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Chapter I Introduction

CHAPTER-I

1. INTRODUCTION

1.1. CANCER:

Cancer is a disease in which cells divide or expand uncontrollably that move and
infects other regions of the body. There are trillions of cells in an adult human
body. Cell division is the process by which our body cells divide and multiply to
make new cells as needed by the body. Cells die as they age or get damaged, and
are replaced by new cells.

When this well-ordered mechanism fails, irregular or damaged cells grow and

reproduce when they shouldn't. Tumors, which are tissue masses, can form from

these cells. Tumors can be malignant or benign (benign).

Figurel.1: Comparison of Cancerous cell and normal cells
The process through which cancer cells split off from the original (primary cancer
cell) and migrate via the blood or lymph system, forming new tumours in other

people.
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Chapter I Introduction

Metastatic cancer refers to cancer that has spread to other regions of the body.
Cancerous tumours are also known as malignant tumours. Many cancers, including

leukemia’s, produce solid tumours, whereas blood cancers do not.

Metastasis

Metastatic— ;.

tumor _)‘if,,.z)
{

A\

D\

y/ |

Cancer spreads to other e Cancer cells in

parts of the body 4 ‘ lymph system
/ Lung

metastasis Cancer cells

p
in the blood
¢ :
.“/ Y ’ ‘

' \ Primary
Primary cancgr . - . cancer

Figurel.2: Conversation of primary cancer into Metastatic cancer

When cells are divides more and more the normal organization of the tissues
gradually disrupted. Rapid global population growth and age have contributed to
the rise of cancer as a leading cause of death, which is partly due to large drops in
stroke and coronary heart disease mortality a rate relative to cancer in many
nations.

Cancer affects practically every region of the body, and all of them are potentially
Life-threatening if not identified early. Carcinoma, sarcoma, lymphoma, and
leukemia are the most common cancers. The most prevalent type of cancer is
carcinoma, which develops in the head, neck, skin, breast, lung, esophagus,

prostate, and cervix.
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ChapterI Introduction

1.2. Cancer in India

No communicable diseases (NCDs) accounted for 72% of all fatalities worldwide.
NCDs were projected to be responsible for 62.99 percent of all fatalities in India
[1], with cancer being one of the primary causes (9 percent). According to the
World Cancer Report, there are over 1.17 million new cancer cases each year, In
2018, India's population of 1.36 billion people saw 786,900 cancer deaths and 2.27
million 5-year prevalent cases. According to the journal, "one out of every ten
Indians develops cancer during their lifetime,” and "one out of every fifteen

Indians dies of cancer [2]."

BREAST CANCER
16%

ORAL CANCER

OTHER NEW
11%

CANCER

47%

ACN
CANCER
5%

LUNG CANCER
7%

Figurel.3: India's cancer burden in 2018 was calculated by the World Cancer
Report.
Lung cancer, mouth cancer, stomach cancer, and esophageal cancer were the most
prevalent malignancies among men in India, the most frequent cancers in women
were breast cancer and cervix uteri cancer. Lung cancer was identified at a stage
where it had migrated to distant regions, while cancers of the brain, head and neck,
breast, stomach, and cervix were detected after they had spread locally,
malignancies of the brain, head and neck, breast, stomach, and cervix were

identified after they had spread locally.
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Chapter I Introduction

The most common causes and risk factors of cancer are:
1. Sun exposure
2. Alcohol
3. Smoking and tobacco use
4. Human papilloma virus
5. Immune deficiency
6. Oral contraceptives
7. Obesity / over weight
8. Age
9. Teenage pregnancy
10. Family history and genetics

11. Exposure to cancer-causing substances etc.

Above all risk factors presented by National Cancer Institute and
American Cancer Society
1.3. History of radiotherapy
In 1895, Wilhelm Conrad Rontgen discovered x-rays, then in 1896, he found
radioactivity, leading to the invention of radiotherapy. The research also centered
on the development of ever more novel promising therapeutic devices. It can
capable of treating tumours in the deep tissues throughout the next three decades
(Megavoltage period). During this time, Cobalt teletherapy, which produces high-
energy gamma rays [4], and later increasingly powerful electron linear
accelerators, which can provide megavoltage X-rays [5], were introduced.
The devices could deliver a higher dose rate than previous models, allowing for
more skin sparing treatment of deeper tumours. Because of the difficulty in

regulating these sources and the possibility of causing excessive radiation in the
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Chapter I Introduction

surrounding tissue, multi-field irradiation schemes have been developed [6].
However, a new period in RT's history was about to begin. The emergence of
novel proton beam delivery devices marked the 1970s and 1980s. Even though
computer-assisted protons accelerators were initially used in 1954 [7], it wasn't
until the late 1970s that they were successfully used to treat a different type of
tumour [8].

Another significant advancement in radiotherapy occurred at the end of the 1990s,
when the creation of a 3D conformal RT (SRT) capable of treating patients with
higher efficacy and safety was facilitated by the introduction of more advanced
computers [9]. Standardized procedures in EBRT and Internal therapy have been
established through scientific break trough’s, trial and error, and technological
advancements. Furthermore, advancements in the areas of radiobiology and
radiation metrology were critical in making radiotherapy a successful cancer
treatment option.

1.4. Role of radiation therapy

Surgery, chemotherapy and radiotherapy are the most common cancer treatment
options. Given the resources available, they chose the best effective treatment
currently available based on scientific data. They can be used separately or in
combo. Only when the tumour is localized and modest in size is surgery likely to
be highly for a limited group of malignancies, like as hematological neoplasms
(Iymphomas leukemia’s) chemotherapy alone can be effective.). They are usually
expected to be widespread immediately. Combined modality therapy necessitates
tight communication amongst all members of the cancer treatment team. Despite
the fact that cancer radiotherapy utilization rates vary greatly around the globe,

Radiation is considered to be appropriate for roughly half of all cancer patients
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Chapter I Introduction

[10].

1.5. Mechanisms and action of radiotherapy

Radiation therapy is divided into two types: EBRT and brachytherapy. Even if
external and internal therapy are used, the interaction of radiation with tissue
produces a wide range of results (Table 1). Radiotherapy acts primarily by
killing tumour cells and stopping their reproduction [11]. These events can
happen as a result of direct DNA or other important cellular molecules being
damaged, or as a result of free radical production causing indirect cellular

harm (e.g. X-rays or Gamma-rays).

RESULT

Physics Issue, transfer and absorption of energy

Biophysics Tonization and excitation phenomenon

Direct alterations of atoms and molecules or indirect

Physical-chemical damage through the productions of free radical

The breaking of bonds, polymenzation or de-

Chemical o
polymenzation phenomenon

Biochemical Molecular alterations

Biochemical-biological Damage to DNA, ENA, cvioplasm, enzymes

Aberrations of various cellular components, morpho-
Biological functional and metabolic lesions, damage to the
genetic material

Table 1: Radiation’s effects on irradiated tissues
Unfortunately, radiation therapy can harm and kill normal cells, especially those
that divide frequently. This can be reduced by focusing the radiation beam on the
tumour and fractionating the overall dose, allowing normal tissue to heal and

recover on its own [12].
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Chapter I Introduction

1.6. Linear Accelerator

Modern linacs customize high-energy x-rays or electrons to the geometry of a
tumour, destroying cancer cells while leaving healthy tissue unharmed. It comes
with a number of built-in safety features to ensure that the dose is delivered exactly
as intended It is also checked by a medical physicist on a regular basis to ensure
that it is in good functioning order.

A common medical linear accelerator's general operating principle can be stated as
as shown in Picture 1.4: The electron gun and the magnetron or klystron, which
produce microwaves, receive these pulses at the same time. An electron from an
electron gun is pulsed into the accelerator structure at the appropriate time.
Magnetron is a high-power oscillator that generates 3GHz microwave pulses with
adoration times of a few microseconds and a repetition rate of several hundred per

second. A microwave amplifier, on the other hand, is a Kklystron.

