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Abstract

ABSTRACT

A comparative study was carried out between Pencil Beam Convolution (PBC) and CIMMINO
photon dose calculation algorithms in lung Intensity Modulated Radiation Therapy (IMRT). In
this study five non-small cell lung cancer (NSCLC) patients were selected, with differences
location tumour. IMRT treatment plans was generated and optimized with the PBC and
CIMMINO Algorithms. Investigation of these two external beam dose calculation algorithms
based on percentage Isodose distribution, hotspot, dose volume histograms (DVH) and
minimum, maximum, mean dose in organs at risk (OARs). Similar procedure was adopted for
planning target volume (PTV). The evaluation parameter for PTV is incorporated by
homogeneity index (HI). CIMMINO algorithm showed better results than the PBC algorithm in
term dose coverage of PTV and dose to OARs. The behavior of small fields on IMRT is also
investigated. Significant difference was observed in percentage Isodose distribution, hotspot,
dose volume histograms (DVH) and minimum, maximum, and mean dose in P-tung between
Eclipse and PrecisePLAN treatment planning system. Extensive care is proposed during the
evaluation of external beam radiotherapy treatment plans. The dose calculation algorithm may

influence treatment planning and clinical outcome.
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Chapter (01)
Chapter (01)
INTRODUCTION & LITERATURE REVIEW

Intensity Modulated Radiotherapy (IMRT) has significant importance in this modern era
of Radiation Oncology. Computer tomography and other imaging modalities improved
the outcome of the radiotherapy. Currently, a lot of research is carried out in all over the
world to explore this new advancement. A perfect radiation dose minimum dose to the
normal tissues is a challenge now a day. It is established fact that if we increase the
tumour dose then probability of tumour control is increased. Normally, the tumour dose
is mostly inadequate due to the tolerance limits of organs at risk. In external beam
radiotherapy, IMRT allows to control the dose to the OAR’s with significant increase in
the target dose. It provides the opportunity of both reducing late toxicity and escalating
the delivered dose which could direct to improved tumour control and survival. IMRT

treatrnent technique is good palliative care management used for advance Lung cancer

(1}

In radiation dosimetry perspectives human body consists of a variety of tissues and
cavities which is different from water. To increase the therapeutic advantage of
radiotherapy, it is compulsory that the dose to target and OAR’s predicted perfectly. The
maximum dose to (PTV) while minimizing the dose to OAR’s depends on optimization
of therapeutic advantage. The capability to recognize and to contour these OARs and
target structures calculates the electron densities in vivo on a voxel-by-voxel basis. The
combination of improved imaging and beam modulation allow accurate and definite
radiation around the targeted tissues. If the dose is inaccurately predicted then dose have
increased Normal Tissue Complication Probability (NTCP) rates in escalation trials. The
precision in radiation dose to the PTV is dependent on the calibration conditions and
reference conditions in a water phantom [2]. Secondly, the calculation of dose at any
position in the human body be computed and associated to the calibration dose. These
variables have to be considered in dose calculation process are sites, electron density of

martial and normalization point of dose [3].
2
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In 1970s, generally, it is assumed that the patient was completely consisted of water. The
computed tomography (CT) is now clinically available, to obtain electron density
information in vivo, which could be applied for radiation dose calculation. This combined
with modern computers; provide an opportunity in improvement dose calculation, which
explain the complicated physical procedure related with the irradiation of the

inhomogeneous tissue [2].

In the whole process of the radiation therapy, confirmation of the accuracy in dose
calculation is an imperative assignment and associated quality assurance measures
especially in low densities regions. It is highly suggested to split the verifications into
benchmark, user’s beam data verifications and generic beam [1-4]. The assessment of
dose calculation algorithms in external beam radiation therapy (EBRT) is usually based
on a number of measurements done in simple geometries for radiotherapy treatment
planning systemns (TPSs). A study of conservative breast cancer patient was published
with eleven different TPS which were included to calculate the dose for tangential

treatment setup [5].

Scatter-air ratios concept introduced by Cunningham [6] with the Clarkson sector
integration [7]. Generally, the recognized agenda was based on the concept, “Improved
Low-Density Parity-Check Codes Using Irregular Graphs” (IRREG) for scatter
integration where as the equivalent tissue—air ratio method (ETAR) is computed on the
O’Connor rectilinear scaling theorem [8, 9]. The model phantom scatters approach is
used for many years [9, 10]. Ahnesj"o and Aspradakis have been reviewed the recent
developments using pencil and point kernels for scatter integration simultaneously with
the previous techniques {11, 15] and AAPM Report-85 [2]. O’Connor theorem discussed
by Cunningham and Woo [12]. Electron transport between media has been proposed by
several authors to explicitly account for changes in, but still it has not been implemented
commercially and also discussed the reasons by Keal and Yu [13-14]. Presently,
commercial photon dose calculation algorithms are using rectilinear density scaling which
is mainly approaching from changes in primary electron transport. Collapsed-cone

3
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convolution technique is advanced models based techniques which handle the primary
and scatter dose point kernels separately. O’Connor theorem carried out the two point

kernels separately with a rectilinear scaling following with different attenuation [15, 16].

Test packages are developed for the verification of photon beam dose calculation
algorithms [17]. The TPS’s quality depends on the algorithms. Algorithm is used for dose
calculation that provides the dose at a point inside the human body on the bases of the
patient information and beam data characteristics. Information of the algorithms can help
the consumer to recognize the capabilities and boundaries of the definite algorithms.
These problems help to design a Quality Assurance (QA) programs to accesses the
algorithm performance. The classification of special structures for density corrections is
to be treated as inhomogeneities. For non-CT based planning, these 3-D structures are
derived from 2-D contours whereas for CT based planning, the electron density is
calculated from Hounsfield Units and converted into relative electron densities.
Conversion method of electron densities and averaging should be defined in specific
manner. The TPSs handle the electron densities by using the density grids or CT input
data. Modern TPSs are used many different types of dose calculation algorithm [18, 20].
Initially, dose calculation models were developed on tabular representation to obtain the
dose distribution directly from beam data measurements. With the passage of time, TPS
dose computational algorithms have progressively evolved towards more physical based
models. The most modern a]gbrithms are closed on the Monte Carlo (MC) approach,
where each photon is traced as they interact with matter. In MC and table based models
exists a full range of possibilities. In each algorithm, the dose calculation accuracy
depends on those quantities which are used by the algorithm. The characteristic and
parameters of beam data required varies with respect to model. A larg number of tables
are required in measurement based models but in physical based models only a small

number of parameters possibly will be needed.
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1.1 Dose Calculation Algorithms

Modern TPSs are commonly used the PB algorithms for radiation therapy. In most of
cases dose calculation difference with PB and more complicated methods are
insignificant. The error in dose calculation with the PB algorithms may significant
clinically in metal implants, air cavities and lung tissue. Several parameters are involved
to calculate the accurate dose in above mentioned sites with the PB algorithms [21-25].
Clinically, for lung cancer treatment planning most of the time PB algorithms is used.
Many authors had been reported that the inaccuracies in dose calculation are higher for
high energies in low densities sites. Due to this reason, low energy is mostly chosen to

generate the treatment plans for lung Cancer patients.

The PrecisePLAN was known as Render- Plan 3D. Initially, it was developed by W D
Renner. Elekta Medical systems purchased this treatment planning system and the
atgorithms were translated in more modern GUI-like background. Fundamentally, the
algorithm has almost the same original code. The dose calculation at point of
normalisation is separated into a scatter and primary components. Effective path length
{EPL) correction is directly taking into account to the point of calculation to compute the
primary component. The contribution of the beam areas, fluence and the distance to the
skin surface is required to calculate the scatter component. The scatter and primary
components calculations are model based. In PrecisePLAN, only primary component is

corrected for inhomogeneity, which affects the dose calculation.

Small field apertures in IMRT define the efficiency of external beam dose calculation
algorithms. Individual small segments may not affect significantly, but may encompass
due to large number of small fields could therefore cause a significant dose calculation
error in the whole IMRT treatment plan. Quality controls can receive benefit from mean
dose and problems with small segments may not be important in the IMRT fields if it
covered a larger region. But this is not imphies in small individual fields. Small target
volumes are treated with the small fields which may affect significant amount of the

given radiation dose. The dose calculation errors in small field’s dosimetery could be a
5
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source of considerable error in overall delivery of prescribed dose. Most of the linear
accelerators are calibrated under specific conditions. However, a small field, where the
calibration apparatus is not standardized which does not work properly because CPE does
not exist. In this case the charges particles deposited the dose, may exit from the radiation
field in their path. This energy loss cannot contribute by charge carriers incoming from
the neighboring regions. As mentioned above, patient is simulated on a TPS that is
normally models the therapy machines, radiation transport and energy absorption in the
human body. The models of TPS have their own considerations, reservations and
probabilities of error. The accuracy in planned dose depend on uncertainties in
radiotherapy machines and dose computational algorithm, and commissioning beam data
to configure the TPS algorithm. This issue becomes more sensitive when you are dealing

the treatment of the low densities region like lungs.

Currently most of the developments undergoing to gencrate and collect the correction
factors for commercially available detectors. The classification of new phantoms (consist
of tissue equivalent materials) and small field dosimetery detectors help us to measure
radiation dose for a small fields. The dose measurement for small field and improved
software tools for treatment planning systems help to determine the accurate dose

distribution in human body.
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Chapter (02)

PHOTON INTERACTION WITH INHOMOGENEITY

It is highly desirable that the dose deliver to the cancer patient should be accurate with
minimurm uncertainty. As a whole preferred accuracy in the radiation dose is 5% to a target
volume. But the accuracy of computerized dose calculation should be within 1 to 2%.

Traditionally, relative dose calculations errors appear due to the following step;

i) Homogeneous medium

11) Correction of inhomogeneities

If separated evenly, each of these self-governing components would have to be calculated
with less than 1.4% uncertainty. On the whole, uncertainty in the directly computed dose

distribution form treatment planning system should not be greater than 2% [4].

For the uncertainty assessment, a lot of assumptions are contributed to calculate the
accurate radiation dose deposition in the human body. Precision of dose has been assessed
as extensively for low densities sites which impact on clinical outcome. Metallic prostheses
are also interesting due to high radiation absorption coefficient and high dose effects in the
surrounding. The uncertainty in the dose due to metallic hip prostheses was reviewed in
Task Group 63 [33]. Clinically, the effects are not well known, but in general the precision
for inhomogeneities should be less than 3%.

