, well functioning kidney as possible. In tliase of course the whole
CONKISS method should be altered to exclude as rthehvell functioning kidney
from the beams as reasonably achievable.

The issue concerning the liver seems to be conts@le On one hand
Dawsonet al.— based on NTCP estimation — indicated a higHerance of the liver
tissue: just 5 % risk of radiogenic liver damagdaGy or 31 Gy for 75 % or 100 %
of the liver volume (24), respectively. On the athand according to Wilkowslat
al. the dose tolerance limit of the liver should beHar reduced due to concurrent
chemotherapy to a maximum 25 Gy, or 37.5 Gy folb®@r 25 % of the liver
volume, respectively (23). Based on a liver funttiest, the use of a patient-specific
liver dose tolerance limit should be considered.

With other pancreas treatment techniques usuadlyrittht kidney received
much higher dose than the left. Using the CONKI8&hnique the dose to the
kidneys and to the liver will be almost the saméhm percentage of their tolerance
limits (Fig. 6) left kidney — 64 %, right kidney 76 %, total kidney — 70 %, liver —
72 %, thus ca. 70 % for the kidneys and the liwer. tSo the CONKISS method
makes a balance in between the kidneys and the live

The fact that the mean dose to the liver increaseénwhile its V35
decreased shows, that the increase in the oveialbgical effect due to the
increased mean liver dose would be not so sevarauke simultaneously the liver
V35 decreased.

The CONKISS method took under consideration whatilccdbe more
important concerning the dose to the kidneys aedPAhV coverage. According to
this | checked the dose to the kidneys and wherkitheeys received less than — a
certain value — 50 % of their tolerance dose lithign | made the PTV homogeneity
and conformity better by increasing the previousgduced MLC margins

(maximum to the original 10 mm) near the kidneyslihey got still less than 66 %
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of their tolerance dose limit (122/3 rule). This was done because my primary aim
was to deliver the prescribed dose homogeneoustiigdTV to get the required

effect on the tumor.

6.5. GONCLUSION

The CONKISS method is an effective and individughle treatment
planning method to significantly reduce the doskitimeys, without any significant
change in the conformity and homogeneity. This Ogdgiring could potentially
allow either dose escalation — thus further enhmnttie loco regional control — or to
further decrease the possibility of OAR relatedesgffects — thus ensuring the
possibility to apply any further chemotherapy regims. The WEDDE algorithm
gives possibility to develop other new conformadrpling techniques in order to
improve OAR sparing — similarly to the CONKISS nadh Using 3D-CRT the
CONKISS method can be a simple, smart alternativ&RT.
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/.CONRES: CONFORMAL RECTUM SPARING 3D NON-

COPLANAR RADIOTHERAPY TREATMENT

FOR PROSTATE CANCER AS AN ALTERNATIVE TO _IMRT

7.1. NTRODUCTION

In Europe 25 from every 100 men having tumor weagmbsed with prostate
cancer in 2008 (15Even with definitive treatment, it is estimated td&C6 of men
with clinically localized prostate cancer will expce biochemical relapse within 5
years (40).These show the importance of treating these patiezgpecially with
radiotherapy.

Curative radiation for prostate cancer was dedigienntil the mid-1990s, in
many centers, using a standardized 4-field “ba¢tangement to the pelvis with
little conformation around the target to a typidale of 60—70 Gy. It was already
felt then that this radiation dose was not optifoalcure (41, 42) but dose increment
was limited by the known toxicity (43, 44). Thisopiem was remedied in part by
conventional 3D conformal radiotherapy (3D-CRT),iethuses CT scans for the
initial planning. Dose escalation with 3D-CRT ingsed biochemical control
compared to historical cases in single (45-47) amdti-institutional studies
(48, 49). Moreover, 3D-CRT was convincingly shown the late-1990s to be
superior to standard field radiation with regardaitute and late side effects as
demonstrated in randomized trials (50, 51). 3D-GRIE effects were improved but
still remained common, especially at high doseds T of concern since there is
now strong evidence that freedom-from-failure igofared with dose escalation to
78-79.2 Gy in three published randomized trials—88). These latter, taken
together, also seem to show that dose escalatightri@ad to more complications
unless one sacrifices the posterior CTV-to-PTV nmaitg O mm for the boost or
uses some form of highly conformal RT. This ladi@pseems to be preferable, and

there is thus great interest in improving the ieci of radiation to the prostate.
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The use of three-dimensional conformal intensitydoiated radiotherapy
(3D-IMRT) to treat prostate cancer more efficientigs been advocated for many
years (56, 57). 3D-IMRT can offer similar or bettmverage of the prostate than
3D-CRT while decreasing dosage to OARs (58). l{sesority over 3D-CRT has
been confirmed clinically in dose escalation widspect to side effects and its
efficiency for tumor control (59-66).

Thus when treating prostate cancer using ST 3D-6&4Im arrangements the
rectum — especially the rectum V40, V50 values teroteceive higher dose than
their probable tolerance limit —by delivering adatgudose to the PTV. My aim was
to elaborate a new planning method that — simileriMRT —effectively spares the

rectum without compromising the target coverage.

7.2. MNETHODS ANOMATERIALS

Between May 2009 and September 2010, 27 patierits o risk prostate
cancer were treated in our department. During Rdceguure 5mm increment
computer tomography (CT) scans were taken with em&nhs Somatom CT
(Siemens, Germany) scanner and transferred to derdeian treatment planning
system (TPS) (Elekta, PrecisePLAN 2.02/2.03, AdaBA, USA). The prescription
dose was 7&y to the PTV in 25y per fractions. The treatments were done with an
ELEKTA Precise TS LINAC (Elekta, Crawley, UK) thais an MLC with 1Gnm
leaf width.

7.2.1. Contouring

The primary GTV and the CTV were defined accordmgCRU Report 50,
62 (5, 6). Organ motion and set-up errors were atssidered in the setting of the
margins, thus the planning target volume (PTV) wia$éined as CTV with an

additional uniform margin of 1m As organs at risk (OAR), the rectum (rectum
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anterior and posterior separately), the bladder atius, and the femoral heads were

contoured on all CT images.