Filament
R |

magnet

Energy
slit
Beam
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Figure 1.4: Schematic Diagram of a Medical linear accelerator with its
components.
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It will be powered by a low-power microwave generator. Because klystrons have
longer time duration and can generate higher power levels than magnetrons, they
are recommended for beam energies larger than 20 MeV [13]. The accelerator
tubes in Linacs with energy up to 6 MeV are very short, A longer accelerator tube
is often placed perpendicular to the treatment head axis in higher energy Linacs,
and Bending magnets are used to deflect electrons by 90 (or 270) degrees. The
treatment head is the final component of Linacs. It consists of various components
like target, collimator, scatter foil, monitor ionization chambers, flattening filters
and, in some circumstances, additional beam altering devices are all included. Both
x-ray and electron treatment techniques are available on modern linear
accelerators. When accelerated electrons collide with a high-atomic-number object,
Bremsstrahlung photon beams are created.

Photons have an average energy of around one-third of their maximum energy.
Accelerated electrons hit with a thin scattering foil in the electron therapy
procedure. Because the scattering foil stops most of electrons from undergoing
bremsstrahlung production, the original pencil beam is turned into a uniformly
fluence broad electron beam. A shielding material with a high density, such as a
lead-tungsten alloy, is used to enclose the therapeutic beam in the primary
collimator. It is the therapeutic beam collimator's initial define layer, and it
provides adequate leakage radiation protection.

Megavoltage bremsstrahlung has a significantly forward peaked intensity
distribution, meaning that the majority of photons follow the same path as the
electrons impinging on the target. The generated bremsstrahlung beam is sent
through a flattening filter to make the beam. The filter has a conical form and is

made up of a variety of proton-numbering materials. A linac uses a specialized
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flattening filter for each photon energy.

The flattened x-ray beam is then sent into monitor ionization chambers, which are
either transmission chambers or plan-parallel chambers with a diameter larger than
the beam's cross-sectional area. The major function of the monitor chambers is to
control the immediate dosage rate, cumulative dose, symmetry foil, and beam
flatness. The secondary collimation system consists of two pairs of adjustable lead
or tungsten jaws that collimate the beam into rectangular fields varying in size

from 0 x 0 cm2 to 40 x 40 cm?2.

CElekta

Figure 1.5: Elekta Versa HD Medical linear accelerator installed in Aditya
Birla Memorial Hospital

1.7. Multileaf collimators

MLCs with 40 to 80 sets of narrow, tightly neighboring tungsten leaves, each with
a typical width of 10 mm or less at the linac isocenter, can be found in modern
linacs. MLCs with leaf widths of less than 5 mm at the isocenter are known as
micro MLCs. They're used to shape irregular fields with a maximum field

dimension of less than 10 cm, like head and neck fields, or irregular fields with a
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maximum field dimension of less than 3 cm, like radiosurgery fields.
The MLCs can either be built into the linac head and used instead of the upper or
lower secondary collimator jaws, or they can be installed on the linac head and

used in conjunction with both. A typical MLC coupled to a linac head is used in

conjunction with the upper and lower collimator jaws.

Figure 1.6: MLC with 80 pairs of leaves abutting (Agility MLC).

Each leaf is individually motorized and computer controlled, allowing for better
than 1 mm placement precision and the generation of irregular radiation fields that
conform to the target cross section in the beam's eye view (BEV). Each leaf is
driven independently by a small DC motor, as seen in Fig. 1. A complex servo
mechanism senses the position of the leaves and controls and verifies it using
electronic or optical/video techniques.

1.1.8 Flattening filter

Since its first application in 1953 [11, 12], the FF has been an integral part of a

accelerator, and It was used to compensate for differences in photon fluence across
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the field. Simplifying dose calculations It's important to note that the first
computer-based TPS that allowed for 3D dose distribution calculations didn't
appear until decades later.

The usage of the flattening filter, on the other hand, comes with trade-offs. The
reduction in dosage rate caused by beam attenuation in a flattening filter's material
is arguably the most critical [13].

The implementation was restricted to circular fields with a diameter of up to 3 cm
and no significant intensity difference as compared to an unflattened beam. The
scientists were inspired to do this research because they wanted to shorten the time
it took to provide radiosurgery treatments. Tomotherapy, a specialized equipment
that gives Therapy in slices, was introduced in 1993. A dedicated Multileaf
collimator is employed to further modulate the beam in this machine, which also

uses an unflattened beam [14].
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Figure 1.7: Beam transporting system of Linacs head showing Flattening filter
location
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The majority of scattering in the treatment head is caused by the FF [15, 16].
According to Monte Carlo simulations, this produces fluctuations in quality of the
beam out from the central axis [17] and is the principal reason of electrons
contamination [18-19]. Other Monte Carlo investigations use commercially
available Linacs to study various aspects of flattening filter free (FFF) beams [20—
21], where a FF was removed for modelling purposes. There were also some
preliminary treatment planning experiments and analogical dosimetric
measurements made with dedicated new Elekta versa HD linear accelerators

without a flattening filter.

6MV Flattened beam

6MV FFF

_
9
£
R
Wl
i
‘a
b=
wy
2]
=
e
&
=
=i
w
=
=
=]
|
&

<130 120 110 400 50 B0 70 6O 5O 40 30 20 10 0O 10 20 30 40 S0 BOD YO 80 90 100 110 120 130
Crozzplane [mm]

Figure 1.8: A graphic illustration of the 6MV photon crossbeam profile in a
10x10 cm field size for both FFFB and Flattened beams at depths of 5, 10.0,

and 20.0 cm for both FFFB and Flattened beams.

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006  Page 12



Chapter I Introduction

1.8 References

1. Prashant Mathur and Krishnan Sathishkumar “Cancer Statistics, 2020:
Report from National Cancer Registry Programme, India”JCO Global

Oncology no.6(2020) 1063-1075,July 16,2020

2. “WHO Regional Office for India: Indian Health for All database [online

database].”

3. Rontgen WC Uber eine neue Art von Strahlen. Vorl aufige Mitteilung. Vol.
30. Sitzung: Sitzungsberichte der physikalisch-medicinischen Gesellschaft zu

W urzburg; 1985. pp. 132-141.

4. Boone MLM, Lawrence JH, Connor WG, et al. Introduction to the use of
protons and heavy ions in radiation therapy: historical perspective. Int. J.
Radiat. Oncol. Biol. Phys. 1977;3:65-69. https://doi.org/10.1016/0360-

3016(77)90229-2. [PubMed] [Google Scholar]

5. Fry D W, Harvie RB, Mullett L, et al. A travelling-wave linear accelerator for
4-MeVelectrons. Nature. 1948;162:859861. https://doi.org/10.1038/162859a0

PMid:18103121. [PubMed] [Google Scholar]

6. Suit H, Goitein M, Munzenrider J. Evaluation of the clinical applicability of
proton beams in definitive fractionated radiation therapy. Int. J. Radiat.
Oncol. Biol. Phys. 1982;8:2199-2205. https://doi.org/10.1016/0360-

3016(82)90570-3. [PubMed] [Google Scholar]

7. Hall EJ The Physics and Chemistry of Radiation Absorption. Radiobiology
for the radiologists. 4th edition. Philadelphia: JB Lippincott; 1994. pp. 8-

10. [Google Scholar]

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006  Page 13


https://ascopubs.org/author/Mathur%2C+Prashant
https://ascopubs.org/author/Sathishkumar%2C+Krishnan
https://www.ncbi.nlm.nih.gov/pubmed/96079
https://scholar.google.com/scholar_lookup?journal=J.+Radiat.+Oncol.+Biol.+Phys&title=Introduction+to+the+use+of+protons+and+heavy+ions+in+radiation+therapy:historical+perspective.+Int&author=MLM+Boone&author=JH+Lawrence&author=WG+Connor&volume=3&publication_year=1977&pages=65-69&
https://www.ncbi.nlm.nih.gov/pubmed/18103121
https://scholar.google.com/scholar_lookup?journal=Nature&title=A+travelling-wave+linear+accelerator+for+4-MeV+electrons&author=D+W+Fry&author=RB+Harvie&author=L+Mullett&volume=162&publication_year=1948&pages=859-861&pmid=18103121&
https://www.ncbi.nlm.nih.gov/pubmed/6298160
https://scholar.google.com/scholar_lookup?journal=Int.+J.+Radiat.+Oncol.+Biol.+Phys&title=Evaluation+of+the+clinical+applicability+of+proton+beams+in+definitive+fractionated+radiation+therapy&author=H+Suit&author=M+Goitein&author=J+Munzenrider&volume=8&publication_year=1982&pages=2199-2205&pmid=6298160&
https://scholar.google.com/scholar_lookup?title=Radiobiology+for+the+radiologists&author=EJ+Hall&publication_year=1994&

Chapter I Introduction

8.