If the unrestrained predictability caused by the structures, body contour, and electron
density related with particular patients is not accounted. Precise dose calculation together
with ithomogeneity corrections is a crucial constituent of radiation dose optimization and
investigation of clinical results, particularly for 3D conformal radiotherapy and in addition

with IMRT to target and OARs unexposed with radiation before.
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2.1 Photon Dose Calculation in Inhomogeneous Medium

Photon energy deposits the energy differently in different tissues depending upon the
electron density of the tissue. The surface of patient can get from a Monte Carlo simulation
by using a spatial, spectral, and directional distribution of photon fluence incident [26, 28].

Fundamentally, there are two step process of the photon energy deposition in tissue [2].

i) Photons interaction in the medium to transfer kinetic energy to charged
particles.
ii) Acquired energy of charged particles deposit in ionization and excitation

process along a limited trail.

A linear relationship between dose and Total Energy Released per Unit Mass (TERMA)
exist, if the charged particle equilibrium (CPE) is established [29]. These are effectively
mixing together into single computation. However, for non-equilibrium conditions at tissue
interfaces and beam edges, this relationship do not valid the steps must be more clearly
defined.

2.2 Photon Interactions with Tissues

Initially, the photon interactions in tissue are characterized by u is the probability of a

photon interacting per unit distance. It depends on,

i) Energy of Incident photon ; E (MeV)
i) Density of Tissues, r (g/em?)

ii) Effective atomic number of tissue (Z)

A large number of photons in a radiation beam are incident on the human body with
average energy E (MeV) [30]. Energy fluence is characterized by the number of photons
reaching to a point in the human body. The total energy released per unit mass (TERMA) is
discussed by Rogers and Ahnesjo [31, 32]. Tt is known that the KERMA less than TERMA.
The kinetic energy unconfined and afterward deposited in the vicinity along the tracks. The

8
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collision KERMAc which is normally less than KERMA. The photons produced in
bremsstrahlung events are excluded and do not absorb locally. All these quantities are
correlated to mass energy transfer, the mass attenuation by energy fluence and mass energy
absorption coefficients.

Three competing interactions are dominated in the ejection of photons from the photon
beam in the tissue. The effect is summarizes in the figure (2.1). For absorbers with different
atomic numbers (Z), the dominant effect is due to the Compton Effect for different photon

energies [2].

iAep] AtueLi3 uojoud
00'L :

Figure (2.1) Compton scattering as a fraction of photon energy and the
atomic number of the different absorbing mediums [33].

2.2.1 Charged Particle Interactions

The photons exchange its energy in recoiling with charged particles, photoelectrons,
Compton electrons, and pair production, which are eventually accountable for energy
deposited in the tissue. Multiple Coulomb collisions cause to slow down these particles,

which deposit of energy in the vicinity in the track and occasionally, bremsstrahlung occurs
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away from the track. In the path of a charged, the mass collision stopping power [29] is
more important in energy deposition in the neighbourhood down the particle track to

combine the energy deposition.
Sea / p=[dE/pdl] [MeV. cm¥/g] 2.1

dE is the average energy and dl is path length. The dependent variables of the mass
collision stopping power are charge on particle and atomic number of medium but it is
independent from density. For each interaction, charged particles lose an inconsistently
disintegrate of energy, but statistically energy straggling [32, 34] is unnoticed and is
assumed “Continuous Slowing Down Approximation (CSDA)”. A “CSDA range” can be

calculated as;
E
Respa = I[—] dE [g/em?] 2.2
0

Then these charged particles are also deflected from their path due to several scattering
events, which readdress their energies and cause to change their dose deposition patterns.
In higher atomic number materials, this effect is enhanced. The comprehensive
computation of these scattering require sophisticated logical or Monte Carlo approach and
It has been designed somewhere else for electron beams [28] [34, 44]. However, the

particle ranges are considerably longer for higher photon energies and the dispersion of the

energy.

2.2.2 Charged Particle Equilibrium

Fractional electron tracks can be balancing to form full ranges within a small volume of
interest. If the energy absorbed at the spot the track segments are supposed to be
complementary [45]. If true CPE exists, the primary dose becomes precisely equal to the
collision KERMA. Basically, CPE is the energy equilibrium in 3D. If the photon fluence is
sufficiently uniform a pure equilibrium can develop in the surrounding of the given
volume. The charged particles are also released energy uniformly and angular spectrum.

From the point of consideration, the adjacent orbits of the atoms consist more than the

10



Photon Interaction With Inhomogeneity
Chapter (02)
lowest thickness equal to the highest range of charged particles commence by the photons.

It is only, due to the beam divergence and photon attenuation [46].

Pure equilibrium is difficult to achieve as compared to achieve the Transient charged
particle equilibrium (TCPE) [29]. In a uniform absorber, TCPE is attainable along the
central ray at depths. It goes beyond the maximum forward range of the particles launched
which give the half-width of the radiation field. It also exceeds their maximum lateral
equilibrium. In this current situation, attenuation of the bean can be a source of systematic
shift of dose and collision KERMA. This absorbed dose is proportional to the collision
KERMA. A computation of dose is significantly cut down for CPE and TCPE, since it does
not need full tracking of electron trajectories. A lot of easy techniques of inhomogeneity
correction were supposed completely CPE or TCPE. It is also helped to avoid dealing with
the complication of charged particle transportation.

2.2.3 Atomic Number and Tissue Density

The photon interaction is described by mass attenuation and absorption coefficients are not
dependent of mass density. Similarly, the transport of charged particles is described by the
mass stopping powers set in motion are quasi independent of density in high density
tissues. When dealing standard field of radiation beams and concern lincar coefficients of
patients are often desired. This density for water-like tissues can be measured easily by
using in vivo x-ray computed tomography [47-48]. But it can be approximated for

indefinite atomic number of tissues, such as bone [50].

Radiation transport explained by two main theorems, O’Connor and Fano [51, 52]. These
theorems allow handling the densities for water like mediums with subjective densities.
These theorems also present good approach into the problem of different density. It
should’t be implemented without distinguishing their fundamental natural supposition.
These theorems have imperfect application to inheterogeneous since both density and

atomic composition might change concurrently {53].

The same consideration is also implicitly developed in Fano’s theorem that strengthen the
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charged particle equilibrium; occasionally the above mentioned requirement has been
inconspicuous and ignored [54]. Between these two theorems, Bjarngard [55] were
investigated and incorporated theoretically the common fundamentals and relations within
a common framework. At the field edge TCPE is affected by density as compared to central
axis values of photon fluence and dose. The density of irradiated tissue can also affect the
penumbra of the radiation beam [56]. In low density medium, the field edge is distorted
due to the high lateral scatter, as revealed in figure (2.2). The penumbra width (80%—20%)
was measured 2.4 times for 18MV photon energy in lung density equivalent phantom than
in water phantom, but for 4 MV beam, this size to some extent is lesser in the low density

region [57].

In 3D conformal radiotherapy, this penumbral change consequence should be precisely
considered to confirm the coverage of PTV [58]. This effect becomes more sensitive in the

situation of several overlapping radiation fields.
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Figure (2.2) Study of high energy, small field and lung inhomogeneity
corrections based exclusively on photon fluence [57].
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The dose pattern in inhomogeneities is followed by the following factors:
» Interaction of the photon
> Mass attenuation coefficient
» Mass energy absorption coefficient

» Higher atomic number
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Figure (2.3) At the interfaces between different mediums a considerable

electronic non-equilibrium effects take place for same fields sizes as the

range of electrons [49],
The most common explanation of heterogeneity corrections reports for alteration in
effective atomic number and electron density. It is traversed by primary and scattered
photons and charged particles. Compton and Coulomb interactions are dominant in soft
tissues. The most important parameter is the electron density of tissues and has merited the
high attention. However, sometime particular considerations are required for elevating the
atomic number for bone or metallic prostheses, specifically for high photon energies which
are greater than 10 MV [33].
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2.3 Primary and Scattered Dose Components

Incident photons and scatter electrons (The primary and secondary particles) exert their
influence over a different range on the dose. The tissue inhomogeneities and beam
boundaries affected individually to different level. In general, empirical and conventional
dosimetry instrumentations help to separate these dose components. Recently, Monte Carlo
simulations separately defined the “primary” and *scatter” dose component [59). The dose

to the central axis from primary photons at particular depth in the water phantom is
depending on:

» Source to Skin Distance
» Machine Head-scatter

» Photon beam attenuation

The dose participation from primary photons is computed by the collimator adjustment in
treatment head at any depth and the size does not affect the radiation field at this paticular
depth {60]. Initially, photons add the dose due to recoil the electrons in the medium. The
dose deposited by photons which interacted at least once in the medium i$ known as scatter
component of dose. Basically, scattered photons dose depends upon the energy of incident
photon and the irradiated volume of patient. The total dose is the summation of the primary

and scatter dose components.

D (x, 1) = Dy (x) x (D; (x, 1) 2.3)

Whereas r is the radial distance from the field edge. The primary dose is due to the primary
collision KERMA only. It is deposited the dose due to the charged particles. Secondary
radiations, including Compton scattered, annihilation, and bremsstrahlung cause the scatter
dose. If equilibrium pencil beam is considered for small field size (0x0) cm?, then scattered
photons can considered as due to scattered component [59], as shown in figure (2.4). The
stretch of energy is shown in Figure (2.5). The contribution of dose in each component is
purely the combination of all pixel values in each dose spread by using the reciprocity

theorem [30]. The resuits of such a computation [56] [61, 62] is shown in figure (2.6) and
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point out the comparative significance of all interactions for a 1.25 MeV and a 6 MeV

radiation beam.
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Figure (2.4) Tissue-air-ratios is a function of field radius r for an 18 MV
photon beam at 10 cm depth in water [59].
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Figure (2.5) Intensity map of Primary 1¥ Scatter, 2" Scatter, Multiple
Scatter, Bremsstrahlung & Annihilation and total dose map in water for 6
MeV photon pencil beam [56].
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Figure (2.6) The relative importance quantification of all interaction

processes (for a 1.25 MeV and a 6MeV beam) {61, 62].
2.4 Inhomogeneity Correction Methods
Experimental validation of dose calculation models is an important step before the
implementation of these algorithms in a clinical setting. Suggested dose accuracy for
commissioning of treatment planning systems is typically 2% / 2 mm in the high dose and
penumbral regions, respectively, in homogeneous phantoms. These criteria are increased to
4%/4 mm in the presence of 3-D inhomogeneities [63], where conventional dose
algorithms do not offer explicit electron transport that is usually required to accurately
characterize the perturbative effect of the inﬁomogencity. The appearance of model based
dose calculation algorithm, such as the convolution, superposition and Monte Carlo
methods, provide a more physics based approach that has been found by many
investigators. These methods are more accurate than correction-based methods for dose

calculation in the inhomogeneous medium [64—67].