7.2.2. Planning priorities and OAR tolerance dasatb

Primarily deliver the 74 Gy prescribed mean dosiéPTV homogeneously
— according to the ICRU 50, 62 recommendation®)5Secondly to keep the
OAR’s mean dose volumes and relative volume dosésabtheir tolerance limits
(Table 7).

Table 7. OAR tolerance limits in case of prostatecer*

Mean dose <60 Gy < 65 Gy <52 Gy
V40 < 65-70%
V50 < 50-55% V65 < 30-40%
VX (%) V60 < 40-50% V70 < 30-35%
V70 < 25% V75 < 10-25%

V75 < 5-15%
Abbreviations: OAR = organ at risk; Vx (%) = pertage of total volume

receiving xGy.

* These are mainly institutional guidelines usedhia literaturg67-71).

7.2.3. ST 3D-CRT treatment planning

The ST 3D-CRT plans consisted of four fields inahgdan anteroposterior
(AP), a posteroanterior (PA), and two opposed dtphoton beams (72,73). The
isocenter was defined to the geometrical centethef PTV. For generating the
multileaf collimator (MLC) fields the following slpes were used: I@m margin

around the PTV from beam’s eye view (BEV), excepamthe rectum and the
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bladder where they were manually reduced to 4 amin8respectively. The beam-
weights were optimized with the IMRT optimizing moe of Elekta PrecisePlan
TPS only with a mean dose constraint aGs#for the PTV.

7.2.4. CONRES planning method

The CONRES basic five-field beam arrangement wag. @: one AP-like
beam with 340° gantry angle and 90° table anglet(=B90) and four lateral fields:
G270-T340, G90-T340, G270-T20, G90-T20. The iscmemtas moved from the
center of the PTV in the posteroanterior (PA) dicet upward inside the PTV as

reasonably possible because of collision-avoida@asons.

bladder

femoral heads

rectum

Figure 8. The beam arrangement and the wedge idmsaf the CONRES

method

Individual beam direction adjustment

The gantry angles of the lateral fields were adjgisto that from their BEV
the least rectum area was in the PTV. The tabldeaofythe AP-like beam was
adjusted so that from its BEV the least bladdea avas in the PTV.
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Wedge direction adjustment

| used the ELEKTA integrated motorized physical gedn all of the four
lateral beams. The direction of the wedges werasteljl so, that the wedges of the
two lateral fields closer to the AP-like beam diegtto the other lateral beams on
the same side. In the other two lateral beams #uges directed to the lateral beam
closer to the AP-like beam (Fig. 8).

With my WEDDE algorithm | determined the requireallimator rotation

angles in all the four lateral wedged fields usti®g physical wedge angles.

MLC setting adjustment

The generation of the MLC fields and the beam weigtimization was
done the same way as in case of the ST technique.

To further increase the PTV homogeneity and to cedhe maximum dose
value | used a second segment in the AP-like beam its BEV — a kind of a
multisegmented technique — that excluded the htghe® % dose cloud, similarly to
Gulybanet al.(27).

7.2.5. Plan evaluation and comparison

The homogeneity was evaluated in two different wdyisst according to
ICRU 50, 62 recommendations (5, 6), with the M-, Secondly the homogeneity
was evaluated with thBgs 50, according to van Asselast al. (30).

Concerning the OARs | evaluated the mean doseetoetttum, bladder, anus,
femoral heads, the percentage of rectum volumeiviage40 Gy (V40), 50 Gy
(V50), 60 Gy (Vv60), 70 Gy (V70), 75 Gy (V75), anbet percentage of bladder
receiving 65 Gy (V65), 70 Gy (V70), 75 Gy (V75) @a 7). Additionally the
rectum anterior and rectum posterior mean doses wealuated too according to
Wolff et. al (74).

Statistical analyses
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All data are presented in mean dose * standardt@viand as percentage of
tolerance limit too. | made 2-tailedtests to decide whether the difference of the
results between the ST and CONRES planning tecknéga significant. The 5 %

probability level (p < 0.05) was considered to taistical significant.

7.3. RESULTS

7.3.1. PTV coverage

Table 8. PTV coverage comparison — conformity amehdgeneity — between

the ST technique and the CONRES method (5, 6, 31-33

ST 3-D CRT CONRES
PTV P
/ISD/ /SD/
mean dose
74,0 NS
(Gy)
homogeneity 22 97.9 NS
V5.107% 10,6/ /1,0/
homogeneity <hi 3.8 NS
Dos.50% /2,5/ 12,9/
conformity 0,633 0,635
NS
(COIN) /0,04/ /0,04/

Abbreviations: PTV = planning target volume; ST BBRT = standard 3D
conformal radiotherapy treatment (technique); COSREconformal rectum
sparing (method); COIN = Conformal Index; SD = skaml deviation; NS = not
significant p > 0.05); Statistical significance was determinsthg two-tailed,

pairedt test.
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The mean PTV volume was 222 ,5%(ange, 137-341 cth The CONRES
plans resulted in a slightly bettegM 70, @ slightly worse B.so, homogeneity, and a
slightly better COIN conformity (Table 8). None dhese differences were

statistically significant.

7.3.2. Dose to OARSs

From the 27 patients with the ST plans the averagtum V40 and V50
values exceeded their defined tolerance limitsSra@d 11 cases, respectively. With
the CONRES plans this number was reduced to 3 arespectively.

Table 9. ST — CONRES comparison concerning thesasthe OARS

ST. 3-D CRT| CONRES prggcuecrgitgﬁ'
SD/ /SD/ ”

rectum

V60 (%) 36.9/10.0/ | 37.8/9.4/ NS -24
V70 (%) 24.1/8.1/ 23.9/7.0/ NS 0.8
V75 (%) 1.4 /3.0/ 0.6/1.2/ NS 57.1
bladder V65 (%) 37.8/16.8/ | 34.4/15.0/| NS 9.0
V70 (%) 33.5/13.8/ | 27.8/12.2/| NS 17.0
V75 (%) 1.8 /3.6/ 3.4/4.4/ NS - 88.9
femoral heads| mean dose| 33.5/5.9/ 32.9/5.9/ NS 1.8

Abbreviations: OAR = organ at risk; ST 3D-CRT =m&tard 3D conformal

radiotherapy treatment (technique); CONRES = canédrectum sparing (method);
Vx (%) = percentage of total volume receiving x;, S = standard deviation;
NS = not significant (p > 0.05); Statistical sigo#ince was determined using
two-tailed, paired test.
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Concerning the average bladder V65 and V70 valtes; exceeded their
defined tolerance limits in 13 and 13 cases, rasmdg. With the CONRES plans
this number was reduced to 9 and 5, respectivelth We ST plans the rectum and
bladder mean doses exceeded their tolerance Inmt and 1 cases, respectively.
With the CONRES plans both of these numbers weteaed to zero. All the other
OAR mean doses, the rectum V60, V70, V75 the blad@® values were for both
of the techniques under their tolerance limits.