10.

11.

12.

13.

14.

15.

16.

Ying CH. Update of Radiotherapy for Skin Cancer. Hong Kong Dermatology

& Venereology Bulletin. 2001;9(2):52-59. [Google Scholar]

Mohan R. Field shaping for three-dimensional conformal radiation therapy
and  Multileaf  collimation. Semin.  Radiat.  Oncol. 1995;  5:86—

99. https://doi.org/10.1016/51053-4296(95)80003-4.[PubMed] [Google

Scholar]

G.Delaney, S. Jacob, C. Featherstone, and M. Barton “The role of

Radiotherapy in cancer Trement ” Cancer, vol. 104, no. 6, pp. 1129-1137,

2005.

C. W. Miller, “An 8-MeV linear accelerator for X-ray therapy,” Proceedings
of the IEE -Part I: General, vol. 101, no. 130, pp. 207221, 1954.
G. R. Newbery and D. K. Bewley, “The performance of the medical research

council 8mev linear accelerator” Br J Radiol, vol. 28, pp. 241-51, May 1955.

P. F. O’Brien, B. A. Gillies, M. Schwartz, C. Young, and P. Davey,
“Radiosurgery with unflattened 6-mv photon beams,” Med Phys, vol. 18, no.

3, pp. 519-21, 1991.

T. R. Mackie, T. Holmes, S. Swerdloff, P. Reckwerdt, J. O. Deasy, J. Yang,
B. Paliwal and T. Kinsella,” Tomotherapy: a new concept for for the delivery
dynamic conformal radiotherapy,” Medical physics, vol. 20, p. 1709, 1993.

P. L. Petti, M. S. Goodman, T. A. Gabriel, and R. Mohan, “Investigation of
buildup dose from electron contamination of clinical photon beams,” Med
Phys, vol. 10, no. 1, pp. 18-24, 1983.

T. C. Zhu and B. E. Bjarngard, “The fraction of photons undergoing head

scatter in x-ray beams,” Phys Med Biol, vol. 40, pp. 1127-34, Jun 1995.

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006  Page 14


https://scholar.google.com/scholar_lookup?journal=Hong+Kong+Dermatology+&+Venereology+Bulletin&title=Update+of+Radiotherapy+for+Skin+Cancer&author=CH+Ying&volume=9&issue=2&publication_year=2001&pages=52-59&
https://www.ncbi.nlm.nih.gov/pubmed/10717132
https://scholar.google.com/scholar_lookup?journal=Semin.+Radiat.+Oncol&title=Field+shaping+for+three-dimensional+conformal+radiation+therapy+and+multileaf+collimation&author=R+Mohan&volume=5&publication_year=1995&pages=86-99&pmid=10717132&
https://scholar.google.com/scholar_lookup?journal=Semin.+Radiat.+Oncol&title=Field+shaping+for+three-dimensional+conformal+radiation+therapy+and+multileaf+collimation&author=R+Mohan&volume=5&publication_year=1995&pages=86-99&pmid=10717132&

Chapter I Introduction

17. P. C. Lee, “Monte carlo simulations of the differential beam hardening effect
of a flattening filter on a therapeutic x-ray beam,” Med Phys, vol. 24, pp.
1485-9, Sep 1997.

18. B. Nilsson, “Electron contamination from different materials in high energy
photon beams,” Phys Med Biol, vol. 30, pp.139-51, Feb 1985.

19. E. E. Klein, J. Esthappan, and Z. Li, “Surface and buildup dose characteristics
for 6, 10, and 18 mv photons from an elekta precise linear Accelerator” j
Appl clin Med Phys,vol.4.1pp.1-7,2003

20. R. Jeraj, T. R. Mackie, J. Balog, G. Olivera, D. Pearson, J. Kapatoes, K.
Ruchala and P. Reckwerdt, “Radiation characteristics of helical
tomotherapy,” Med Phys, vol. 31, pp. 396-404, Feb 2004.

21. E. Ishmael Parsai, D. Pearson, and T. Kvale, “Consequences of removing the
flattening filter from linear accelerators in generating high dose rate photons
are Suitable for medical use: Measurement-based MC simulation,” Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions

with Materials and Atoms, vol. 261, no. 1, pp. 755-759, 2007

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006  Page 15



CHAPTER- 11

EBRT
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CHAPTER-II

2.0 EXTERNAL BEAM RADIOTHERAPY
Basically the radiation therapy is classified into two different

categories known as External beam radiotherapy or Teletherapy and internal
radiation therapy or brachytherapy.
EBRT is the most often used radiation therapy. It uses a machine outside the body
to emit radiation. It can treat large parts of the body if necessary. A beam of X rays
or electrons, or a combination of beams, is aimed at the tumour and/or surrounding
tissues. Each fraction treatment takes 2 to 10 minutes and is given once in a day or
twice in a day (administered around 6 hours apart). The majority of treatment
fraction last between 4 and 7 weeks.
In the last few decades, several key improved approaches in radiotherapy treatment
have arisen, transforming the face of cancer treatment.
EBRT can be classified into the following categories:

1. Three-dimensional conformal radiation therapy

2. Intensity modulated radiation therapy

3. Rapid Arc or Volumetric Modulated Arc Therapy

4. Stereotactic Body Radiation Therapy

5. Stereotactic radio Surgery
The above radiation therapy techniques are prescribed depending on the patient's
individual circumstances.
2.1 Three-dimensional conformal radiation therapy
3DCRT is a therapeutic method in which the radiation beams are shaped to fit the
tumour. Previously, in conventional radiotherapy, the radiation treatment was

tailored to the tumor's height and width, exposing healthy tissue to the beams.
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When compared to 2DCRT, 3DCRT was certified in the 1990s [1] because it
reduced damage to normal tissue and improved dosage conformity. The tumour
can now be properly located due to better in imaging technology. The targeting
information can be utilized in conformal radiation therapy to precisely focus [2] on
the tumour while avoiding neighboring surrounding cells.. Because of the precision
of the targeting, larger doses of radiation can be used in treatment, which is more

successful in reducing and destroying cancers.

"Classical" Conformation

Treated

Volume Target Volume

<

Collimator Critical

structure

Figure 2.1: The Image Representing 3DCRT Planning Approach
The goal of 3DCRT treatment planning is to provide a target-conforming dose

distribution while minimizing dosage exposure to healthy tissues [3]. Anatomical
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data is collected using two-dimensional (2D) image slices, which are then
integrated to form the 3D portrayal. After that, the structures and targets are
demarcate using the segmentation technique. The required fields 2—4 and treatment
beams are built, and MLC confirms the tumour has appropriate margins. The
optimization problem in this case requires modifying constantly several parameters
such as number of fields, their aperture, beam weights, their directions and other
beam modifiers.

2.2 Intensity modulated radiotherapy

In IMRT, we can achieve a greater dose gradients and a higher level of dosage
uniformity within the target (Webb et al., 2001), which is considered advanced
than 3DCRT [4]. To allow for greater dose shaping flexibility, IMRT uses non-
uniform beam intensities rather than uniform beam intensities. Within the target
volume, IMRT can also be used for dose painting, IMRT is a conformal
therapeutic technique that not only conforms dose to target volumes, but also to
sensitive structures. Conformal therapy is defined as the geometric structuring of a
beam so that its contour matches to the target's BEV.