Dose calculation methods can take two general forms {68] that account for tissue density
variations. Conventionally, a comparative dose distribution is computed by considering

human body consisting of homogeneous water equivalent. To make the adjustments of
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Inhomogeneity Correction Factor (ICF) is applied which due variations in tissue density.
The ICF is formulated as:

ICF(r)= |: 2.4)

dose in heterogeneous medium
dose at same point in homogeneous medium

On the other hand, dose in a heterogeneous medium at a point can be calculated directly
using a radiation transport model that would yield absolute dose. Relative dose
distributions to a reference point can be constructed by normalizing. A dose distribution is
divided on three steps;

» The computation of dose in a water equivalent material which sufficiently replicates

beam data measured in water.
» The tissue density and effective atomic number must be provided.
» The relation of variations in tissue density and atomic number is required in

inhomogeneity correction method.

These components are complicated to split and these are intricately linked. Inhomogeneity
corrections mostly engage the latter two steps to the patient which are mentioned above. In
the current era, most of the Radiotherapy centre should have three-dimensional (3D)
patient density information [69, 73]. But still many cancer patients are planned on 2D
single-slice input data. A primary beam ray tracing procedure is adopted for 2D or 3D
density detail in every correction methods. The changes in TERMA or photon fluence is
integrated a clear dose computation to every point within the human body due to
continuous variation of density. These techniques diverge mostly in a particular manner and
tackle the scattering of primary electrons and 3D density information of human body.

Schematically, it is shown in the figure (2.7).

In the literature, many authors categorizing the inhomogeneity correction methods
according to different criteria. The current techniques separately classify according to their
capability to handled primary TERMA and electron transport and whether the human body
is being model along 1D primary rays or 3D. The performance of the of the dose

computation affect due to the provided information of the human body.
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PHOTON DOSE CALCULATION ALGORITHMS IN
EXTERNAL BEAM RADIATION THERAPY

3.1 Computerized Treatment Planning and Dose calculation
Algorithms

In external beam radiotherapy Computerized TPSs are used to create beam profile and
calculate the dose with the objectives to increase target dose and reduced the OARs
complication. Patient body structure and tumour target can be characterized as 3-
Dimentional model. The complete course of treatment planning incorporate numerous
steps and on the whole enhancement of the computerized TPS. This is to build up the
correctly produce dose distributions and related manipulation. Beyond 1970s,
treatment planning was usually done via manual calculation of isodose graph on to
patient body outline. The advancement in the CT helps to improve the computerized

treatment planning since 1970.

Consecutive enhancement in treatment planning hardware and software remained
important in the graphics based dose computation and optimization feature of present
TPSs. Some systems utilize the virtual patient in a technique called forward based
treatment planning and often equipped with a technique named ‘inverse treatment
planning’. In the later technique the, system work on user defined setup and optimize
dose according the requirement with having total dose being administrated.

After optimizing treatment plan, a dose delivery technique named IMRT is used to
calculate the dose to the target and reasonably reduce the dose to QOARs. These

emerging TPS effectively using the computer aided assistance to increase their

throughput.

The correction in homogenous or heterogeneous medium usually with relation for the
difference between the typical beam geometry and field size focus on a phantom
(water phantom). Beam obliqueness and areas at which the beam does not overlap the

patient’s body will influence the dose sharing. The patient CT data set is used to
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compute the electron density of irradiated volume. Many TPS algorithms make use of
either a correction factor or a model based scenario to capitalize on. Model based
method [74-89] such as the differential SAR method, accurate model base,
convolution or supetposition techniques and Monte Carlo based algorithms
simultaneously calculate the transport and scatter components. Many techniques are

mainly having difficulties with dose manipulation at tissue interaction.

3.2 Dose Calculation Algorithms

3.2.1 History of Computerized Treatment Planning Systems

The algorithms used for dose calculation are the most significant constituent in
computerized TPSs. These algorithms are accountable for the correct dose calculation
in the human body. The 2-D dose calculation is evolved into partial 3-D point dose
kernel methods and then summed up to a complete 3-D dose models.

In the modemn TPSs the dose distribution is carried out with 2-D commissioning data
in water. The percentage depth doses (PDDs) along the central axis and several OARs
(profiles) on certain depths has comprised matrices. To accelerate the dose
calculation, central axis PDD interpolate in infinite PDD profiles. Due to this reason,
beam data influenced and search the data to generate the dose distributions. On the
other hand, they do not represent the 3-D scattering in the human body. CT is
extensive use in treatment planming. Irregular field dosimetry was done by using
Beam Eye Views (BEV) or simulation films of the fields. By applying the central axis
and beam data sets, the primary and scatter parts of the beam is divided using the zero
area scatter—air ratio (SAR) and tissue air ratio (TAR) at depth to create Clarkson [6]

segments to manipulate at points of concern in the field.

3.2.2 Photon Dose Calculation Algorithms
The photon dose computation algorithms used in TPSs. In the recent development in
computer technology, the execution of this method is constantly developing. It is

important to know the basics of manual dose calculations before to work on most

complicated TPS, [80-82]. The ICRU Report No. 42 [19] discussed the dose

calculation algorithms.
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Most of the algorithms split the primary and secondary parts and handle separately. In
this approach, change in scattering depends on the field shape, intensity and human
geometry. A mode! utilizes convolution approach to calculate the dose in the medium
at any point. These models can be administrated as the accumulation of the primary
and scatter parts. Such models utilize superposition ideology to explore the variation
in the pritary fluence and the extention of energy via nearby scattering due to the
medium and beam arrangement. The convolution can be used to make straightforward
and do rapid manipulation under definite situation of non-divergent basis and uniform
phantoms, Monte Carlo or arbitrary sampling methods are utilized to produce dose
distributions by subsequent the histories of a enormous number of elements as they
come out through the resource of radiation and go through several scattering via inner

and outer surface of human body.

The analytical method formulated by Sterling. The dose in the medium is the product
of two equations. In which one model the PDD and other model the beam’s off-axis
parts. It also model shield area of the field size and wedge. TPS formulated in the
1970s to start utilizing the diverged matrix technique of beam administration based on
calculated data. The Milan—Bentley model was applied to manipulate diverging in the
fan lines that exposed from a source and intersect depth isolines present at preferred
distance behind the patient’s body. Dose distributions are computed by fast
calculating data sets composed of PDD at the central axis and OAR data sets saved
via function of field size. This method is persistently in use in treatment planning
algorithms [83]. Even though it suffers from the apparent drawbacks of this is
required enormous quantity of calculated data, which from their partially availability
to correctl scatter model and electron transfer situation. Plain calcification is done

between the photon doe calculation algorithms.

A) Correction Base Algorithms
These Algorithms are semiemperical. They are based primary on measured data
obtained in a water phantom. Various corrections in the form of analytical funtions or
factors are applied to calculate dose distributions in a patient. The correction typically
consist of

» Attenuation correction for contour irregularity
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> Scatter Corrections is a function of the scattering volume, field size,
shape, and radial distance
» Geometric corrections for source to point of calculation distance based
on inverse square law
> Attenuation correction for tissue heterogeneities based on radiologic

path length (unit-density equivalent depth)

Correction based algorithms represent a verity of methods ranging from those that
simply interpolate measure depth dose data to specially formulated analytic function
that predict the various correction factor under specified conditions. The dose at any
point unusually analysed into primary and scattered components, which are computed
separately and then summed to obtain the total dose. Following two equations (3.1
and 3.2) [82] are examples of the calculation that measured quantities such as percent
depth dose, tissue air ratio, tissue maximum ratio, and Clarkson method of the
integration for any shaped field.
TAR = TAR(0) + SAR (3.1)

and

2
_ y —m 1 f+1
P(d,r, f) =100[ K, x TMR(d,0) + SMR(d, r,)} TRRGL) x( = d] (3.2)

Contour corrections and tissue heterogeneity correction are made a part of the
correction based computer algorithm for the calculation of dose deposited at a point in
a patient. Accuracy of correction based algorithms is limited for 3D heterogeneity

corrections in lung and tissue interfaces, especially in situations where electronic

equilibrium is not fully established [82].

B) Model Based Algorithms
A model based algorithms computes dose distribution with a physical model that
simulates the actual radiation transport. Because of its ability to model primary photon
energy fluence incident at a point and the distribution of energy subsequent to primary
photoninteraction, it is able to simulate the transport of scattered photons and
electrons away from the interaction site. A class of model based algorithms, called

convolution superposition, has been underdevelopment since the mid-1980s [31],
[65], [84, 86].
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» Convolution Superposition Methods
A convolution superposition method involves a convolution question that separately

considers the transport of primary photons and scatter photon and electron emerging

from the primary photon interaction. The dose D(;) at a point ris calculated by:
Y. YR
D(r)= j—wp(r YA(r +1')d*r (3.3)
P

D)= T,(Ar+r)d*r (3.4)
Where p/p is the mass attenuation coefficient, ‘I’p(?) is primary photon energy

fluence, and A(r+r") is the convolution kernel. T,(r') is called TERMA. TERMA is

analogous to KERMA, which represents the Kinetic energy released per unit mass in

the form of the electron set interaction site. The product of TERMA and the dose
kernel when integrated (Convolved) over a volume gives the dose D(;) as given

above in equation (3.3 and 3.4). The convolution kernel, A(;+ ;’) , can be represented

by a dose spread array obtained by calculation or direct measurement. The most

common method is the Monte Carlo which help you to calculate the convolution
kernel, A(;+;’).

A convolution ewuation when modified for radiologic path length (distance corrected

for electron density relative to water) is called convolution Superposition equation.
(1) = [T, (p, ) Ap; - (- )}d’r (3.5)

Where (o- .;') is the radiologic path length and p. - .(;—;;) is the radiologic path

length from the site of primary photon interaction to the site dose deposition. The dose

kernel A{ p;_;.(;—;') } can be computed by using range scaling by electron density of

the Monte Carlo generated kernel in water.

» Direct Monte Carlo
The Monte carlo technique consist of a computer program (MC Code) that simuiates
the transport of millions of photons and particles through matter. It uses fundamental
laws of physics to determine probability distributions of individual interactions of

photons and particles. The larger the number of simulated particles, the greater will be
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the accuracy of predicting their distributions but if you increase the accuracy you need
more time to compute it. So the challenge in writing an MC code is that of being able
to use a relatively small sample of randomly selected particles to predict the average
behaviour of the particle in the beam. The dose distribution is calculated by
accumulating (scoring) ionizing events in voxels that raise the energy deposition in
the medium. It is estimated that the transport of a few hundred million to a billion
histories will be required for radiation therapy treatment planning with adequate

precision.