Comparison of the OAR mean doses and relative weldases are shown in
Table 9. With the CONRES technique the mean recamoh bladder doses were
significantly reduced (from 51.4 to 45.2 Gy, froth&to 44.0 Gy, respectively).

Table 10. ST — CONRES comparison concerning thieimedoses

rectum mean dos <60 Gy 51.4 45.2 <0.02
rectum anterior <60 Gy 57.9/13.7/ 58.3/6.8/ NS
rectum posterior <60 Gy 46.4 /5.0/ 30.9/5.3/ <0.001
rectum +anus - _ g5 _ 70 94 79.2 448  <0.001
V40
fectum +anus 5y 550  48.8 383 <001
V50
rectum + anus 0
V60 <40-50% 31.9 31.6 NS
rectum + anus
V70 <25% 19.9 19.9 NS
rectum + anus
V75 <5-15% 1.1 0.5 NS

Abbreviations: ST 3D-CRT = standard 3D conformal radiotherapgtireent
(technique); CONRES = conformal rectum sparing (roe};
Vx (%) = percentage of total volume receivinGy; SD = standard deviation;
NS = not significantg > 0.05); Statistical significance was determinsohg

two-tailed, paired test.

The V40 and the V50 for the rectum and the V40 tfee bladder significantly
decreased (from 87.2to 52.9 %, from 56.1to 45.@8d from 69.5to 49.0 %,
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respectively). The differences between the otheanma@oses and relative volume
doses were not statistically significant.

Comparing the ST 3-D CRT and the CONRES techniqgtrese were no
significant changes in the rectum anterior dosaswith the CONRES method the
rectum and rectum posterior doses were signifigaréduced (Table 10).
Concerning the fact that the PTV was partiallydesihe rectum anterior part, these
show too, that the CONRES method delivers the plesit dose to the PTV with
same homogeneity and the rectum mean dose reduetonrably comes from a
significant reduction of the rectum posterior meases.

Additionally | evaluated the rectum and the anugetber for the same
relative volume doses as for the rectum. | usedséme tolerance levels as for the
rectum. Similarly the rectum + anus V40 and V50uesl decreased significantly.
Comparing same relative volume doses, all the mestlanus values were lower
than the values for the rectum alone.

With the CONRES method the following significantrgental mean dose
reductions were achieved: rectum — 12.1 %, bladdeird.7 %. Concerning the
rectum V40, V50 and bladder V40 relative volumeeagothe reduction was 39.3 %,
18.7 % and 29.5 %, respectively (Table 9).

Comparing organ at risk tolerance doses in percentage of their tolerance limits

140,00

asT
B CONRES

120,00

100,00

80,00

60,00

40,00

percentage of tolerance limit (%)

20,00

0,00 +—

© Ao QAo
& & &AD‘ &4" @4@ &4“ &4“ RS &4“ &4“ Q‘%\ cp\e \94\
@6 bbé\ S NS RSN © &
& S AR R N NN Q
S & & <
N <® \e&

Figure 9. Organ at risk tolerance doses in pergentétheir tolerance limit
Abbreviations: ST = standard; CONRES = conformetum sparing (method)
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7.4. DSCUSSION

According to Kovacet.al (75) the dose delivered from the lateral direttio
could have the least variation due to internal nngetions compared to the AP and
PA directions. Thus the four lateral non-coplanaarhs used by my CONRES
method have an advantage in delivering the placiose to the tumor compared to
the ST 4FB where an AP and PA directions are used.

Prostate treatment planning comparisons between GRX and IMRT
techniques were already published by many auth®6s9{). In most of these
articles they reported that the IMRT and IMAT plamsd better conformity and
better OAR sparing too.

However in one of this comparison @h al (78) reported that in the IMRT plans
the homogeneity was worse. Compared to this the REBplans have not resulted
in a significantly different conformity and homoggaty.

Verhey (80) reported that in spite of the factst ttitee IMRT plans had better
conformity and gave lower dose to normal structaed they needed significant
additional time for their implementation and verdiion. The time needed for
implementation can be reduced using IMAT techniq@ss the other hand the real
big advantage of IMRT is its capability to prodummncave dose distributions (82).
This is very beneficial, because the prostate FSIiYi some cases concave.

Koontzet al reported that in their 3D CRT — IMRT comparistie rectum
V50 was significantly reduced by 17 % and the VAb 38 % (83). With the
CONRES method — compared to the ST 3D-CRT techrniqtieis reduction was
18.7 % for the rectum V5Q0pk 0.01) and 54.5 % for the rectum V75 (NS). This
shows that the CONRES method resulted in a comfgaralduction in the rectum
doses than the IMRT technique. There were no irdétion on the conformity and
homogeneity values of those IMRT plans, but in c#fshe CONRES method these
values have not changed significantly.