When the target is not appropriately geometrically separated from the organs in
risk or When the target wraps itself around organs in danger, or when no
combination of uniform intensity beams can reliably separate the target from the
organ in danger., then adding modulation to a geometrical beam, it’s possible that
using a beam is the only way to properly treat the tumour while reducing the
exposure to the nearby OARs. Another potential benefit of IMRT is the ability to
simultaneously provide several dosage levels to target volumes. This opens up the
possibility of delivering a simultaneous in-field boost to well-located primary

tumour locations [5, 6].
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Indensity Modulation
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Figure 2.2: The Image Representing IMRT Planning Approach

Inverse treatment planning

One of the key advantages of IMRT over the traditional technique is inverse
planning. The person who chooses the beam directions, target dosage goals, and
dose restrictions for the OARs structures surrounding the tumor volume is the
central concept of it. The user can set the minimum and maximum doses to PTV
and OARs, for example [5,6]. TPS automates the optimization process by dividing
the beam into smaller beams, known as beam lets, based on the stated
requirements. Each beam's intensity is then adjusted to obtain a dosage distribution
that is as close to the required as achievable. If the actual dose distribution fails to
fulfil the requirements, the optimization procedure can be repeated by changing the

treatment plan's goals and limitations.
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The disadvantage of IMRT is that it produces a higher number of MU, resulting in
a higher integral body dosage and a higher risk of secondary cancers [7].

2.3 Volumetric Modulated Arc Therapy

When VMAT was first presented in 2007, it was described as a new radiation
technology that allowed simultaneous change of three parameters during treatment
delivery: gantry rotation speed, treatment aperture shape by MLC leaf movement,
and dose rate [8]. Yu originally introduced the previous model of arc therapy,
known as IMAT, in 1995 [9], and it needed the use of several overlapped arcs to

produce a suitable dose coverage [10].

Figure 2.3: The Single Image Representing comparison of IMRT and VMAT

planning and delivery.
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The target is constantly irradiated with VMAT technology, while the source of the
beam rotates in single or multiple arcs around the patient (11). A high degree of
conformal dose coverage is achieved in substantially less time than with current
techniques by simultaneously regulating gantry speed, gantry position, collimator
angle, leaves of the MLC and dose rate. VMAT therapy sessions are often
completed in 5 minutes or less [12], and include real patient 3D imaging to ensure
the target's position.

Several VMAT systems are currently marketed under various names (Rapid Arc,

Varian; Smart Arc, Phillips; and Elekta VMAT, Elekta)

Figure 2.4: The isodose distribution generated from 3DCRT, IMRT AND
VMAT Planning with 6 MV Photon energy

2.4 Stereotactic Body Radiation Therapy

This is a type of EBRT that allows massive doses of radiation to be delivered
precisely to tiny tumours. SRS techniques and procedures were used to develop
stereotactic body radiation treatment (SBRT), which began in the early 1990s at
the Karolinska Institute (Stockholm, Sweden). In the late 1990s, Robert
Timmerman, Lech Papiez, and colleagues from Indiana University have started a

phase 1 trial of SBRT for medically hopeless lung cancer. [13]
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Patient positioning devices, tumor identification and tracking software, reducing
high-dose radiation exposure to normal tissue, preventing or controlling for organ
movements (e.g., respiratory motion), SBRT is characterized by stereotaxic usage
and sub-centimeter accuracy of the supplied dosage. [14,15] The shape and stage
of the tumour, its volume (1-35 cm3), pathology, invasiveness, and the patient's
performance level are all used to determine whether SBRT is an appropriate
treatment. Detailed simulation study, Target contouring, better planning, and
radiation treatment delivery are all important parts of an SBRT operation.

SBRT has been utilised to treat many small cancers (up to 6-7 cm) as well as a few
larger tumours (up to 3-5 cm) across the body. The number of malignancies that
have been effectively treated with SBRT in India and around the world continues
to rise. The most prevalent cancers include primary lung, pancreas, and bile duct
tumours, primary and metastatic liver tumours, kidney, prostate cancer, and other

cancers. pelvic tumours, sarcomas, and metastatic cancers throughout the body are

among them.

Figure 2.5: The amount of SBRT radiation provided to this site and the
isodose distribution obtained by VMAT Planning (axial, coronal, and sagittal)
with a 6 MV FFF photon beam as can be seen, the radiation dose is
distributed very accurately to avoid as much normal tissue as possible.
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This process usually takes 3-5 treatments spread out over a period of 1-2 weeks to
complete. This differs from the normal daily EBRT, this is often delivered over a
period of many weeks

We may be able to offer SBRT is the recommended treatment option for patients
who have previously received a complete dose of external beam radiation therapy
and now have recurring but localized cancers in certain highly selected scenarios.
SBRT is a still-evolving therapy that necessitates specialist clinical and technical

Expertise.

Figure 2.6: SBRT treatment plan of liver metastasis (total dose of 50 Gy
with 5x10Gy, 65%-isodose)

2.5 Stereotactic Radio Surgery (SRS)

In 1951, Dr. Lars Leskell and Borje Larsson invented the idea of radiosurgery for
the treatment of intractable intracranial disorders. SRS has been used to treat
trigeminal neuralgia, arteriovenous malformations, vascular malformations, and

benign and malignant malignancies of the intracranial and spinal cavities.

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 24



Chapter 11 External Beam Radiotherapy

It isn't surgery in the traditional sense because there is no scar. Stereotactic
radiosurgery, on the other hand, using 3D imaging, significant doses of radiation

can be precisely focused on the afflicted area while healthy tissue in the

surrounding area is spared.

Figure 2.7: Two partial co-planar arcs and volumetric modulated arc
treatment are used in SRS treatment for a patient with left cerebellar
metastases (VMAT).

In most cases, SRS of the brain and spine may be accomplished in just one session.
Lung, liver, adrenal, and other soft tissue malignancies are treated with body
radiosurgery, which usually requires many (three to five) sessions.

2.6 Active Breathing Coordinator (ABC)

In radiotherapy, motion is a significant obstacle. It's a problem that has effects across

the entire workflow, including treatment planning, imaging, and delivery, and it has
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to be addressed immediately. As a result, using Active Breathing Coordinator to
manage and coordinate breathing may improve target localization and Allow
clinicians to increase the dosage to the tumour by reducing the PTV margin [16].

By extending the distance between the tumour and the crucial tissue by holding deep
inspiration breaths, breath-hold therapies with Active Breathing Coordinator can
minimize dosage to essential structures like the spinal cord. It enables clinicians and
patients to determine an appropriate breath-hold intensity and duration. This allows

for potential margin reduction, dosage escalation, and hypo fractionation by

immobilizing internal anatomy directly linked to breathing volume.

Figure 2.8: The Single Image Representing ABC breath hold and CT
simulation

It can reduce not just the volume of irradiated lung cells, but also the dose to normal
tissue in thoracic treatments. One of the problems of radiation therapy for the left
breast is preventing dosage to the heart. Using Active Breathing Coordinator with
moderate deep inspiration breath-hold (mDIBH) increases lung volume, reducing the
dose by increasing the distance between the chest wall and the heart [17-18].

2.7 Treatment Planning System (TPS)

TPS calculates the treatment dose based on the radiation machine's output solely.

TPSs are used to create radiation treatment plans based on a CT dataset generated
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from a patient's CT simulation. Individual plans are to be optimized using the

optimization algorithm, which is commonly used by the TPS for both forward and

inverse planning approaches.

Figure 2.9: The Monaco TPS has been used for radiotherapy treatment plans
in this illustration.

The absorb dose is defined as the quantity of ionising radiation/energy absorbed
per unit of mass by the tissue/medium. As a result, dose calculation entails
computing the energy absorbed by the medium at all points where it may or may
not pass through it. Due to interaction between particles and medium, a variety of
physical processes occur. At any location of interest, the dose is contributed in
three ways. When beam particles interact with the media, energy is released.

Secondary photons and electrons may result from the released energy depositing or
scattering away from the initial contact location. For correct dose computation, an
appropriate dose calculation algorithm will include both physical processes
involved in the beam particle media interaction, and it should be rapid enough for

clinic use.
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Chapter-I111 Material & Methods

CHAPTER-III

3.0 MATERIALS AND METHODS:
This study used several dosimetry equipment to commission the FF and FFF based
medical linear accelerators.