Monte Carlo techniques model particle interactions more accurately by considering
the geometry of individual linear accelerator, beam collimating devices and body

contour and tissue inhomogenities.

3.3 Pencil Beam Convolution (PBC) Algorithm

The pencil beam algorithm is dose calculation technique. It assumes that any
collimated photon beam incident on the patient is actually a conglomeration of lots of
smaller, narrow “pencil beams™. Each of these pencil beams has a central axis ray
along which it deposits some dose. The dose deposition pattern varies with the
intensity and the spectrum of the beam that is incident on the patient. The arrangement
and weighting of the pencil beams is defined by the field shapers (linac jaws, blocks,
muitileaf collimators). Where the linac beam profile is non-uniform or modulated
(e.g., IMRT) the weighting of each pencil beam is adjusted appropriately. In practice
this weighting includes the primary photon intensity at the entry point on the patient
and also electron contamination. The total incident energy in the pencil beam is

referred to as the primary energy fluence.

This pencil beam will have a very small diameter on the surface (a wise guy might say
it could be infinitesimal!). When that pencil beam hits the surface, there will be dose
deposited under the surface of water phantom. That dose will have a definite spatial
distribution in the water, and it will happen according to the basic scattering and
absorption processes that the photons and secondary electrons undergo. This tear-
drop/pear-shaped distribution of dose arising from a pencil beam incident on an

absorber is referred to the pencil beam dose kernel or basically the dose kernel. For
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our purposes the dose kernel can be thought of as simply the isodose plot arising from
one infinitely narrow pencil beam of photons. While in principle it might be possible
to set up an experiment with a very small collimator and use very small radiation
detectors to map out the resulting dose distribution in water, or some other phantom
material, in practice this is a complex undertaking. A Monte Carlo simulation is more
common and accurate approach to calculate the dose distribution from a pencil beam
in water. These simulations also allow us to generate dose kernels for different photon

energy spectra very easily.

In order to get the dose distribution for the whole radiotherapy beam we need to add
up the dose contribution to each point from each of the adjacent pencil beams which
make up the whole beam. The volume of the patient is divided up into dose voxels
and the tabulated dose values for each pencil beam kernel are superimposed on these.
At each voxel in the volume the dose contribution from all the surrounding pencil
beams is summed up to yield the total dose at that point. This calculation process is

called superposition.

In the simplest situation where the dose kernels are all considered the same (ie no
change of kernels to account for different photon spectra at different points in the
beam) and the patient is considered to be uniform density a mathematical shortcut
called “Fourier transform convolution” can be applied to speed up the superposition
calculation of the dose. For the more general situation however this approach cannot
be followed and superposition must be calculated by applying each pencil beam to the

dose voxels one by one and adding up the total dose in each voxel.

Real patients have different densities (bone, lung, airways, muscle, etc.). Different
densities lead to different photon attenuations and dose absorptions. To be useful the
pencil beam calculation needs to take this into account. Based on the planning CT
image dataset, the density of each voxel in the patient is known. The pattern of dose
deposition for each pencil beam (i.e., the “dose kernel”) can be modified to take these
density changes into account. Using the total density of all the material between the
point of incidence of the pencil beam and the voxel where we wish to know the dose a

scale factor is derived to “stretch” or “squash” the shape of the pencil beam dose
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kernel. It stretches if the density has been reduced (like with lung), or squashes if the
density has been increased (like with bone) in a region of low density the pencil beam
dose kernel would in effect be clongated, whereas in a high density region its
dimension would contract to account for the higher attenuation coefficient. These
corrections are applied to the dose kernel for each pencil beam depending on the local
density variations that affect that pencil beam. After that, the same superposition
process of summing up the contributions to each voxel from all the nearby pencil
beam kernels is followed. Despite these corrections the pencil beam algorithm still
suffers from inaccuracies around inhomogeneities. In practice there are many versions
of the pencil beam dose calculation process and each commercial treatment planning
system will have a slightly different approach but what has been described above are

the main conceptual elements of the scheme,

3.4 CIMMINO Algorithm

Gianfranco CIMMINO was an [ltalian mathematician. He made tmportant
contributions to partial differential equations theory and analysis the other branches of
mathematics. CIMMINO refined other mathematical benefit, including numerical
analysis. CIMMINO influenced by Mauro Picone (1885-1977) developed an early
attention in numerical questions, some of which he will frequently resume in the
course of his professional career. The solution of linear algebraic systems is an stylish
iterative method. It was published in 1938 and is extensively known as CIMMINO's
method. This algorithm has endured the investigation of time and is still extensively
used, although in customized form, in a broad diversity of technical and scientific

applications.

The CIMMINO is basically a row projection method in which the unique linear
system is separated into subsystems. In each iteration, it calculates one projection per
subsystem. These projections are constructed an estimation to the solution of the
linear system. Optimizations of treatment plans based on a physical model which
gives dose limitation are fulfilled for the best distribution of dose is acquired. It tries
to determine the dose distribution on a biological model having the sophisticated
therapeutic merit lacking any a priori postulation about the optimal dose distribution

[87-89]. An inverse treatment planning technique is based on the physical model. To
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create a treatment plan with a reasonable solution the dose distribution in the PTV and
OARs is between the prescribed limits. This kind of optimization is called CIMMINO

algorithm.

This algorithm is suitable for large systems of linear inequalities solution [90-91]
which is a special structure of the practicable issues. For radiation intensity
modulation, the CIMMINO algorithm is implemented in 3D with the combination of
2D. Instead of least squares minimization, linear inequalities are used. The
CIMMINO algorithm still converges if a constraint is not fulfilled to a weighted least
squares solution. The optimization becomes simpler and flexible if certain prescribed

dose limits than the use of objective functions.

A dose deposition kernel H(x,u) is required in order to implement the CIMMINO
algorithm. The precise a systematic formulation of the kernel is unknown. However,
estimated kernels for example a discrete convolution kernel can be used [92]. This
sort of kernel does not consider the inhomogeneities. But a discrete kernel is
unchanged at particular points in the human body at any treatment site. For the data
fitting techniques, a continuous approximation approach kernel is introduced which
also account the heterogeneities of the phantom and phantom scattering. For the

uninterrupted approximation for H(x,u), there are several causes of preferring which

are explained below;

(1) The solution of the inverse problem the grid can be flexibly changed. The
voxels are split into in the human body and the partition into bixels in the
treatment space can be changed according to the shape and size of the
target. Increase in speed and accuracy of inverse planning algorithms may
the combination of this and the next suggestion [93].

(ii) Adaptive, optimal and automatic grid generation becomes possible. It is
also recognized that while precision is improved the uniform grid causes
instabilities in the in the Fredholm integral equation of the first kind.

(iii))  Awareness of this continuous kernel facilitates to compute dose at
particular point in a human body. To estimate the treatment plan can be

done more precisely. The DVH can be computed by analytically by using
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the continuous approximation kemel in excess of the region of interest
rather than mathematically computing the dose at several distinct points.

(iv)  H(x,u) depends simply on the tissues. It is aiso possible to influence the
constraint of the qualified kernel, for example, using major constituent
investigation [94] or some morphological techniques so that more accurate
estimation is achieved for a particular patient.

(v) The basic integral equation may be solved to apply the more advanced
numerical methods.

(vi)  As an intermediate step, it is achievable that the influence of the object
function during the optimizing is directly associated to parameters of the
multileaf collimator (MLC), without determining the intensity distribution.

It capable the user to include the collimator scatters and outflow in IMRT.

A continuous estimated expression for a discrete kernel from Fourier basis functions
are calculated through the discrete kernel. It is acquired from dose distributions. It can
be computed with the Monte Carlo or direct measurements method. Boltzmann
transport equation can also be estimated to relate very precise and accelerated

analytical dose computational models [95]. In the CIMMINO algorithm, the

continuous kernel is executed for dose calculation.

A preferred practicable solution of IMRT plan even though the complete competence
of the CIMMINO algorithm was not optimized for implementation on the 3D patient
data. It is obvious that up-gradation in control progressions and dose computation will
build the CIMMINO algorithm more convergent. The algorithm also gets more
flexibility due to different weighting blocks according to their importance. DVH
conditions may be precisely incorporated in a modified CIMMINO algorithm [96].
With the integral of {H(x,u), ¥(u)} the efficiency of the algorithm can still be
enhanced on a ROI as stated in the beginning. In this way, the size of the matrix is

decrease and it reduces the computational time.
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EFFECT OF INHOMOGENEITY AND SMALL FIELDS ON IMRT

Normally, in computerized treatment planning systems are used the inhomogeneity
corrections during the dose calculation. A treatment planning system can accurately
compute the dose in an inhomogeneity medium by using the sophisticated algorithm.
A lot of publications are available in literature regarding inhomogeneity corrections in
TPSs. Those treatment planning system which are using pencil beam algorithms with
correction based inhomogeneity calculations are identified to undergo from unreliable

level of inaccuracies in calculating the dose in the inhomogeneities media.

IMRT is a very sophisticated technique in which high gradients of dose and
improving the ability produce better target dose coverage while sparing the healthy
tissues around the target. Heterogeneity corrections for IMRT are more complex than
conventional 3DCRT because of presence of large number of small fields,
heterogeneity and steep dose gradients [2]. Errors in computed dose distributions
generate systematic errors, by the inaccuracy of calculation algorithms, and to
convergence errors appear due to optimization process, the second depending on both
the objective function and the previous systematic errors [97]. Many authors have

discussed the lung inhomogenity correction [98, 101] and found 6% mnaccuracy.

4.1  Dose in Inhomogeneous Media

Different research groups did the measurements in non-homogeneous phantoms. The
data obtained during these measurements were specifically used to access the
algorithms for different low and high energies. For head and neck cancer patients, the
dose distribution is influenced in a complex manner due to the existence of curvature
of body contour, air cavities, and bony composition. The primary transmissions, the
range of secondary electrons and the number of photons scattered in different media
cause to change the dose pattern. Currently, the change in the clinical dose is not
perfectly understood. Different research groups [22], [102,107] explore the
consequence of air cavities in tissue equivalent Phantoms on the dose distribution and
attempt to develop the standardization.