Luxton et. al had an interesting conclusion in their publicat{86): Present
calculations support the hypothesis that accuratieyvered IMRT for prostate
cancer can limit dose to normal tissue by redudnegtment margins relative to

conventional 3D planning, to allow a reduction iomplication rate spanning
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several sensitive structures while maintaining oicreasing tumor control
probablility. The real meaning of this conclusiam e is that they had better result
with the IMRT plans because they reduced the treatmmargins. In my opinion the
treatment margin can be reduced just when the regdie and random errors are
reduced during thre treatment. This can be acceimadi with IGRT techniques, but
IGRT techniques can be used together with conforadibtherapy too and not just
with IMRT. So their better result with IMRT seenaslie controversial.
Table 11. Percentual comparison of the OAR meardland percentage
volume doses for another Box-RT and DASF-RT 3-D Qs for 70 Gy
prescribed dose (76), and for my ST 3D-CRT and C&8Rlans for 74.0 Gy

prescribed dose

DASF RT o CONRES
BZ’;BRT reduction | 3D-CRT reduction
(4FB) in % to (4FB) in % to
Box RT ST 3D-CRT
PTV
mean dose 70 Gy 74 Gy

rectum 61.6 52.9
! 65.2 87.2

V40 (%) s 39.3

rectum 39.6 45.6
! 47.2 56.1

V50 (%) 16.1 18.7

32.1 44.0
bladder 37.3 51.6

mean dose 13.9 14.7

bladder 35.0 49.0
! 39.2 69.5

V40 (%) 10.7 29.5

Bladder 9.4 27.8
) 11.1 33.5

V70 (%) 15.3 17.0

Abbreviations: PTV = planning target volume; ST 8T = standard 3D
conformal radiotherapy treatment (technique); COSREconformal rectum
sparing (method); Box RT = standard four-field heghnique; DASF RT = six-field
coplanar technigue using five static fields and@°3vide dynamic-arc; Vx
(%) = percentage of total volume receivingy

Vaarkamp et. al reported that their forward planned multi segment
radiotherapy (MSRT) technique was significantlytbethan conformal and IMRT

techniques (77). This shows that it is possiblengtke comparable or even better

50



plans than IMRT. So the fact that the CONRES plamscomparable with IMRT
plans seems to be realistic from this point of view

| made a percentual comparison between my and @n8tb CRT comparison
(Table 11) made by Sasaok& al (76). This could be done even with different
prescribed PTV mean doses. Both techniques werepa@d with a ST 4FB
technique. The CONRES method had a larger perderdgdaction for the rectum
V40, V50, bladder V40, V70 values and bladder mdases (Table 11). So the
CONRES method seems to be better than the DASFe&higue (76) that was the
best in comparing 4 different conformal techniques.

The percentual rectum anterior and rectum posten@an dose reductions
were compared to 3D CRT - this was a comparisompfCONRES and other
VMAT and IMRT techniques reported by Wokt al. (74). The percentual rectum
posterior mean dose reductions were similar (ar@so) for all of the techniques,
but the percentual rectum anterior mean dose rieshgcivere better for the VMAT
and IMRT techniques (Table 12). This probably me#rs with the published
IMRT and VMAT techniques higher dose gradients ddag achieved than with the
CONRES method, or possibly not so much PTV volumese in the rectum
anterior part. It is evident that all the IMRT, VMAand CONRES tehniques were
significantly better than the ST technique in spgrthe rectum and mainly the

rectum posterior part — that was definitely notuded into the PTV.
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Table 12. Percentual comparison of the rectum imtand rectum posterior
mean doses for another two VMAT and one IMRT plalasis for 76 Gy
prescribed dose (74), and for my ST 3D-CRT and C&8Rlans for 74.0 Gy

prescribed dose

VMATIX | ymaT2x IMRT o7 CONRES
3D CRT reduction | reduction | reduction | 3D-CRT reduction
in % to in % to in % to (4FB) in % to
3D CRT 3D CRT 3D CRT ST 3D-CRT
PTV
mean dose 76 Gy 74 Gy
rectum 61.6 61.3 54.0 58.3
anterior mean 66.3 57.9
dose (Gy) 7.1 7.5 8.1 -0.7
rectum 38.6 38.8 34.9 30.9
posterior mean 55.4 46.4
dose (Gy) 30.3 30.0 37.0 33.4

Abbreviations: PTV = planning target volume; ST BBRT = standard 3D
conformal radiotherapy treatment (technique); COSREconformal rectum
sparing (method); VMAT1x = volumetric modulated #nerapy with one rotation;
VMAT2x = volumetric modulated arc therapy with twatations (74)

Today the best way to irradiate prostate tumoesnseto be possible with
IMAT techniques. Palma et. al. reported that tlvamable dose rate volumetric arc
therapy technique (vdr-VMAT) was superior to oth®RT and to constant dose
rate VMAT (cdr-VMAT) techniques. The vdr-VMAT teclque resulted in a more
favourable dose distribution and it reduced the itoorunits required compared to
IMRT (92). By decreasing the monitor units, the VIMechnique can reduce beam
on time up to 55% while maintaining dosimetric gtyatomparable to that of the
standard IMRT approach (93).

7.5. GONCLUSION

With the CONRES method the mean dose to the re@ndbladder, the
rectum V40, V50 values and the bladder V40 valuagdcbe significantly reduced,
meanwhile the conformity of the plans, the PTV hgemeity and the doses to other
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OARs have not changed significantly. Using 3-D GR& CONRES method allows
the possibility of better OAR sparing and furthesd escalation. It could be a smart

alternative to IMRT.
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8.NON-COPLANAR APPLICATION OF THE THREE-FIELD BOX

(3FB) 3D CONFORMAL TREATMENT PLANNING TECHNIQUE TO

TREAT CEREBRAL TUMORS

8.1.INTRODUCTION

The planning of cerebral tumors with the use of gaplanar fields are in
many cases not enough efficient to spare OARSs dltieet placement of the PTV to

the OARs (Fig. 10).

Figure 10. Shows that the use of coplanar fielddramany cases not enough

efficient in sparing normal tissues in case of beaktumors
Usually there is just one optimal — frequently remplanar — opposing pair of

beams that spare most efficiently the surroundiogmal tissues together with

sufficient PTV coverage (Fig. 11).
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Figure 11. Shows that usually there is just onégdt— opposing — beam direction

to most efficiently spare normal tissues

My goal was to use the advantages of optimal ngrlac@r beam directions
in case of cerebral tumors for better normal tissparing — by applying a non-
coplanar form of the three-filed box (3FB) techraqlio achieve this | applied the
WEDDE algorithm for the determination of proper pioal wedge directions — thus

proper collimator angles while using a non-cople&@fas beam arrangement

8.2. MATERIAL ANDMETHODS

Applying the coplanar 3FB technique (0° open ant 280° wedged beams)
planning advantages for non-coplanar cases, | wWsedWEDDE algorithm to
determine the required collimator and wedge an@l&s 12).
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Figure 12. Demonstrates the need for wedge direcktermination in case of a

non-coplanar 3FB

The WEDDE algorithm was implemented into a compptagram. In view
of the gantry and table positions of the beams,ctieated program determined —
after appropriate coordinate-geometric transforometi— the proper collimator angle
for the required wedge direction. Thus the 3FB ddug applied easily in its non-
coplanar adaptation too. | examined the elaboratetthod from time-efficiency and
clinical usability points of view.