1. FF & FFF Based Medical linear accelerator

2. Radiation Filed Analyzer

3. Electrometer with ion chambers

4. 2D Array detection

A brief description of the above equipment’s is given below
3.1. Versa HD Linear Accelerator
Versa HD is a new medical linear accelerator that was introduced on April 15,
2013. Versa HD has FF and FFF Photon Beams with energies of (6,10,15MV) as
well as electron energies. A novel, cutting-edge Multileaf collimator family,
developed exclusively for Elekta versa HD, enables for extremely precise dose
distribution while considerably lowering dosage supplied to healthy tissues. Versa
HD sets the standard for cancer therapy with high-precision beam shaping and
tumour targeting, as well as the ability to deliver radiation dosages three times
faster than earlier Elekta linear accelerators. Versa HD allows high-definition,
high-speed beam shaping over a customizable 40 cm x 40 cm field when fully
integrated with the Agility 160-leaf Multileaf collimator (MLC).
Dynamic arc therapy and Step-and-shoot therapy are two working modes for
3DCRT, IMRT, and VMAT techniques that allow for successful treatment. With
this unique combination of rapid MLC leaf speed and the new High Dose Rate
mode, clinicians can fully leverage high dose rate delivery and push advanced

therapies like SRT and SRS to new heights — all while preserving treatment time.
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Only the measurement and modification of photon beam data for FF and FFF will

be investigated in this study.

Figure 3.1. Versa HD machine Capable of deliver the FF and FFF Beam
3.2. Radiation Filed Analyzer (PTW Freiburg)
Radiation field analyzer (MP3-PTW Freiburg) used to measure FF & FFF beam
parameters contain water phantom, lifting table, Main Control Unit (MCU) with
integrated dual channel electrometer, water reservoir and TMR set. The positional
reproducibility is = 0.1 mm and the positional accuracy is £ 0.5 mm. The
approximate volume of the water phantom is 206 litres. The water phantom has the
Mylar foil window of thickness 0.1 mm for lateral beam scanning. The detector
holder material is made up of Poly vinylidene fluoride (P\VDF) which is near to air
density. Water phantom is placed on motorized double telescope lift table
mechanism. The maximum table load capacity is 250 kg. The vertical travel range
is 740-1240 mm from the finished floor level. The leveling table plate thickness is

19 mm. The vertical range for leveling frame adjustment is 20 mm and horizontal
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adjustment is 15 mm. The MCU has the dimension of 390 x 75 x 360 mm3. The
operating polarizing voltage is between -400 V to +400 V. The time constant is 40
ms and it contains 14-bit Analog to Digital Converter (ADC) for optimized gain
control. The maximum resolution is 0.1 pC with low range and 30 pC with high

range. The leakage current is <0.5 pA with low range and < 2 pA with high range.

The MCU can communicate to computer through RS232 connectivity.

Figure 3.2. MP3 Water phantom system (RFA) —-PTW Freiburg GmbH
The Semiflex chamber used for measurement has a measuring volume of 0.125
cm?® with outer diameter of 7 mm with an air cavity length of 10 mm and central
electrode diameter of 1 mm. The outer wall is made up of Poly Methyl
Methacrylate (PMMA) with thickness of 0.12 g / cm2 and inner wall is graphite /
epoxy with the thickness of 0.07 g / cm2. The Semiflex ion chamber detector used
for measurements is shown in Figure 3.16. High-energy photon and electron

radiation are measured in waterproof thimble chambers.
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3.3 lon Chambers (PTW Freiburg)

3.3.1. Model 31010 0.125 cm?® Semiflex ion chamber

The Semiflex chambers are used for therapeutic dosimetry, primarily in motorized
water phantoms, to measure dose distribution. They have a flexible connection
cord and a short stem for mounting. The nominal practical energy range for
photons is 30 kV to 50 MV, and for electrons it is 6 MeV to 50 MeV. The wall is
made of graphite and is protected by an acrylic coating. The guard rings are made
to fit the volume of the measurement device. Each chamber includes an acrylic
build-up cover for in-air 60Co beam measurements and also a calibration
certificate for absorbed dose to water or in-air kerma calibration. Each
measurement must be corrected for air density. Both chambers have a cylindrical
shape and a 5.5 mm inner diameter; the only difference is the length of the
measuring volume. We used two Semiflex chamber for beam data measurement
.Semiflex chamber we used to take measurement for following filed sizes
5x5,10x10 ,15x15, 20x20, 30x30, 40x40 cm2 and For small filed we used SRS
Diode chamber

» Water phantoms with ventilated responsive volumes of 0.125 cm3 and 0.3 cm3
are suitable for application.

» Over a wide energy range, there is an uniform energy response.

Figure 3.3: 0.125 cm® Semiflex ion chamber (PTW Model 31010)
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3.3.2 Dosimetry Diode SRS Type 60018

Dosimetry with a waterproof silicon detector in 6 MV photon beams up to field

size. 2x2, 3x3 , 5x5 , 10x10 cm?

The Diode SRS is intended for dose measurements in photon fields of up to 10 10

cm2 with a maximum energy of 6 MV. It is feasible to measure beam profiles with

high resolution and a low dwell time thanks to this detector's great responsiveness.

A common use is the measurement of small filed beam profiles for stereotactic

radio surgery (SRS).

A detector with a maximum photon Energy of 6 MV was designed for
measurements in small photon fields.

Outstanding spatial resolution

A high level of response

Extremely low noise

A thin entrance window can be used to take measurements near surfaces

and interfaces

Figure 3.4: Diode SRS (PTW Model 60018)
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3.3.3 N 34045 Advanced Markus®

In this investigation, we employed an advanced markus chamber and a Model
N34045 Advanced Markus® Plane Parallel lon Chamber to evaluate surface
dosage. The Advanced Markus® chamber, Model N34045, is the most recent
advancement in electron chamber technology, with better performance over the
well-known Markus® chamber. Within the nominal useable range of 2 to 45 MeV,
the chamber has a flat energy response. The Markus® chamber's design is
comparable to the Model N34045's, with the same external dimensions. It fits into
the Markus® chamber's existing solid phantom cavities as a result. Internal
dimensions are comparable to the Markus®, with the addition of an enhanced
guard ring design and 1 mm electrode spacing. The impact of scattered radiation
beam from the housings is greatly decreased as a result of the high level of
shielding, allowing for absolute electron dosimetry without perturbation effects.
The chamber's modest sensitivity capacity makes it ideal for assessing dose
distribution with high spatial resolution in water phantoms. The entry window is
made of 0.03 mm thick polyethylene. The Model N34045 comes with a 0.87 mm
thick protective acrylic cover for use in water. Because the chamber is evacuated to
the atmosphere, each measurement must be corrected for density. It comes with a
1-meter cable, a variety of connections, and a foam-padded carrying box.

In this study Markus chamber used for Surface dose measurement for 6FFF and

10FFF beams.
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Figure 3.5: Advanced Markus® Chamber (PTW Model N 34045)

3.4. Electrometer with ion chambers (Unidos, PTW)

The UNIDOS is high-precision reference class electrometer that significantly
fulfills the recommendations of International Electro technical Commission (IEC

60731). The UNIDOS E electrometer used in our study is shown Figure 2.5.

PTW UNIDOS E

F.’:—g]— Fi) .T.