The commercial inverse planning TPS depend on fast but estimated dose

computational algorithms. There are two different errors occur in iterative inverse
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treatment planning. One is describing systematic and other is convergence error that
comes out during the optimization. The convergence inaccuracy is comparable to the
noise which comes out in inverse treatment planning when Monte Carlo (MC) dose
calculation engine is used [108,109]. Jeraj et al. [109] has studied different cancer
types and tried to differentiate both errors. The systematic error was larger for PB (up
to 8%) and for superposition it was found to be 1%. In dose calculation method, the

convergence errors rely on the systematic error.

When the final dose manipulation is carried out with a precise dose calculation
algorithm it reduces the convergence error. For generating error free treatment plans,
the convergence error should be removed during the optimization. In final plan we
have to still compromises due to the existence of convergence error that is clinically
significant. For the PB algorithm, both errors influenced significantly. IMRT
treatment planning should be planned with sophisticated algorithm to reduce the all
kind of errors. This reason needs to be considered the cause of IMRT dose calculation
algorithms which is in basic 3D CRT Planning system. If comparison is done between
signiticance of accuracy in dose calculation and statistical uncertainty for inverse
treatment planning [108,109] that the systematic and convergence inaccuracies for
superposition dose calculation algorithm are almost equivalent to 2% statistical error
of'a MC. Keall et al. [110] reported that to achieve anything by using MC algorithm

for IMRT, accuracy of the dose computation should be less than 2% in the final dose

calculation.

It is seen from the conclusions, the pencil beam dose calculation has high
convergence errors, as one could imagine, depend on the significant systematic errors.
The optimizer convergence error was estimated which should be less than 0.5% for
target and outside target regions is about 1-2%, which is lesser than the experimental
convergence error. Jeraj and Keall [110] also have the same opinion for the
convergence crror. Convergence errors can also be reduced by increasing the

simulated annealing iterations.

[n this study it can be concluded that the convergence errors is almost proportional to
the systematic errors. Therefore, the convergence error for pencil beam dose
calculations algorithm is greater than superposition Algorithm. On the other hand,
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different objective functions compel a huge extension in these errors in consequently
less. Due to the uncertainty in the description of the optimality, the magnitude of

convergence error is uncertain.

4.2  Small Field Size

Presently, a small field is definition very subjective and ad hoc in radiation dosimetry.
Still there is no comprehensible agreement definition about a small field. Generally,
all those field sizes which are less than (3%3) cm2 are supposed small fields. These
small fields dosimetry and dose computation unusually required special consideration.
Small fields are required to adjust the criteria which state the situation based on the
beam energy and the medium. There exist three main factors which state the scale if a

field size could be considered as small or not [111].

(i) The detector position in the beam aperture and the size of the viewable
component of the beam origin as projected

(i)  Detector size

(iii)  The range of the electron in the exposed medium.

Penumbra gose profies af CPE
asrusssanas Fiold dose profiles

o)

a)

B =

€3 Actual field size setting
4:>:--» FWHMof resulting dose profiles

Figure (4.1) The full width at half maximum (FWHM) of dose profiles yields
correctly determined field sizes (a). When the field size is of the same order as the
charged particle lateral diffusion distance a small error in field size determination
from FWHM data (b). Completely break down for very small fields, resulting in an
overestimated field size as shown in panel (c) [112, 117].
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as compared to field sizes at which the full source can be seen from the detector
[112,117]. The output changes are illustrated in Figure (4.1). The geometrical
penumbra is extensive all over the field cross section due to the full source cannot be
seen from the centre axis of the radiation field. In these conditions conventional
methods to determination the field size such as full width at half maximum FWHM

break down, overcstimated field sizes.

The beam output can be significantly influenced by the secondary collimators
adjustments used to attain the small field sizes [118]. It is explain in the figure (4.2),
representing the 6 MV beam profile patterns with a range of jaw adjustments. Due to
the curved nature of the leaves MLCs the light ficlds are not matching with the
radiation field which allowing the variable quantity of radiation through variable
thicknesses of the leaves [119]. It causes variations from one side to the other of the

field due the positional dependence, further complicates the specific metrics of small

field sizes.

In a low density medium, the electrons range is prolonged at a considerable length
which produced from high energy photon beams. For CPE, the lateral range of the
electron rather than the forward range of the electrons are the critical parameter

compared to the field size.

Energy dependent influenced the lateral range of electrons [120]. For different beam
energies, primary dose profiles in water across a collimating edge, specified with
quality index (TPR20/10) [121,122] as shown in figure (4.3). It offer the penumbra
ranges information in unit density media that adjust the dimensions when small field

situation be valid based on overlapping electron distribution region from diverse field
edges [123].
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Figure (4.2) The effects of source size and beam shaping geometry on the output of a
small field, (a) 0(.6x0.6) cm2 and (b) (2.4x2.4) c2[119].

Small fields are rottenly used in this modern era of radiotherapy like IMRT and
stereotaxy. In radiotherapy, small fields or larger uniform or nonuniform fields that
are consisted of small fields are used. It is the main reason for all the clinical
treatment beam types including high photon energy, clectron, light ion and proton
beams. Unusual ficlds are morcover designed small fields or sometime non-
equilibrium conditions exist as discuss in already; this happens, for example, when the

field size is close to the size peaumbrae [111],

Due to the technological changes in customized linear accelerators have enhanced
mechanical accuracy, constancy and dosimetric control Simultaneously, mini and
micro multiteaf collimators (MLCs) on conventional accelerators have been an
growing availability in the clinic. These developments become a cause to increase the
uncertainty in dosimetry and its connect to reference dosimetry based on Codes of

Practice.

Due to these reason the dosimetry errors has increased which have become
significantly higher than in conventional beams as is demonstrate in various
references, including [124, 125] and the disagreements between Monte Carlo

calculated and measured outputs with different detectors is shown in figure (4.4).
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Figure (4.3) The primary dose profile in water across a collimating
edge for different beam energies [123].
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Figure (4.4) Ratios of Monte Carlo calculated absorbed doses to
water with different radiation detectors and field size which are
normalized for (10x10) cm2 field for 6 MV beam at a depth of 5.0 cm
[125].

33



Materials And Methods
Chapter (05)
Chapter (05)
MATERIALS AND METHODS

This study is purely based on computer treatment planning and these generated IMRT
treatment plans were only used to study the performance of photon dose calculation
algorithms (PBS and CIMMINO) for advance lung cancer patients. In this study, we used
the standard CT data sets without respiratory gating and do not consider the respiratory

motions. These plans were not clinically implemented on the patients.

The intensions of this study was to evaluate the differences between Pencil Beam
Convolution (PBC) and CIMMINO photon dose calculation algorithms in lung IMRT.
Investigation of these two external beam dose calculation Algorithms were done on the
basses of dose deposition in Lung densities area for low (6MV) and high energy (15
MYV), quantify isodose distribution differences with respect to photon energies and
furthermore, the influence of small apertures on the dose distribution was investigated in

lung densities region.

Before doing the treatment planning, we did the analysis of commissioning conditions for
both the treatment planning systems (Eclipse and PrecisePLAN) which are using the PBC
and CIMMINO algorithms respectively for IMRT treatment planning. Both treatment
planning systems required specific beam commissioning data sets before clinical use. A

summary of the equipments used and some measurement parameters are displayed in
Table (4.0).

Sliding window optimization technique was used for PBC algorithm and aperture base
optimization technique was used for CIMMINO algorithm. We also developed the plan

approval criteria for each treatment plans as shown in table (4.1).

Five non-small cell lung cancer (NSCLC) cases were chosen for this research project,

with apparent dissimilarity in tumour site. These patients were treated during the 2010 to
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2011 in Radiation Oncology Department at Shifa International Hospital Limited (STH)

Islamabad, Pakistan.

Table (5.1) Commissioning information of PrecisePLAN and Eclipse treatment Planning
Systems (TPS)

ﬁ tems

Machine Commissioned Precisc (FLEKTA) arian 2100C

MRT Planning Algorithm CIMMINO PBC

esolution for PDD data 0.2 mm 0.2mm
iResolution for Transverse Profile data Field Edges Center  [Field Edges] Center

Imm 0.5mm 1.5mm 0.5mm

LC’s Type (Curved End Curved End
MLC Thickness tem (40 pairs) Millennium 120 (66 pairs)
Calibration Depth (1MU=1¢Gy) 6MV = 5cm | I5MV = Scm PMV= Scm |15Mv=5cm
Calibration Technique SSD =105 SAD =100

C’s interleaf Leakage <4% <4%

lbetector Size for PDD and Profile measurements 0.13cc (IBA) 0.125¢cc (PTW)

The virtual simulation is done on Computer Tomography (SOMATOM Sensation Open
24 Slices) at SIH. Target (GTV) and OAR’s (Lungs, P-Lungs, Esophagus, Cord, P-Cord,
and Heart) were delineated with the consensus of the Radiologist and Radiation
Oncologist. For the planning target volume (PTV), lcm margin is added isotropically to
the GTV. P-Lung was marked as normal lung which included Ipsilateral and
Contralateral lung of the patient. It was automatically generated by using the virtual
simulation software. Radiation Oncologist also delineated the P-Cord around the spinal
cord with extended 0.5cm margin. This extended margin around the spinal cord helped
during the treatment planning to control its dose. For IMRT treatment planning, each
patient CT data set was transferred according to DICOM RT protocols to both the

treatment planning systems (PrecisePLAN, Eclipse) along with OARs and Targets (GTV
and PTV) .

Four IMRT treatment plans of each patient were generated. Two treatment plans were

generated with CIMMINO algorithms using 6MV and 15MV photon energies on
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PrecisePLAN treatment planning system and two more treatment plans were generated of
the same patient with PCB algorithms using the same 6MV and 15MV energies on
Eclipse treatment planning system. During the generation of these treatment plans, dose
constraints for target and OAR’s, gantry angles, numbers of beams, point of
normalization, total prescribe dose (60Gy), number of treatments, dose per fraction, dose
calculation voxal size, mulitileaf collimator (MLC) intrusion (30%) and minimum
Monitor Units (MU) per aperture for each treatment plan of the particular patient. CT
density file were commissioned in Eclipse treatment planning system before start the
treatment planning,.