The WEDDE algorithm can be used easily with theliappon of physical
wedges just in case of a convex PTV. That is bec#lus direction of a physical
wedge can be adjusted with collimator rotation siient. In case of a concave
PTV the MLC setting possibly would not fit properlysing certain wedge

directions, so collimator rotation angles.

8.3. EESULTS

The non-coplanar 3FB beam arrangement could beierffly used in all

convex PTVs, where an OAR is close to it in thenmraaudal direction (Fig. 13).
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Figure 13. The non-coplanar 3FB beam arrangement tlifferent point of views

| our Institute — according to my experience — héndound this beam
arrangement specifically appropriate for cerebtahdr irradiation — due to the
brainstem, eyes, and chiasma as most important OAResr the planning of an
optimal non-coplanar 3FB beam arrangement, thepass of the planning needed

no remarkable extra time.

8.4. GONCLUSION

The non-coplanar 3FB beam arrangement can be dpgffieiently together
with the help of the WEDDE algorithm that | devetop This method allows in case
of any non-coplanar (and coplanar) beam arrangerentdetermination of the
required collimator angles for the desired weddeetf— extending the usability of

wedges.
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9.A MODERN 3D CONFORMAL CRANIOSPINAL RADIOTHERAPY

PLANNING METHOD

(M ODERN 3D KONFORMALIS CRANIOSPINALIS BESUGARZASI

TECHNIKA )

9.1. NTRODUCTION(BEVEZETE$

Az eléfordulé rosszindulatd daganatok kb. 2 %-at a kotipiolegrendszeri
malignomak teszik ki (94), de gyermekkorban mindemrmadik malignoma az
idegrendszerd indul ki. A liqguorba tortéi tumoros disszeminacié miatblég
gyermekkori és fiatalkori tumorok, mint példaul a edwlloblastoma,
ependymoblastoma esetén a teljes koponya és deBugarzas a rutin onkoldgiai
ellatas része (95). A craniospinalis irradiacio }d&gkritikusabb része a koponyat
és a gerincvél tartalmaz6é hosszu és bonyolult (irreguléris) ezbsi céltérfogat
(TCT) miatt alkalmazott méilesztések biztonsdgos és pontosan reprodukalhat6
megvalositdsa. Ha az illesztéseknél aluldozirozakkor nem lesz megfetela
tumorkontroll, és ha taldozirozunk, akkor a geregléva maximalis toleranciaddzisa
feletti dozissal terheljik. A CSI besugéarzastergezés napi bedllitasa az egyik
legnehezebb tervezeési eés sugarterapias feladatcdlunk a medk biztonsagos
illesztését megkonnyit konnyen reprodukélhaté besugarzasi technika gakésa

Volt.

9.2. MATERIAL ANDMETHODS(ANYAG ESMIODSZERER

Intézetliinkben 2007 oOta 8 beteg részesult CT aldptkéanformalis CSI
sugarkezelésben postoperativ indikaci6 alapjan @vedtan 5 esetben
medulloblastoma, és 3 esetben ependymoma volfjsz&l a beteg megfetel
rogzitését kellett meghatarozni. Ez azért is kiéemelfontos, mert tobbnyire

gyermekeket, sokszor rosszul kooperald pacienselietezelniink. Lényeges, hogy
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a gerinc gorbulletét, valamint a koponya és a geviocalaban a drfelszint a
vizszinteshez kozelitsiik. A betegrogzités hasomdfdlelyzetben, vakuumagyban,
fej- és medence-rogait valamint mellkasi maszkok segitségével tortedt @bra;
Fig. 14): ebsz6r szimulatorban a beteget hasra fektettik, hkanés a csifje ala
parna kerdlt, allat leszegezte. A fejére és a d@pék termoplasztikus maszkot
tetttink.

Figure 14. Patient fixation (Betegrdgzités)

igy a koponya és a gerinc hosszanti tengelye gyatilag egy vonalba esett,
€s a gerinc gorbilete is vizszintes-kdzeli voltb&b a rogzitésben késziilt el a
tervezéses CT vizsgalat 10 mm-es szeletvastagskgpgahyateitél a femur fel§
harmadaig. Fiataloknal és féhteknél a teljes TCT-re &It dozis 36 Gy volt,
1,8 Gy frakciéddzissal, majd 39.6 Gy-ig folytatGdatteljes koponya besugarzasa,
végll maga a tumoragy osszesen 54 Gy teljes ddriskszesilt. Gyermekeknél
alacsonyabb, 1,6 Gy-es frakciédoézist és alacsonyelps dozist alkalmaztunk. A
tervezésnél figyelembe vett célok a kovetkeroltak: a TCT minden pontja kapja
meg az dlirt dozis legalabb 95 %-at az ICRU 50, 62 ajanlipjan (5, 6); az
illesztéseknél az atféd térfogatokat teljes mértékben eliminaljuk, hogy a
gerincvebben ne fordulhassondellldozirozas.

A tervezés elslépcsje a kontlrozas. A rizikGszervek, vagyis esetiinkaden
agy, szemek, szemlencsék, szemidegek, latoidegétgidég keresztérés,
agytorzs, gerincvé| parotisok, submandibularisok, also allkapocs, ¢énusfejek,
tudok, sziv, bal karma, m4j, vesék, vékonybelek, feejakl, holyag, rectum, anus,
pajzsmirigy kontUrozasat diagnosztikai képalkotGakasszisztensek végezték
szakorvosi felligyelettel. A szakorvos altal kije[6CT magaba foglalta az agydel

a gerincvalt, illetve a teljes liquor-teret. Minden betegreyedi besugarzasi terv
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készllt. Két lateralis, 6 MV foton-energiaju kopanyest, és PA iranyd, 18 MV
foton-energiaju gerinc mékz hasznaltunk, melyek izocentrumai kozott csak
longitudindlis iranyu eltolast alkalmaztunk. A geri mesk izocentrumainak
tavolsagat ugy hataroztuk meg, hogy a thoracalisétmeranialis, mig a lumbalis
mezt caudalis iranyba maximalisan nyitottuk, majd dskér 2 cm-es illesztés-
eltolashoz sziikséges mértékben kozelitetkigk egymashoz annak érdekében, hogy
az illesztéseknél a lelietegmeredekebb szdget zarjak be egymassal a suriikme
illeszked szélei. A meé-illesztések eltolasat rendhagyé modon, egy fraktiélll
leadott, meé&nként harom—harom azonos sulyu dszegmens segitsegevel, 2—
2 cm-es medhatar-eltolassal valositottuk meg (15. dbra; F&). 1 Ennek
segitségével a mékodn bellli dozist minden frakcion belil egyénaranyban
haromfelé osztottuk a harom nészegmens kozott.
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Figure 15. Multisegmental field-junction shift ugitorachal and lumbal beams
(Mezsillesztések eltolasa szegmensekkel hati és hasikaealkalmazva)