Figure 3.6: UNIDOS E electrometer (PTW Model T10010)

The electrometer's primary screen has a large, high-contrast graphic electro
luminescent display with a wide viewing angle that shows all measured values,

selected chambers, and correction factors in detail. It is capable of concurrently
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measuring and showing the measured dosage, dose rate, current, charge, average
rate, and dose per monitor unit. The maximum operating bias voltage is = 400 V,
programmable in steps of £50 V. The mains operating power supply is 90 — 240 V,
50/ 60 Hz, the battery operational is optional. UNIDOS E can

be connected to personal computer through bidirectional Recommended Standard
232 (RS-232) port. The leakage through electrometer is < £1 fA. The electrometer
has a linearity of < £0.5% in the whole range. The FC65-G Farmer chamber is a
water proof vented ion chamber suitable for electron and photon beam dosimetry.
It“s sensitive volume is 0.6 cc. The outer electrode wall material is graphite and the
inner electrode is made up of aluminum. The recommended polarizing voltage is
+400 volt and the leakage < 4 x 10 - 15 A. Former chamber used in this study for

absolute dose measurement

Figure 3.7: 0.6¢cc Farmer chamber (PTW Model 30013)

3.5. 2D Array detector (PTW 4D Octavius system)
The 2D-Array is made up of 729 vented plane-parallel ionization chambers with a
0.6 g/cm2 graphite wall that are organized in a 27 x 27 matrix and cover a 27 x 27

cm2 area. The 2D array detector used in our study is shown in figure 3.17.
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Figure 3.8: Schematic view of PTW Seven29 2D array
Each chamber has a cross section of 5 mm x 5 mm and a height of 5 mm and is air-
filled. The chambers are separated by 5 millimeters. The distance between adjacent
chambers' centres is 10 mm. Poly methyl methacrylate makes up the 2D array that

surrounds the substance (PMMA).

Figure 3.9: 2D- ARRAY inserted in a 4D Octavius phantom.
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3.6. Measurements of beam data

The algorithm was commissioned for clinical use of 6,10,15 MV photon beams
and for 6FFF and 10FFF beams. Commissioning was done by measuring beam
data as required by Monaco treatment planning system for Monte carlo dose
calculation algorithm. Machine specific beam data at reference condition were
acquired using RFA and other dosimetric detectors as recommended. Beam data
requirements includes PDD, open beam profiles along cross plane for different
field sizes. Smallest field size used for measurement is 3x3 cm2 and the largest
being 40x40cm2. Moreover, output factors were also measured by placing the
detector at central axis at reference depth. Additionally, Diagonal profile for the
maximum field size 40x40cm2 were also acquired.

PDD are measured along central axis up to the depth of 30 cm in water. Open
beam profiles are acquired at five different depths (Dmax, 5,10,20 and 30cm) and
the scan limit is 35mm beyond 50% dose laterally. Output factors are measured in
SSD 95cm with detector placed at 5cm depth in water deeper than the electron
contamination range. Reference dose in Gy for reference MU at the calibration
depth at 10x10 cm2 were measured. Measurements of profile & PDD for Add-on
materials includes MLC transmission factor for each photon energy, dosimetric
leaf gap for modeling of the rounded leaf edge transmission were also performed.
3.7. Patients specific QA

After patient’s plan is approved, the plan needs to be verified. This is normally
accomplished via a composite plan or a field-based technique. The patients plan
was transferred to PTW Versoft. The PTW 4D octavius phantom with seven29
array dector setup as per PTW manual procedure. The senven29 ionization

chambers can sometimes require a warm-up time and/or dose before irradiation.
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VeriSoft is a software package used for reconstructing the dose fluence maps to
these measuring points. The software package also evaluates the resemblance of
dose fluence maps with gamma analysis. Dose distributions and comparisons are
evaluated numerically and graphically in three-dimension. Radiation dose to the
phantom from the specific plans were calculated in TPS. plans were delivered to
phantom and measured using 729 detector arrays. Using VeriSoft software the
calculated and measured dose fluence maps were compared. Doses were compared
in coronal, sagittal and transversal directions.

8. Gamma analysis 2D

Under normal clinical conditions, patients were utilized to assess the delivery of
treatment regimens. With a single Arc, VMAT plans with 6 FFF were constructed.
Each design was recalculated using an initial grid spacing of 2.5 mm and then 5
mm on a CT dataset of the 4D Octavius phantom. Inhomogeneity corrections were
deleted during import into the planning system to guarantee that variations in
Hounsfield units of a static detector/phantom did not introduce mistakes. A 2D
standard global gamma threshold of 3% /3 mm with a 10% minimum threshold

was used to compare each plan to the computed plans after delivery.
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Chapter-1V Thesis Hypotheses and Objectives

CHAPTER-IV
4. Aims of the work
The goal of the study presented in this thesis was to investigate the dosimetric
effect of removing a flattening filter from a medical linear accelerator.
1. The first goal was to commission and analyze basic dosimetric parameters of
FFF photon beams, as well as to compare them to flattened photon beams
produced at 6 MV and 10 MV using a Versa HD advanced linear accelerator.
* The objective of this project was to correctly commission the new VERSA-
HD (Elekta®) FFF beams in Monaco TPS and determine the variations in
BEAM characteristics between FF and FFF beams.
2. The second goal was to assess the Implementation of a FFFB in various cancer
types and determine the dosimetric difference in plan quality between flattened and
non-flattened beams.
* Dosimetric comparison of flattened and flattening filter-free beams for liver
stereotactic body irradiation in deep inspiration breath hold, and free
breathing conditions- (small tumour)
* Study of Treatment Techniques for Ca Cervix Using Flattened and non-
flattened beams.
3.The third aim was to evaluate the important role of Angular space/increment size
parameters in advance treatment techniques and find the suitable Angular
space/increment size for VMAT.
* Dosimetric characteristics of VMAT plans with respect to a different

increment of gantry angle size for Ca cervix
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CHAPTER-V
Flattening filter-free beam-based Medical linear accelerator

commissioning and dosimetric characteristics

5.1 Introduction

Elekta Versa HD is a modern linear accelerator that was released in 2013. (Elekta
medical Systems, Crawley, UK). It can produce photon beams that are flattened
and flattening filter free, as well as electron beams. It is a new Elekta Versa HD
accelerator platform with numerous critical aspects that differ from the Clinic
series. The versa HD machine offers a high dose rate, for 6 MV FFF beams, dose
rates can reach 1400 MU/min and for 10 MV FFF beams dose rates can reach up to
2400 MU/min.

Versa HD with Agility 160-leaf Multileaf Collimator (MLC) also delivers highly
conformal beam shaping, which is crucial for maximizing dosage to the target while
conserving healthy tissues in the surrounding area. Importantly, this great targeting
accuracy is available over a wide field-of-view, allowing high-definition (HD) beams to
be delivered to a wide range of complex targets.

Due to the removal of the flattening filter, a new type of FFF technology aims to provide
faster treatment by increasing dose rate and reducing head scatter and leakage radiation
with lower out-of-field dose. FFF is expected to be used largely in SRT or hypo
fractionated treatment with dosage per fraction escalation. When delivery time is limited,
for respiratory gated or breath-hold treatments, a high dosage rate may be beneficial.

The parameters of FFF beams from various linear accelerators have been
summarized in a number of publications based on Monte Carlo based dose
calculations or dosimetric measurements. FFF beams have already been employed

in medical practice in tomotherapy machine [1,2. MD Anderson Cancer Center
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published a MC analysis of Clinac 2100 6 & 8 MV FFF [3,4]. Later, with a Varian
Clinac 21EX FFF prototype, the same group of writers measured 6 MV and 18 MV
FFF beams [5]. Dosimetric characteristics of 6 and 10 MV FFF photons from 2
machine (Elekta Precise) FFF prototypes are also available [6, 7]. For the Elekta
SL25 model, Parsai et al. published an MC simulation of photon FFF beams (6 and
10 MV). Versa HD is the first C-arm linear accelerator to use FFF bundles in
clinical practice, allowing for the creation of FFF beams of variable field size,
limited only by the physical restrictions of the accelerator's collimator.

Despite the fact that Versa HD has been installed in a large number of hospitals
around the globe, there is a lack of understanding about how to commission and
carry out the various measurements as per guidelines, as well as validate the
dosimetric data for modern linear accelerators, which adds to physicists' workload.
We present a framework based on our commissioning and data validation
experience with the Versa HD linear accelerator, which is the second installation in
India, that describes the current accelerator's dosimetric features and compares our
findings to previous evidence on FFF technology, emphasizing the importance of
accurately measuring and modelling the dose distribution they deliver.