Table (5.1) Treatment Planning conditions and Tolerance Doses limits of OAR’s and

Target.
FPhoton Energics oMV, 15MV
Total Dose 60Gy
[Number of Fraction 30
rMinimum Aperture Size (2.5x2.5) cm®
Dose Grid Size 0.2cm’
Minimum MU Per Aperture 1
[No, of Iterations Minimum 4000 in PrecisePLAN, and 4000 in Eclipse
Tolerance of OAR’s and Target
Organ Volumes in (%) ses (cGy)
Mean Dose 2000
<50 500
P-Lungs <45 1000
<33 2000
P-Cord (0.5ctm margin around Spinal Cord) 0 5000
Spinal Cord 0 4500
lesophagus Mean Dose 3500
<30 5500
[Heart <50 3000
TV 05 95% of Prescribe Dose
5-10 107%-110% (inside GTV)
Ty 95 95 to 90% of Prescribe Dose
5-10 107 to 109% (inside GTV or PTV)
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During the treatment planning it is also consider that no beam was set through the
Contralateral lung.

There were two main reasons to commission CT density file in Eclipse because Shoukat
Khanam Memorial cancer Hospital and Research Center did not have the same CT

simulator and secondly these patients are simulated on SOMATOM Sensation Open CT

simulator.

These four treatment plans were compared on the bases of percentage Isodose, dose
volume histograms (DVH) and also did the percentage Isodose comparison of small
apertures in the lung density region. Small apertures are normally the part of the IMRT
treatment plans. First of all, percentage Isodose distributions were compared of each
patient on the two dimensional (2D) CT data sets at central axis slices (Transverse,
Sagittal and Coronal). We compared those treatment plans which were generated with
same photon energies but different algorithms and then we also compared these two
algorithms behavior between high energy (15MV) to low energy (6MV). Similarly,
Percentage Isodose Distribution, Hotspot, Dosec volume histograms (DVH) and
Minimum, Maximum and Mean (Dyy, Dmax, and Dyean) doses of OARs and targets are
compared. The evaluation parameter for PTV included the Homogeneity index (HI).
Conventionally, Homogeneity index (H-index) is the ratio of the maximum dose in the
target to the prescribed dose [135]. A value of Homogeneity index closer to 1
representing better homogeneity of dose in the target. The H-index normally fluctuates
from 1 to 1.5 in the real treatment plans. In general, homogeneity index has guided to its
being broadly used for computing the dose homogeneity in the target. Homogeneity
Index (HI) is also calculated for the PTV and evaluated. For the comparison of small
apertures, we generated plans with the (3x3) cm’, (2.5%2.5) cm*and (10x10) cm? on only
one patient CT data sets and normalized each field in the lung density region at 10 cm
depth with Gantry angle zero degree. Prescribe dose was 100cGy in one fraction. Each
small aperture was optimized in PrecisePLAN and Eclipse treatment planning system.
We tried to investigate the percentage Isodose difference between these two algorithms
with respect to depth and also investigated the dose absorbed in the lung density region

with respect to the volume of lung by using the DVH.
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Due to unforeseeable delays in material acquisition only square fields were studied. A
similar study would be interesting to perform for thin elongated fields and various small
irregular fields as well. It is hard at this point to say which method would work best and
maybe they have to be studied separately. By keeping the geometries simple and studying
Smali Square fields the comparison and evaluation will be more rigid than for irregular
field shapes. The photon energies of available were 6 and 15 MV, so we studied only
these photon energies in this thesis. For time restrictions the study was focused on 6 MV
and 15MV since it is the common beam energies in use for IMRT while 15 MV is rarely

used in lung IMRT clinical applications. But for the sake of algorithms comparison we

also include 15SMYV energy.

The comparison schematic diagram is shown as under;

Percentage Isodose and DVH comparison

One Patient
.
Four IMRT Treatment Plans
of One Patient
CIMMINO Algorithm J PRC Algorithm
g MV e 6MV g
";E 2 ‘g ]
o= g =
] - A
5 MV | 15MV 2
= - [

Figure (5.1) Schematic Diagrams of percentage Isodose and Dose Volume Histograms
(DVH) comparison between CIMMINO and PBC Algorithms for Lung IMRT treatment
plans with respect to Energies.
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RESULTS AND DISCUSSIONS

In this study, qualitative and quantitative comparison has been done of these two photon
dose calculation algorithms in lung Intensity Modulated Radiation Therapy (IMRT). Four
different treatment plans of each patient were compared and investigated the dose
distribution difference with respect to energies and dose to the lung volume with respect

to Target dose.

6.1 Comparison of Percentage Isodose Distribution

6.1.1 Comparison of the 6MV Treatment Plans

The dose grid size was taken 0.2cm’ to generate the Percentage Isodose distribution. The
assessment was done for one patient to make the study simple and clear. Two treatment
plans with 6MV photon energy of a patient were generated with the PBC and CIMMINO
algorithm. The central axis CT slices of both the treatment plans were compared. The
central axis slices of these treatment plans are shown in the figure (6.1). It has been
observed that the dose in Ipsilateral and Contralateral lungs, skin and peripheries was
high in that plan which was optimized with PBC. This difference was clearly seen if
60%, 50%, 40%, 30% and 15% isodose lines were compared in the transverse slice.
Similar behavior can be seen in the Coronal and Sagittal slices of this patient. It was also
found that the maximum hotspot at any point in the body and hotspot at central axis slices
was higher in that treatment plan which was optimized with the CIMMINO algorithm
than the PBC algorithm. Coverage of the target (PTV) was good enough in that treatment
plan which was optimized with CIMMINO algorithm then the PBC algorithm.
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Similarly, the psrcontage Isodose distribution comperison is doac of remmining fowr
patients. After the evaluation of each paticst’s trestment plans it was observed that cach
patient has shown the exactly the same trend which has beca discussed sbove.

Figure (6.1) The comparisen of the Porcontage looduse in Tramsverse, Sagittal amd
Coronal Slice of a patient plansd with the SMV Fhoton Basrgy and eptimizcd with PRC
and CIMMINO sigorithm.
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But it was also scem in two patients which was planned with the PCB algorithens that
60%, S0%, 40%, 30% and 15% Isodose limes enciceed the very large Contralatersi lung
volume at central axis slices which is more deminent in coronal slice as shown in Figure
(6.2). Hotapot varistion was aleo 3-4% high in ceniral anis stices in those treatment plans
which were optimisod with the CIMMING sigorithm. The maxissam hotspot at any point
was higher and tarpet (PTV and GTV) coversge was aleo detier in those treatment plams
which were optimised with the CIMMING Algorithens than the PCB algorithen’s

Figure (62) The compuriosn of the Percoutage lsodose in Covomal Slice of a patient
planed with the 6MV Photon Ensrgy and optimised with PBRC and CIMMINO algerithm.
6.1.2 Comperisen of the 15SMV Treatment Fass

In similar manner Pasontage londues diswribution of 15MV phoaten energy trestment plans
were compared for each patient but oversll we ot the similar cutcome as we had got
duriag the comparison of the 6MV photon enmrgy westmmeat plans. But some important
and interesting cffects have boen chesrved during the compariosn of 15MV weatment
plans. The percestage lsodose distribution wis more coscentric to the target, spering the
Contralatersl lung sad depositing the losser dose in the periphories and skin in those
treatment plans which were optimised with the CIMMING algovithms than the PBC
algorithm.
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Figure (63) The compurison of the Percentage leodose in Tramsverse, Sagittal snd
Coronal Slice of a patiest plened with the 15MYV Photon Baergy and optimized with PBC
and CIMMINO sigorithm.

In most of the pationts the hotapet was similar and withia 1-2% diNorences in central axis
slices but in some tseatmsent plans, hetapot was varied wp 10 6% ia Sagittal and Coronal
slices in thoee treatmont plons which were optissised with the CIMMNIO algorithem. Dut
overall hotspot was higher in theee restment plans which were optimised with the
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CIMMINO than PBC sigorithms. The comparison of ons petient is shown in the figure
(6.3). Standard devistion of maxismm hotepot st any poimt in the body in GMV and
1SMV trestment plans is £1.49 sad 21.7 reapectively. Trend of ths maximum hotspot is
shown in the figwre (6.4).

Mot Sput Soonpurionn for SNV Notpet Comparisen for 18 WV

% Dese
ALLLITEE]

% Dusy
vsRETIRES

Figure (6.4) The Comparisen of the Mazimwm Hotspot detwesa PCB aad CIMMINO
Algorithm for SMV and 15MV trestment plans.

6.2 Comparisen of Minimum, Maxissum snd Mesa Desss (D, Do
and D,,,)

Comparison of Misisswm, Maxismm snd Mesn doses of normal hang (P-Lung), PTV,
Heart, Esophagus and Spinal Cord are shown in the figure (6.5). Minimem (D) and
mecan doscs (D) Of the Pelung were slmost sisiler snd 80 significomt difSerence had
scen in four patieats in PRC snd CIMMINOG slgorithem for both the caergies. Only in
paticat (2) it was noticed that the mesn dove (D) wos higher in thet plan which was
between the minimum (D, ) snd mazissum doss (D) of PTV had seea in PBC and
CIMMINO algorithe plane for both the encrpies in sl patients. But in mesn dose (Do)
of the PTV was slmest similer. Minionm doses (D, ) of the esophages wers roughly
comparsble with respect 10 the slgovithens and emergios but significant disparity in D,
and Dy for both the encrgies had sesn in all pationt. Similer trend of this disproportion
was also seen in the spinal cord comperison.
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Figure (6.5) Comperisca of Minimem (Do), Maximem (D,,.) snd Mean Deses
(Dussa) a0d of normel luang (P-Lung), PTV, Heant, Esephagus and Spinsi Cord with
respect 10 SMV sad 15SMV photon Bacrgics snd PBC and CIMMINO algorithen.

6.3 Comparisen of Dese Velume Histogeram (DVH)

DVH difference was plotted for PIV, P-Lung. Beophages, Heart and Spinal Cond in
DVH for those trestment plams which wose planed with the same emergies but diffevont
algorithms. PBC aigocithm was taken 25 2 ssforsnce 10 calculate the difference in DVH.

Planning Target Velume (PYV)
PTV dose coverage was slightly higher in CIMMIND sigorithn betwesn 0 t0 95%
volwmes. . The dose coverage wes significantly lower from 95% 10 100% volume for
both the photon encrgies in patient (1) and (2) only a5 shown in the Sigwre (6.6).
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Figure (6.6) DVH and doss difference compurison of PTV betwesa PBC and CIMMINO
algorithm for MV and 15 MV photon energics restinent plans.

DVH difference in 6MV sad 15MV wostment phns wes slightty different from O o
100% volwme of PTV. Those treatment plans which wess aptissized with the PBC or
CTMMINIO algorithms wees showing slightly difsvent DVH éifforence of PTV for both
the photon energies in all patients.