Ezzel a lehetséges tuldozirozas frakciodozisa atgedbb, illetve a
lehetséges aluldozirozas frakcidddzisa magasablalesak egy illesztési pontot

alkalmazo technikahoz képest. A koponya ékeés a divergald hati mézpontos
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illesztését megfelél kollimator-forgatassal allitottuk be (16. abra;gFil6). A
PrecisePLAN (Elekta, PrecisePLAN 2.02/2.03, Crawle)) tervedrendszerrel
készult tervet onkoterapias team fogadta el, mdpgtagek a sugarkezelést Elekta
Precise TS gyorsiton kaptak meg.

Figure 16 The matching of cerebral and torachahiseaith proper collimator
rotation (Koponya mek hati meshoz illesztése megfelekollimator-forgatassal)

A maddszer tovabbfejlesztésére és a édivenyek esélyének csokkentésére
egy masik valtoztatast is bevezettink az elmiisadkban. A beteg testalkatatol,
magassagatol fugen az illesztések szamat Keti egyre csokkentettik a
gerincvebt ellatdo thoracalis €s lumbalis nédz helyett hasznalt egy hati niez

fokusz-ldr tavolsaganak (SSD) ndvelésével (17. abra; Fig. 17
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Figure 17. Multisegmental field-junction shift ugione torachal beam

(Mezoillesztés eltolasa szegmensekkel egy hatidkeikalmazva)

A sugarmedk térbeli elhelyezkedését az egy illetve két iltésr alkalmazo
CSl esetén a 18. abra (Fig. 18) szemlélteti.

Figure 18. The spatial arrangement of irradiatiearbs using (a) one or (b) two
field-junctions (A sugarméik tarbeli elhelyezkedése egy (a) illetve két (lBsittést

alkalmaz6 craniospinalis besugarzas esetén)

CSI alkalmazasanal a sokszor TCT-n kivilred emaximalis dozisok
csokkentése érdekében egy masik — multiszegmentalifpesugarzasnal hasznalt —
technikat is alkalmaztunk. Ennek soran a szézalé@dmsfellbben a maximalis
dozishoz képest 3-4 %-al alacsonyabb doézist fennaaglyan kis sulyl szegmenst
hoztunk létre, mely a maximalis dozisu részeketKdtja. gy tobb szazalékkal
csokkentettik a maximalis dozist (27).

A kezelés ditti szimulalas soran a koponyand&zzocentrumat jeloltik be.
A thorachalis és lumbalis gereincnikzizocentruméat a kezeléskor longitudindlis
irAnyu eltolassal allitottuk be. Az élkezelés ditt a terapias sugarnyalabok és
lateralis iranya elletrz6 mezk felhasznalasaval rontgen-felvételek (EPI-K)
készlltek mindegyik izocentrumrél, amelyek alapj@&zikséges esetben a
betegbeallitas javitasat (mdédositasat) elvégeztik.

9.3. ESULTYEREDMENYER
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A dézis-volumen hisztogramon (DVH) a TCT és a vdldekritikus szervek
atlagos dozisterhelése lathaté (19. abra; Fig. @)y azt mutatja, hogy a teljes
koponya és gerincv@l TCT homogénen ellathatd azat terapias dozissal, mig az
egyes kritikus szervek (szem, parotis,didese, stb.) joval sajat toleranciaddzisuk
alatti dozist kaptak.

Hey Structure Flan DDSZ:E-EGyJDosI:a(}éGyJDDSM:(a;leJ UoTlotEacch
FT W fur rent o 2073 2600 25451
——Left eye fFur rent 314 244 73] 8.2
——[Right Eye fur rent 31y 263% L 8.0
Left Parctis fur rent 36T 1325| B2 7] 2.5
—|Fight Parotis  |furrent 313 1663 =54 2.4
Left Lurg fur rent ) 4014 552 1330 3
—— [Fight Loy frur rent 25 4024 TEY 1475_5
——[Left Hidneyr fur rent ddf 3393 621 807
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Figure 19. Dose-volume histogram in case of craniinad irradiation (DOzis-

volumen hisztorgram craniospinalis besugarzas eseté

A 20. abra (Fig. 20) a CSI sugéarkezelési terv 9694érbeli doziseloszlasat
mutatja.

A mezk és izocenterek bedllitdsi pontossaganak @&lse a
tervedrendszerben generalt kV-os, AP és lateralis iradigitalisan rekonstrualt
radiogramok (DRR) és a kezelés megkezdésd, dEPID-el (Electronic Portal

Imaging Device) elkészitett MV-os ellénzé felvételek 6sszehasonlitasaval tortént.
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lgy az izocentrumokat manudlisan 2 mm-es pontossadghetett minden
ortogonalis irAnyban beallitani.

Figure 20. The 95 % volumetric dose distributioraafraniospinal irradiation plan

(A craniospinalis sugarkezelési terv 95 %-os térh&tiseloszlasa)

Az elsy kezelés ditt alkalmazott ortogonélis mézerifikacios felvételek
tobblet-elkészitési idejét eltekintve az atlagos kezeléstid0 perc volt, amin felll
még atlagosan 5 perc volt a betegpozicionalas.ideje

A szilardtest fantomban, filmmel végzett verifikdGz elnyelt terdpias dézis
homogenitasat és az illesztések pontossagat igazbltbetegsl filmmel készllt
verifikacio hasonloképpen a leadott terapias démpisiogenitasat és az illesztések
pontossagat igazolta (21. abra; Fig. 21).