This chapter contains a report on the precise commissioning and investigation of
the dosimetric properties of flattening (FF) and flattening filter free (FFF) photon
beams generated by an Elekta versa HD medical accelerator at 6 MV and 10 MV.
These properties include the accuracy of commissioning/Modeling Elekta versa
HD photon beam energies in the Monaco TPS using a Monte Carlo dose
calculation algorithm, as well as the percentage depth dose, dose rate, beam
profile, out-of-field, energy spectra, scatter factor, surface dose, and the accuracy

of commissioning/Modeling Elekta versa HD photon beams in the Monaco TPS
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5.2 Materials and methods

5.2.1 Advanced Medical Linear accelerator

The new Versa HD machine can deliver flattened and unflattened photon beams (6
MV &10 MV) and electron beams (4, 6, 8, 9, 12, and 15 MeV). The flattening
filter was installed in the treatment head of a medical accelerator to produce a
nearly equal dose at a particular depth and to flatten the conical-shaped photon
beams created by the bremsstrahlung phenomena. The FF is usually bell-shaped
and made of high-Z material. Elekta versa HD, on the other hand, has the option of
removing the flattening filter, resulting in high dosage rates along the Center axis,
with dose rates for 6 MV FFF beams is 1400 MU/min and 10 MV FFF is 2400
MU/min.

The four photon beams are also known as 6FB, 10FB, 6FFFB, and 10FFFB. The
following dose rates are available for these bundles:

* 6FB &10FB: 100 to 600 MU/min,

e 6FFFB: 400 to 1400 MU/min,

* 10FFFB: 400 to 2400 MU/min.

Versa HD is in charge of beam creation, guiding, and dose calibration for each
bundle individually. When the flattening filter was removed, the machine output
remained unchanged, and absolute measurement was performed for a flattened
beam. The AAPM TG-51 formalism [8] was used to calibrate the photon beams,
with 100 MU equaling 100cGy at Dmax at SSD 100 cm and a field size of 10x10
cm?.

5.2.2 Multi-leaf collimator

A pair of sculpted diaphragms attached orthogonally to the Multileaf collimator

establishes the maximum field size of the Elekta Versa HD, which is 40 x 40 cm?
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(MLC). The MLCs replace the jaws in an orthogonal orientation, therefore there
are no backup jaws or diaphragms. The 80-pair interdigitating MLCs have an
estimated leaf width of 5 mm at the isocenter throughout all leaves. The Agility
collimator uses 9 cm thick tungsten MLCs with a 3.5 cm/s leaf speed. The carriage
can go up to 3 cm/s, resulting in an MLC speed of 6.5 cm/s. Leaf location is exact
with the Rubicon optical tracking system (Elekta). [9].

MLCs have a tongue-and-groove interleaf gap of less than 0.1 mm and are
defocused from the source to reduce interleaf leakage. The primary collimator
speed of the Agility collimator is 9 cm/s, and the isocenter clearance is 45 cm. [10]
Unless otherwise noted, all measurements were collected using the International
Electro Technical Commission (IEC) 1217 requirements with a gantry and
collimator angle of 0°.

5.2.3 Beam data acquisition:

After thoroughly testing all of the mechanical characteristics of the Elekta Versa
HD, the beam data was obtained according to the guidelines of the AAPM TG-106
methodology. A PTW MP3-M water tank (PTW, Freiburg, Germany) with a
scanning range of 50 X 50 X 40 cm3 was used for the measurements. The chamber
was mounted at the vertical level of the linac isocenter using PTW's TRUFIX
technology after accounting for the shift for the chamber effective point of
measurement (EPOM). Prior to acquisition, a radiation beam center check was
done to ensure that the chamber was aligned with the horizontal plane's center axis
(CAX). Photon PDD measurements were conducted along the CAX for both the
ionization field and the reference using a PTW Semiflex 31010 chamber with a
0.125 cc active volume. A PTW 60018 Diode SRS (active volume = 0.03 mm®)

was used to acquire PDD data once more. In-plane and cross-plane photon profile
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scans were performed using a PTW Semiflex 31010 chamber and a PTW 60018
Diode SRS. The acquisition sampling time for PTW Semiflex was set to 0.3 s,
while it was set to 0.6 s for PTW 60018 Diode SRS.

PTW's MEPHYSTO mc? navigation software was used to process all of the
scanned PDD and profile scans. A least-squares approach was used to smooth the
PDD data, which was then interpolated to 0.2 mm spacing and normalized to 100%
at the depth of maximum dose (dmax). By correcting for CAX's positional
deviation, the smoothened profile scans were rendered symmetric. The CAX data
were normalized to 100 percent of the beam profiles. The raw and processed PDD
and profile data were compared to ensure that the shapes were identical.

5.2.4 PDD & Profiles

All beam data was obtained in a large water phantom (50 X 50 X 40 cm?®) with a
90 cm gap between the source and the surface. For 11 distinct field sizes,

percentage depth dose curves (PDDs) were obtained:

MEASURED FIELD SIZES
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M odality

" Photons 100 10.0%10.0

Photons E.OFFF 10.0x100
Photons  10.0FFF  10.0%10.0

Percentage depth dose

Depth [mm]

Figure 5.1: PDD Comparison of measured 6FB,6FFFB and 10FB,10FFFB at
for reference Field size

In-plane and cross-plane profile scans were obtained at various depths (dmax, 5

cm, 10 cm, and 20 cm) for different field sizes indicated below.

MEASURED FIELD SIZES
2x2 3x3 5x5 10x10 15x15 20x20 30x30 40x40

For field sizes more than 3x3 cm? PDD and profile were measured with
cylindrical chamber volume of 0.125 cm®. whereas for smaller field width, diode
SRS (PTW 60018) was used to prevent the partial volume irradiation effect seen in
the larger chamber. Using the MEPHYSTO mc? software, the raw profile scans
were treated with a smoothing filter and interpolated in 0.2 mm steps (PTW).
Flatness, symmetry, horn, and penumbra were characterized inside the centre 80%
of the processed profile's full width at half maximum (FWHM). (10) Flatness is

defined as the maximum ratio between any two data points inside the specified
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region (100 Dmax / Dmin), whereas symmetry is defined as the maximum ratio

between two symmetric data points. (100 D(x) / D(-x)).

1an

Field Size 30 x 30 em?

Figure 5.2: Profile Comparison of measured 6FB,6FFFB at all measured
depths Dmax,5,10,20cm for field size of 30 x 30 cm?

5.2.5 Surface dose
The surface dose was calculated using an advanced Markus chamber (PTW34045-
0.02cc Parallel Plate Chamber) in a solid water phantom. We compared the
chamber's reaction to measurements of no build-up and 1 mm solid water build-up
at the depth of maximal dose
.5.2.6 Penumbra evaluation
Penumbra is defined as the spatial distance between the 80% and 20% of the CAX
value in the profile scan of a flattened beam.
In FFF a difference in position between 80% and 20% relative dose point of a
profile - cannot be applied to FFF beams normalized to the central axis, as dose
inside a field can be as low as 30 % depending on the beam’s energy and field size

figure 5.4 &5.5. To overcome this limitation, P onisch et al [11] proposed for FFF
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beams normalization to the inflection point of a profile’s penumbra. The same

normalization is used in our study.

Relative dose(%)

0
Field size (mm) Crossplane [mm]

Figure 5.3: 6 FFF Profile at for the 30 x 30 cm? field at depths of
Dmax,5,10,20cm

Field size (mm)

Figure 5.4: Measured profiles for all field sizes at 10 cm depth for X6FFF (A)
And X10FFF (B)
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Figure 5.5: For the 30 x 30 cm? field at all measured depths Dmax, 5, 10, 20
cm for 6 FB and 6FFFB(C) and 10FB and X10FFFB (D).