Homogeneity Index (MT) of PTV was closs 10 | for MV dut average value for ISMV is

1.069 which iz liatle bit higher than SMV for PBC sigerithms. For CIMMINO sigorithem

the percentage difference of HI of PTV was 0.14% betwoen 6MV sad 1SMV photon
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encrgy. Percentage difference of the sverage valee of the HI of PTV of five pationts
between PBC and CIMMIND algorithms for €MV and 15MV is 11L.36% 6.04%
respectively, Homogeneity Index for PBC sad CIMMINO algorithm is graphically
prescnted ia figure (6.7).
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Figure (67) Homogeacity Index of PTV for PRC and CIMMINO sigorithen with respect

to MV and 15 MV photon casrpies.

Normal Lung (P-Lung)

Normal lung (P-luag) sigaificantly getting Jow dose in these westment plans which were
Patient (1)
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Figure (6.5) Dose Volume Histogram (DVH) and dose difSercace comparisen of Nermal
Lungs (P-Lung) betwosn PBC and CIMMINO algorithim for SMV snd 15 MV photon
encrgies trestment plans,

In patients (1) and (3) the differsnce of dose was ot significantly high except from 40%
to 20% volume of P-Lung for beth the energies. In romsining three paticnts significant
dose variation had seem for both onergies. Bt in pationt (2) and (4) the P-lumg dose
increases from 100% to 40% volume and docrease from 40% % O volumes ia those
treatment plans which were eptimize with CIMMINO algorithm for both energics. But in
patieat (5) P-Lung potting significant high dese in those trestmuont plans which were
optimized with the PBC sigorithes for both the sncrgics. But ovorsil, it can de concleded
that the mean dose of P-Lung volume is high in these Gestancat piass which were
optimized with the PBC algerithm then e CIMMINOG for both cnsrpios as shown in
figure (6.3). But DVH difference in P-Lung velume was little bit higher in the 15MV
treatment plans than the 6MV as shown in the figurs (6.5) dut overall wend of the desc
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difference was same. k was seom that the FIC algorithm was overvatimating the dose in
the lung region ten the CIMMINO algerithm. Those trestmest plass which were
optimized with the PBC or CIMMINIO slgerithms ware showing sligitly differemt DVH
of P-Lung for both the photon energies in all patients.

Esephages

Similarly the DVH of esophagus was compared for esch patient. Overall dose calcwiated
by the PBC algerithun was higher than the CIMMINO sigorithen for both the energies &
shown in the figure (6.9). Dut in patient (3) and (4) it had seon that the dose varistion was
not significant for both the caergics cither the treatment plans were optimined with PBC
or CIMMINO sigorithe. & shows thet both the aigorithe calculated the similar dose with
respect to the volume of Esophagus. Ia pationt (2) 0% to 100% velume getting the
higher dose in thoee tveatment plans which wers aptissised with the CIMMINO asigorithm
but the reaming 30% voleme getting the appronisately similar dose distribution in PBC
and CIMMINO asigorithm for both the energies. The calcuiated DVH differeace of
csophagus in PBC sad CIMMING sigerithm for 6MV aad 15MV pheton energies
trestment plans were shmost similar in cach pationt as shown in the figure (6.9). Those
trestment plans which were optimised with the PBC or CIMMINIO algorithens are
showing slightly different DVH of Esophagus for both the photen snergics in alf patients.

Patient (1)
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Figure (69) DVH and dese diffcrance comparison of Esophagus between PBC ond
CIMMINO Algorithm for 6MV aad 1S MV pheton susrgies wreaiument plans.

Spinat Cord

DVH comparison of spiaal cord was done for all the pationts and it was found that the
spinal cord dose was higher in these teatanent plans which were optimized with the FBC
algorithm than the CIMMING algorithm. This difference was ast prominent between
80% to 100% volume of the spinal cond for both the oncrpies in all putionts. But in
Paticat | and 2 the DVH difference was very high 2s compased %0 the remaining throe
paticats. But overall the dose of the spinal cord was higher in those treatincnt plans
which were optimised with PBC algorithes. DVH comparison of the all the patient with
both the cncrgics are shown in the figure (6.10).
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Figure (6.19) DVH aad dose difforence comparisen of Spinal Cord between PBC aad
CIMMINO Algorithm for 6MV snd 1S MV pheton sncrgics treastment plans.

Heart

In patient (1) Heart is not included as 2 ORA’s becavse the mer was Jocsted in the

upper left lobe of the lung 3o that DVH comparisea of mmeising paticats was denc in

this study. DVH comparison of Hoast for PBC and CIMMINO algorithms shows the
, .
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significant dose differemce with respect ©o volume for both the sncrgies in patient (2), (4)
and (5) as shown in the figure (6.11). In paticat (3) this difference is act significant. On
the whole, PBC algecithen caiculated high dose for Heart volume with respect 10 the
CIMMINO algorithm for cach patieat. During the comparisen of Meart it is slso observed
that those treatmment plans which were eptimingd with the PRC or CIMMINIO algerithens
are showing slightly differont DVH of Heart for beth the phaton encrgies in all patients.
But the DVH difference of Haart betwesa PRC and CIMMING sigerithn for differsat
encrgies is not significant in each pationt as shows in the figure (6.11).

Patient (2) Pationt (3)

Figure (6.11) DVH and dosc difference comparioon of Heart betwoon PBC and
CIMMINO Algorithm plans for $MV and 13 MV Fhown Basrgies.
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6.4 Small Field Size

6.4.1 Percentage Isodose Comparison

Both treatment planning systems were calibrated at (10x10) cm’ field size for 100 cGy
per 100 MU so this the main reason to compare this field size and try to find the
difference of inhomogencities correction done by the both the treatment planning systems
and try to investigate the difference between the dose calculation between these two
planning systems in the lungs region. Treatment plans were evaluated which were
generated with 6MV photon energy for (10x10) cm? field size on PrecisePLAN and
Eclipse treatment planning system. The central axis CT slices of both the treatment plans
are shown in the figure (6.12). During the analysis, it had been observed that the same
percentage isodose lines in the lung region lying at different depths. It means both the
planning systems are calculating the different dose deposition in the lung region. During
the comparison it was also observed that the percentage isodose lines spreading
perpendicular to the incident of the radiation field in each central axis slice but more
dominant in Sagittal slice. It was also found that the hotspot varies from 1% to 3% but
overall hotspot is higher in that treatment plans which was optimized with PBC
algorithm. And similar behavior was seen during the comparison for 15MV photon
energy. But hotspot varies from 1% to 3% higher in that plan which was optimized with
the CIMMINO algorithm for 15MV photon energy. The isodose were look like a wedge
shaped in that treatment plan which was optimized with the PBC algorithm. But in
isodose lines were looked approximately straight in that treatment plan which was
optimized with the CIMMINQO algorithm. This titled in the isodose curves might be due
to that the PBC algorithm did not properly take the body curvature into account and did
not correct the calculation due to inhomogeneity effect. Secondly, the absorbed dose at
different depth was different in both the treatment plans which were optimized with PBC
and CIMMINO algorithm, This effect was more prominent in the 15MV treatment plans
which are shown in the figure (6.13).
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for (10x10) cm® field sine for GMV photon enargy botween Bclipss and ProcieePLAN
treatment planning sysem.
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nm(cmmmwhmmucmm
for (10x10) cm® field size for ISMV photen energy between Bclipse and PrecisePLAN

treatment planning system.
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Figure (6.14) Percontage Inodese comparinons in Traneverse, Sagittal snd Coronal Stices
for (2.5%2.5) cm® field sine for GMV photen ensrgy between Bclipes snd PracisePLAN
treatmment plansing sysiem.
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for (2.5%2.5) cm’ field sine for 1SMV photon snergy botween Bclipee and ProcisePLAN

treatment planning system.
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Similarly we compared percentage Isodoss distribution for small field size (2.5%2.5) cm®
for both the photon energies (GM and 1SMV). R was seen that lateral distribution was
more significant in hat tremtrent plan which were cptimized with the CIMMINO
algorithms than the PBC algorithes but this sffect wan more dominant in Sagittal and
Transverse slices for both the energics. Similer behavior was observed for hotspot a8 we
have scen during the comparisca of the SMV and 1SMV for (10x10) cm’ field size.
Comparison of the percentage Issdose of both the emergins and pleaning system arc
shown in the figure (6.14) and (6.15).

642 Compurisen of Minknmn, Maniswnss sud Mesn Desws (Do Do sod Do)
Minimum, Maximuo and Mesn 600es (Do, Do 804 D,00) i bung were compared for
(10%10) em®, (2.5%2.5) con’ and (3x3) c® fedd simes between Bclipes snd PreciscPLAN
for both the cacrgies as shown in the figure (6.16). For (10x10) cm’ ficld size it wis
found that the Dy, for both the encrgiss was 3000 which was planned in Beliper and
PrecisePLAN but Do was slighily high which was plenned in Eclipse trasteent
planaing system for both the energies. Dyen wis significantly low in those plass which
were optimized in Eclipec trestonent planning systess for both enerpics.

LI T
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Similarly, the Dyn, Dmean. and Dy for (2.5x2.5) cm® and (3x3) cm? field sizes were
evaluation and found that the Dy, for both the energies is zero in Eclipse and
PrecisePLAN treatment planning system and Dy, was almost similar for 6MV and for
15MV plans. Maximum dose {Dpmax) was slightly high in those plans which were
optimized in PrecisePLAN treatment planning system. Dpen Was showing the no

significant difference for both energies.

6.4.3  Comparison of Dose Volume Histogram (DVH) of Normal Lung (P-Lung)

DVH differences was also plotted of P-Lung in DVH for those plans which were planed
with the same energies but different planning systems and Eclipse was taken as a
reference to calculate this DVH difference. This comparison was done due to study to
cvaluate the inhomogeneity correction method incorporated by both the treatment
planning systems and tried to investigated if there exist any difference between dose

calculation in low density region specially lung for the treatment planning systems.

The comparison of the P-lung was done for (10x10) cm’, (2.5%2.5) cm? and (3x3) cm?

field sizes between the dose calculation algorithms of Eclipse and PrecisePLAN
treatment planning system for both the photon energies. Significant difference had been
seen in DVH for (10x10) cm? field size. This difference was significant from 40% to
25% volume of the P-lung for both the energies. But DVH difference in P-lung volume
was higher little bit in the 15MV treatment plans than the 6MV as shown in the figure
(6.17). Overall trend of the dose difference with respect to the volume was almost
similar. If DVH of P-lung were compared for 6MV and 15MV photon energies plans
which were generated in Eclipse it could be seen that the DVHs were not much different
for both the energies and similar observations were seen in those treatment plans which

were generated in PrecisePLAN treatment planning system.