Figure 21. Verification with a film (Filmmel végzeterifikacio)
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Mindent figyelembe véve modszerinkkel tébb ponta jelenbsen
csokkentettik az illesztéseknél esetlegeséforeluldo dsszefely teriletek miatt
felleps tuldozirozas, illetve aluldozirozads kovetkeztébfetléps frakciodozis-
valtozas nagysagat.

Kezelt betegeinknél az akut mellékhatasokat tekimgrade 1-es, grade 2-es
sugardermatitis tébb esetbefeldult. Grade 3-as hematolégiai mellékhatas csak
korabban kemoterapidban részesllt betegeknél KéHi mellékhatast az eddigi

kovetési idszak soran nem tapasztaltunk.

9.4. DSCUSSIONMEGBESZELEB

A sugarterapias besugarzastervezés és kezelés legpiigyobb kihivasa a
CSI besugéarzas pontos kivitelezése. Az irregulataki TCT-ban a homogén
doziseloszlas elérése komoly feladatot jelent. Asiad TCT miatt mdosztas
szikséges. A méilesztést a mellékhatasok szempontjabdl legveszédyettebb
szerv a gerincvél azon belll is a nyaki gerincveszintjében kell elvégezni. Ezt a
kihivast az elmult évtizedekben tdébben is probaltakgoldani, és kilénbdz
technikakat dolgoztak ki, mind a jél reprodukalhatpi beallitas (és a minimalisan
szikséges mézzam), mind a biztonsagos nidlesztés szempontjabol.

CSI besugarzas-tervezéssel sokan foglalkoztak @utvekben a modern
sugarterapia lehé&tégeit is maximalisan kihasznalva (96-106). Mi zeténkben a
technolégiai lehéiségeinket is kihasznalva, preciz pozicionalassaizaecenterek
kozott csak longitudinalis eltolassal, és az eg@kdion belll kivitelezett illesztés-
eltolassal kiegészitve biztonsadgos és reprodul@lhaidszert alakitottunk ki. A
témaval foglalkozé publikaciok kozil tobben alkahtek sok szempontbdl
hasonloan kivitelezett technikat (97, 99, 102, 11®§).

Az éltalunk alkalmazott moédszerhez leginkdbb hasoflSI technikat
elssként Christ és munkatarsai (97) kozoltek 2008-hbd. esetet elemeztek, a
betegek a hatukon feklidtek. A tervezésnél és sagéidsnél 160 cm-es SSD-t

hasznaltak, valamint az illesztésekhez 1,5 cm-amkcion bellli eltolast
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alkalmaztak. Az Intézetlinkben kifejlesztett teclanédsetében is térekedtink arra,
hogy nagy SSD-t hasznalva ketil egyre csokkentsik az illesztések szamat, de a
betegek magassaga, illetve a TCT-k hossza miattébb esetben nem volt
lehetséges. Az altalunk hasznalt, frakcion belulitéiezett 2—2 cm-es illesztés-
eltolast dozimetriai szempontbol (a forr6 pontok imghaladsa  miatt)
biztonsagosabbnak itéljuk az altaluk alkalmazd&tchy-es eltolashoz képest.

Magyarorszagon a témaban az utoljara megjelenintfedebb kdzleményt
Pesznyak és munkatarsa (102) 2006-ban publikdkak.altaluk leirt technika
esetében az itt ismertetett technikdhoz képesvetagilonbség, hogyk a fektetés
stabilitdsa miatt haton fektették a betegeket, baonntézetiinkben karbon-szalas
asztal hianyaban ez jelenleg nem kiviteleghét masik 1ényeges eltérés abban van,
hogy 6k 2—-2 cm-es illesztés-eltolast haromszor 7 x 1,5 dByis egymas utani
leadasaval oldottdk meg, szemben az Intézetlnkibgjiekztett egy frakcion belll,
multiszegmentalis moddszerrel. Az utébbi esetéberlelzetséges tuldozirozas
frakciodozisa alacsonyabb, illetve a lehetségesldatirozas frakciéddzisa
magasabb, mint ahogy azt aézélekben emlitettik.

A kozelmultban, a témaval kapcsolatban kozolt pdtmlioban Kusters és
munkatarsai (99) szintén hasonld, frakcion beliVitélezett illesztés-eltolast

alkalmaztak, amit intenzitasmodulalt sugarteradi@aRT) valositottak meg.

9.5. @NCLUSION(KOVETKEZTETE®S

Osszefoglalva elmondhatd, hogy CSI besugarzas resaré Intézetiinkben
alkalmazott egy kezelési frakcidon belil végzett bilesztés-eltolas, az
izocentrumok kdzo6tt hasznalt csak longitudindli®lék, a gerincmék szamanak
optimalizalasa és a preciz betegpozicionalas naggkien csokkenti a
tdldozirozas, illetve aluldozirozds esélyét, és ny@bb reprodukalhatésagot

eredményez.
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10.GENERAL CONCLUSIONS

The CONKISS method is an effective and individugile treatment
planning method to significantly reduce the doskitimeys, without any significant
change in the conformity and homogeneity. This Oggairing could potentially
allow either dose escalation — thus further enhanttie loco regional control — or to
further decrease the possibility of OAR relatedesgffects — thus ensuring the
possibility to apply any further chemotherapy regins. Using 3D-CRT the
CONKISS method can be a simple, smart alternativ&RT.

With the CONRES method the mean dose to the re@ndbladder, the
rectum V40, V50 values and the bladder V40 valuagdcbe significantly reduced,
meanwhile the conformity of the plans, the PTV hgeeity and the doses to other
OARs have not changed significantly. Using 3-D GR& CONRES method allows
the possibility of better OAR sparing and furthesed escalation. Similarly to the
CONKISS method, it could be a smart alternativeMBT.

The non-coplanar 3FB beam arrangement can be dpgffieiently together
with the help of the WEDDE algorithm that | devetop This method allows in case
of any non-coplanar (and coplanar) beam arrangerentdetermination of the
required collimator angles for the desired weddeetf— extending the usability of
wedges.