Similarly, the DVH of P-lung was compared for (2.5%2.5) cm?® and (3x3) cm’ field size
between the planning systems with respect to energies. The DVH were almost similar and
the difference was not significant from 100% to 5% volume of the P-lung between the

treatment planning systems for both the field sizes. But for less then 5% volume of the P-
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Lung the DVH difference could be seen significant. Maxissam diffidence was observed
at 2.5% volume of P-lung. This diffarence was negative for MV whilc implying that the
DVH calculated by PrecisePLAN was higher han the Bcliges trestaacnt planning system.

DYH Comparioon of Flamg Sur GBIY out SRV Mstn Minaghes vl e’ i Sl s PmetielAN
SR ———

% Yohuine

Figure (6.17) DVH snd dose difference comparison of (10x10) cm’ fickd sine for P-Lung
between Eclipsc and PreciscPLAN weatmont plenning systems for SMV and 1S MV
Photon Encrgies.
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However, for 1SMV, similar behavier of dose at this volume of P-Lang was scen,
shown in figurc (6.18) and (6.19) but this diffcrence is icsoer than the GMV. In the light
of these resuits, it can be said that both the planning systems are calculating the similar
dosc distribution in the lung region for low (GMV) and high (1SMV) cnergies.

PYE Conpmioon of PLing r SEV and BNV Fusts Basaghis S (udh ond in-Bullgne vt PnsbaliS. AN
Postanet Foaniug Spotem

% Velume

i
E

» L ] » I | - L
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Figure (6.19) DVH aad deec differcncs comparissn of (313) cm’ field sine for P-Lung
between Eclipse and ProcissPLAN weatment systeme for GMV and 1S MV
Photon Energies.

6.5 Discussion

The accwracy in the dose differad at a point in the pationt is due to 2 self-governing
mdm%ﬁ““ﬁbﬂ“hmm

In recent research work, it was cbesrve thet the lsodues distributions in the jow demsity

arca may be over estimating by the PBC algorithe for both the pheten energics becavse

in PBC aslgorithm, dose st an arbitrary peint located betwoen the standerd plancs is

interpolated alomg the fanlinos of beam [136] and secendly, it docs not comsider the

sccondary clectron Isteral scatter owtside Whe radistion boam that may be the reason o
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overestimating the dose in Contralateral lung. But the CIMMINO algorithm estimated the
tissues inhomogeneities in different way and presenting the low dose in the Contralateral
lung. It may be because the primary component is computed in CIMMINO algorithm and
includes the transmission through patient inhomogeneities as well. The CIMMINO
algorithm is computed the scatter component and includes the presence of blocks, beam

compensators, and curvature of the patient, but not patient inhomogeneities [137, 138].

Hotspot was low in those treatment plans which were optimized with the PBC algorithm
for both the energies. It may because the sliding window treatment planning technique
was used to generate the treatment plans. However, sliding window technique provides
higher degree of freedom to generate the unlimited apertures due to continuous motion of
the MLCs to modulate the dose according to the user defined dose constrains to the target
and OARs. However, aperture base IMRT technique was used to optimize the treatment
plans with CIMMINQO algorithm and aperture base IMRT offers to create the limited
number of apertures; due to this reason the radiation beam modulation has limited as
compared to the sliding window technique. This may be the cause of higher hotspot in
those treatment plans which were optimized by CIMMINO algorithm for both energies.
Dmin., Dmax. and Dmean values for each OARs were different for each photon energy
in each patient for each dose calculation algorithms. Mean doses of five patients
calculated with both algorithms for PTV, P-Lung and Esophagus, is almost similar for
both the photon energies. It may be because each algorithm is calculating the different
weighted radiation beam configuration for 6MV and 15MV photon energy to fulfill the
prescribed dose limits to and target and tolerance dose limits of OARs. Mean dose of the
Heart and Spinal Cord was high in the 6MV treatment plans than the 15SMV. Because
I5MYV photon energy has low energy deposit rate than 6MV and both the algorithms

calculated according to the beam quality of the photon energy.

DVH of PTV was steeped in PBC algorithm than the CIMMINO algorithm for both the
energies because PBC algorithm was overestimating the dose inhomogeneities correction
and secondly the sliding window technique provides the better solutions to fulfill the user

defined dose constrains. But overall the dose distribution of the PTV in alt patients was
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little bit better in those treatment plans which were optimized with the CIMMNIO
algorithms. This result shows that both the algorithms provide the reasonable dose

coverage of PTV but slightly different minimum and maximum dose.

In general, for any lung tumor the dose is calculated with suitable precision at the ICRU
reference point. Due to the assumption of electron and photon equilibrium the accuracy
of the algorithms is inadequate. At the center of a unit density gross tumor volume offers
approximately entire electron and photon equilibrium at the ICRU reference point
location, hence the comparatively small inaccuracy predicts at this position. These
situations illustrate the high precision with which the dose could be computed even with
unsophisticated algorithms [139] at the ICRU reference point. The electron transport in
the lung may cause the differences dose, which is not effectively computed by the
unsophisticated algorithms. Clinically unacceptable inaccuracies will be introduced for
high photon energics due to the variety of small field engaged for IMRT, leading to under
dosage or overdose the target. Unsophisticated algorithms can miscalculate in the lung
boundaries regions that due to one Dimension (1D) inhomogeneity correction may be

misleading in clinically environment.

DVH comparison of P-lung showed that the PBC algorithm was overestimating and
presenting the significant DVH difference with respect to the CIMMINO algorithm for
both the energies. It may be the reason that CIMMINO algorithm is not computed the
patient inhomogeneities for scatter component of the primary radiation beam. Each
algorithm was calculating similar DVH for P-Lung for both the photon energies because
the different weighted radiation beam configuration was arrange during the optimization
for 6MV and 15MV photon energy to fulfill user defined dose constrains of OARs and
target dose coverage. Similar behavior was seen for other OARs like Heart, Esophagus
and Spinal Cord. DVH of Spinal Cord was significantly different form 80% volume to
5% volume between PBC and CIMMINO algorithm treatment plans but maximum dose
{45Gy) of the Spinal Cord does not exceed in both the algorithms. It means that the
CIMMINO algorithm modulates the radiation beams in better way than the PBC
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algorithm to deliver the same amount of the dose with delivering the low dose to the

spinal cord.

Inhomogeneity correction between the both the treatment planning systems were also
investigated for both the photon energies. Percentage Isodose distribution was
significantly different for (10x10) cm’ field size between PrecisePLAN and Eclipse
treatment planning system in lung region for both the energies. That shows each planning
system handle inhomogeneities in different way and different estimation in dose
calculated was undertaken by each treatment planning system due to differently handling
the primary and secondary components of the radiation beam. PrecisePLAN uses the
Equivalent Slant Depth algorithm for inhomogeneities correction. Numbers of
publications warn the unsophisticated algorithms in inaccurate dose prediction inside or
in the vicinity of lung medium. These algorithms are used regularly in hand calculation
and computerized TPS, but primarily have been authorizing for cobalt-60 radiotherapy.
In the regions of electron disequilibrium, the ordinary correction base algorithms do not
compute the dose accurately, like lung and target boundaries and near the ends of a field.
The dose calculation accuracy affect significantly for high energies (>10 MV) and it is
particularly essential for three dimensional (3D) dose calculation TPSs. A lot of
publications evidently have established the failure of equivalent path length based
algorithms in lung radiotherapy [139, 143].

Eclipse uses the Modified Bathe Power Law algorithm for inhomogeneities correction.
The above mentioned inhomogeneity correction models were formulated during that
period when photon energies tended to be low energy range like cobalt-60, 4MV, and
6MV x-ray energies. The estimation of electron equilibrium was satisfactory and thus
tissue air ratio information could be considered to adjust directly, These methods cannot

be expanded for electron non-equilibrium conditions [144, 145].

Small field (2.5%2.5) cm? and (3x3) cm? were investigated in this study and significant
difference was observed in isodsose distribution and dose in the penumbra region. This
effect is similar as seen for (10x10) cm® field size. Dose in penumbra region was

different due the low density regions and secondary scatter. This effect occur because
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electron energy is scattered outside the field is higher than the scattered towards the
central axis due to the small field aperture. The beam energy strongly influenced in this
effect and the tissues the density contributed at lower extent for the finite aperture size.
Due to this phenomenon the beam boundaries are distorted in low density region, because
the lateral motion of charged particles is increased. Several authors explained the
dispersion of secondary electrons from high energy beams [57, 59], [146]. The
impression of primary and scatter components could be expended in non-equilibrium

conditions.

From above discussion it is concluded that the inhomogeneity correction is more
complicated in IMRT, than for 3DCRT. Whereas, the Batho Power Law algorithm is
limited, due to the limitation of lateral charged particle equilibrium. Dose inaccuracies in
the computed depth dose occur due to ignore the electron transport [67]. The error in dose
computation is directly proportional to the field size and inversely proportional to the
density of the inhomogeneity and high photon energies (> 10 MV) [147, 148].
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CONCLUSIONS

In this study, Pencil Beam Convolution (Eclipse TPS) and CIMMINO algorithm
(PrecisePLAN TPS) are compared using IMRT technique for 6MV and 15MV photon
energies for non-small cell lung cancer (NSCLC) case. Within the target structures the
deviations of hotspot, mean dose, percentage Isodose distribution and DVH variation
between the algorithms were recorded. Variation between algorithms was recorded for
PTV, Lung, Esophagus, Spinal Cord and Heart doses. Analyses were performed by
comparison the Percentage Isodose distribution, hotspot, mean dose and DVH and its
differences with prescribed dose, Homogeneity Index for target structures for 6MV and
I5MV photon energies. CIMMINO algorithm showed better results than the PBC
algorithms in term of PTV dose coverage, and dose to OAR’s. Lung Inhomogeneity
correction of PrecisePLAN and Eclipse treatment planning system for 6MV and 15MV
photon energies was accessed for (10x10) cm’ and small field sizes (2.5x2.5) cm’ and
(3x3) cm®. Percentage Isodose distribution, minimum doses, maximum doses and mean
doses, DVH of Lung was compared to analyze the inhomogeneity correction difference
for these three field sizes. Significant difference was observed in percentage Isodose
distribution, hotspot, mean doses between the Eclipse and PrecisePLAN treatment
planning system. In this study as the results differed from each other significantly,
extensive precautions should be consider during the evaluation of treatment plans, as the
option of the dose computation algorithm may manipulate the treatment plans in addition

1o clinical outcome.
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