In case of CSI with the use of multiple intrafractijunction-shifts, and the
one, just longitudinal movement of the isocentiee, dptimization of the number of
spinal fields, and the precisional patient immdaaition have been considerably
decreased the possibility to have overdosed andrdonded regions mainly due to
patient positioning. So with this method the repr@dility of the plans improved.

The purpose of my dissertation was successfullpmptished by developing
such pancreas (CONKISS), prostate (CONRES) andb@r&D-CRT planning
methods that reduced the dose to the OARs meantgleonformity of the plans
and the PTV homogeneities have not changed signili. The WEDDE algorithm
gives possibility to create other new conformalnpiag techniques in order to
improve OAR sparing without any compromise in tiié/Rcoverage — similarly to
the CONKISS and CONRES methods.
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12. SIMMARY

12.1.ConNKISS CONFORMALKIDNEYSSPARING3D NON-COPLANARRADIOTHERAPY
TREATMENT FORPANCREATICCANCER AS AMLTERNATIVE TAMRT

Background and purposé&Vhen treating pancreatic cancer using standareethr

dimensional conformal radiotherapy (3D-CRT) beamarmgements (ST) the kidneys
often receive higher dose than their probable &plee limit. My aim was to

elaborate a new planning method that — similarlyM&T —effectively spares the
kidneys without compromising the target coverage.

Material and methodsFhe conformal kidneys sparing (CONKISS) five-fiettbn-

coplanar plans were compared with ST plans for eomsve 23 patients
retrospectively. Optimal beam arrangements werd asasisting a left and a right
wedged beam-pair and an AP beam inclined in thelaladirection. The wedge
direction determination (WEDDE) algorithm was depsd to adjust the adequate
direction of wedges. The aimed OAR mean dose limiege: kidney <12 Gy,
liver <25 Gy, small bowels <30 Gy, and spinal cardximum <45 Gy. Conformity
and homogeneity indexes with two tailetest were used to evaluate and compare
the different planning approaches.

Results:The mean dose to the kidneys decreased signifycgng 0.05): left kidney
7.7 vs. 10.7 Gy, right kidney 9.1 vs. 11.7 Gy, nvelaite the mean dose to the liver
increased significantly (18.1vs. 15.0 Gy). The rges in the conformity,
homogeneity, and in the doses to other OARs wetrsigoificant.

Conclusions: The CONKISS method balances the load among the OARI
significantly reduces the dose to the kidneys, authany significant change in the
conformity and homogeneity. Using 3D-CRT the CONKIRethod can be a smart

alternative to IMRT in order to enhance the podisyof dose escalation.
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12.2.CONRESCONFORMALRECTUM SPARING3D NON-COPLANARRADIOTHERAPY

TREATMENT FOHPROSTATECANCER AS AMLTERNATIVE TAMRT

Background and purposélVhen treating prostate cancer using standard -three

dimensional conformal radiotherapy (3D-CRT) beanmaragements (ST) the rectum
(V40, V50) often receive higher dose than its pkdedolerance limit. My aim was
to elaborate a new planning method that — simileriMRT —effectively spares the
rectum without compromising the target coverage.

Material and methodsThe conformal rectum sparing (CONRES) five-fietehn-

coplanar plans were compared with ST plans for eomsve 27 patients
retrospectively. Optimal beam arrangements werd asasisting a left and a right
wedged beam-pair and an AP beam inclined in thaiarairection. The wedge
direction determination (WEDDE) algorithm was used adjust the adequate
direction of wedges. The aimed OAR mean dose limitse: rectum <60 Gy,
bladder <65 Gy, femoral heads <52 Gy,and rectum ¥4D%, V50 <55 %,,
V60 <50 %,, V70 <25%,, V75<15%, and bladder ¥&® %,, V70 <35 %,,
V75 <25 %,. Conformity and homogeneity indexes witlo tailedt-test were used
to evaluate and compare the different planning @gogires.

Results:The mean dose to the rectum and bladder, themed40, V50 and the
bladder V40 decreased significantly (p < 0.05):454&. 45.2 Gy, 51.6 vs. 44.0 Gy,
87.2 vs. 52.9 %, 56.1 vs. 45.6 %, 69.5 vs. 49.0é%pectively. The changes in the
conformity, homogeneity and in the doses to oth&@R®were not significant.
Conclusion:With the CONRES method the mean dose to the re@ndto the
bladder, the rectum V40, V50 and the bladder V4les could be significantly
reduced, meanwhile the conformity of the plans, B/ homogeneity and the
doses to other OARs have not changed significabifyng 3-D CRT the CONRES
method allows the possibility of better OAR spariaugd further dose escalation

(e.g., in case of cerebral tumor irradiation witham-coplanar 3FB).
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12.3.MODERN3D CONFORMALCRANIOSPINALRADIOTHERAPYPLANNINGMETHOD

The main problem of cranio-spinal (CSl) radiothgrapthe matching of the
fields. The use of a suitable technique is verydrtgmt, because matching of the
fields were necessary to use for the optimal camcadiation of the long planning
target volume (PTV). Since 2006, 8 patients reakiv&l-based, 3D-planned
conformal CSl irradiation in my Institute. Patiantmobilization was made in prone
position in a vacuum-bed using skull and pelvis ksaOrgan-at-risk (OAR)
contours were made by radiographers. The PTV wadouoced by radiation
oncologists. The prescribed dose to the PTV wa&Bévith 1.8 Gy dose per
fraction. In the planning process the following ess were taken under
consideration: all points of the PTV had to recemtdeast 95 % of the prescribed
dose (according to ICRU 50, 62); at junction fieliges the overlapping parts were
eliminated using a multisegmental technique, whbesadjacent segment ends of
the neighbouring fields were shifted two times 2 @uo that the three equally-
weighted segments used in one field had 2-2 cnardist from each other. In the
CSI planning of irradiation the shape of the patemd so the length of the PTV has
made a big emphasis on determining the numberetd fnatching. Thus in some
cases instead of two, only one field matching wasugh — this could be achieved
by increasing the source-to-skin distance (SSOheffields. The verification made
with a solid-water phantom justified the precisiminthe field matching. The offset
used at junction field edges in between one treatrfaeilitates the verification of
field matching — and so the patient positioning.utthe possibility of having
overdosed regions could be reduced, which was wepprtant from a radiation-

biological point of view.
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