5.2.7 Out of field dose
A half-profile of a dose up to 40 cm off the central axis was measured for X6,
X6FFF, X10, X10FFF for the following depths and field sizes to determine out-of-
field dosage:
« field size: 5x5 cm?, 10x10 cm®
* depth: 5 cm, 10 cm, 20 cm
5.2.8 MLC Transmission
The assessment of MLC transmission can be done in two ways, although we used
point dose measurement. Under the various points of the patient plane with SSD
100 cm, point dose measurements were taken using a PTW 0.6cc farmer chamber
and a UNIDOSE electrometer.
The ratio of the greatest closed-field reading to the open-field reading at the CAX
was used to calculate the leaf transmission factor for each of the energies. The

maximum transmission suggested by the IEC for MLCs is 1%. [14]
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5.2.9 Beam modeling and evaluation of the model
Modeling in Monaco® TPS

In Monaco® 5.0 treatment planning systems, measured 6FFF and 10 FFF beam
data were used to generate linac, Monaco TPS can simulate photon sources,
electron contaminate, off-axis softening, profile correction, collimator, and multi-
leaf collimator (MLC) parameters (transmission, tongue and groove, leaf width
etc). While the Elekta expert ®'s team built the Monaco® model externally, the
Monaco TPS includes the positions, sizes, and weights of primary and secondary
Gaussian X-photon sources.

The secondary photon source is usually located near the bottom of the primary
collimator; however, this can be altered. The sizes and spectra of primary and
secondary photon sources are unique to Monaco®. These spectra are also affected
by the angle of the beam with respect to the main axis, allowing for off-axis
softening modelling [15].

Models were generated externally in Monaco®. The virtual source modelling
(VSM) of the linac is used to avoid full simulation of the treatment unit source and
head., while patient dose distribution is determined using MC. The model
parameters are initially established using reference values that are representative of
a specific linac type (Versa-HD in this case). Several parameters are changed to
account for linac-to-linac differences and to reduce discrepancies between
measurements and estimated dosage distributions.

The spectra of primary photons, secondary photons, and electron sources are

described by equations (1), (2), and (3), respectively.

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 54



Chapter-V Commissioning of FFF beam based linear accelerator

First, the energy spectra of primary photon and secondary photon sources are
optimized by adjusting bpri and bsec. This enables for the comparison of

measured and predicted PDD curves with depths greater than zmax.

E _::'FI
Pr.'nl'E}:(E ] — 1 (1)
max
Dy (E) = e Dcc E__ g Dax E ey (2}
p(E) = e~/ (Ed (3)

Because the parameterized Padé function used for flattened beams is not
suitable to FFF peaked profiles, off-axis fluence adjustment is done with a table
of multipliers. After this stage, the size of the primary photon source can be
changed to match the estimated penumbra to the measured dose profiles.
Modifying the b parameters with the angle from the central axis accounts for
off-axis softening.

The next stage is to optimise output factors by adjusting the weight and
dimension of the secondary photon source. This may have an impact on depth-
dose distribution, necessitating a re-optimization of photon energy spectrum.
The size of the secondary source is determined by its angle with the central
axis. The size of the primary photon source has an effect on the outputs for
different field sizes. 22 centimeters

To improve build-up dose modelling and match surface lateral dose profiles,
surface dose distribution is used to optimize electron source characteristics
(size, Ee, and weight).

To improve model matching, additional procedures such as MLC, jaw

transmission, and tip leakage are included at the end.
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5.3 Results

5.3.1 Depth dose curve and Surface dace

Beyond zmax, PDD values of FFF and flattened beams correspond within 1%,

although at reference field size, surface dosage is 0 to 3% lower for FFF beams

(Table:5.1).
Field size Deviation
10 x 10 21.182 21.062 0.12
20x 20 31.456 28.497 2.959
Field size 10 FFFB Deviation
10 x 10 17.533 20.485 2.952
20x 20 29.636 26.954 2.682

Phantom: Solid water Phantom with SAD Setup, Chamber :0.02cc Advanced
Markus Chamber (Parallel Plate)

Table:5.1 Surface Dose Measurement

Several articles show that FFF beams have a larger surface dose when TPR20/10 is
different [16], but others agree with current results when FFF and flattened beams
have the same TPR20/10 (16,17).

The maximal dose depths for 6FB, 6FFFB, and 10FB,10FFFB beams are 1.5, 1.7,
and 2.16,2.3 cm, respectively (table 5.2). Higher low-energy components in FFF
photon beam spectra tend to raise surface dosage, but higher maximum photon
energy and reduced electron contamination offset this and push the dose maximum
deeper. Huang et al. discovered around 3 mm shifts in z max [18] with FFF beams

and found the same impact.
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PDD

PDD

PDD

PDD

EEL (mm) (2 mm) (50 mm) (100 mm) (200 mm) UPRAYID
X6 100 1 150 | 552 86.2 67.5 39.7 | 0.6865
x6FrF | 100 | 170 | 625 87.3 67.6 396 | 0.6825
x10 | 190 | 216 | 440 91.0 72.6 456 | 07354
x10FFF | 100 | o3 49.7 90.7 71.61 4389 | 0.7166

PDD = percentage depth dose, TPR20/10 = tissue-phantom ratio at the depths of
20 and 10 cm

Table 5.2: Depth dose curve parameters
The spectrum is softened by removing the flattening filter, and the nominal
energies of FFF beams are increased to match the TPR20/10 of flattened beams.
The low-energy components of FFF photon spectra should be greater, and the
maximal energy components should be higher. FFF beams, on the other hand, have
a greater low-energy photon component than flattened beams, although having the
same mean energy. In the case of FFF beams, the electron source weight is smaller,
the flattening filter is responsible for a considerable fraction of the contaminated
electrons, which is consistent. The electron mean energies for 6FFFB and
X10FFFB beams in Monaco® are 1.24 and 2.07 MeV, respectively.
PDDs that have been modelled closely match measured data, with 100% test
passing rates across all field sizes. On TPS-calculated PDDs for fields 5 x 5 cm2
and beam quality 6FFFB and 10FFFB, there is a minor overestimation of the
dosage around the depth of dose maximum. This effect is less than 0.7 percent. In
every example, the model and measurements in the build-up region are within 0.8
mm. As a result, the improvement in low-energy photon components and decrease

in electron contamination appears to be beneficial. as it accurately mimics the
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surface dosage at all field sizes. [19] simply changed high-energy photon spectra
bins and discovered larger differences in the buildup area.

5.3.2 Profiles

The largest dose is on the central axis of FFF profiles, and it gradually decreases
towards the field boundary. With increased field size and beam energy, this non-
flattened shape becomes more prominent (figure:5.4, and 5.5, table 5.3). The in-
field part of a profile for X6 and X6FFF beams, as well as X10 and X10FFF
beams, is nearly identical up to a field size of 3x3 cm?. For FFF beams, profile

differences with depth are smaller (figure 5.5).

RS L @e ) se | 0l | vl | Seel | Al |
6FB | 1261 | 10695 | 1048 | 1050 | 1041 | 1.044

6 FFFB 1.064 1.042 1.158 1.357 1.591 1.846

10 FB 1.088 1.276 1.048 1.033 1.025 1.0376

10 FFFB 1.062 1.072 1.242 1.514 1.829 2.177

Table 5.3: Maximum and minimum dosage ratios inside the field (within 80%
of the field size) for various field sizes recorded at a depth of 10 cm (SSD 90
cm)

5.3.3 Penumbras

At dmax, the penumbra of 6FFFB is roughly 0.3 mm sharper than the penumbra of
6 FB. The difference between 6 FB and 6FFFB penumbras rapidly fades as depth
increases, and at a depth of 12 cm, the penumbras of 6 FB and 6 FFFB are nearly
similar. The flattened beam provides sharper penumbra beyond this range. For all
examined depths, 10BFFFB has a sharper penumbra than 10 FB; the difference
between penumbras reaches up to 0.6 mm at the dmax and gradually diminishes

with depth (Figure 5.6). For all beams, a small broadening of penumbra was seen
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as field size increased. In the transverse and radial directions, this widening

happens at a significantly quicker pace for FFF beams.

s 1
¢
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!
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Figure 5.6: For the 30 x 30 cm? field at all measured depths Dmax,5,10,20cm

for 6 FB and 6 FFFB(C) and 10 FB and 10 FFFB (D).

5.3.4 Out of field dose

Low-energy photons are less likely to pass through the MLC leaves or the jaws.

Outside of the field, removing the flattening filter reduces the dose by 20 to 50

percent near the field border. This effect increases with distance from the central

axis at all depths, with dosage decrease being greatest at shallow depths in the toe

region. The FFF out-of-field dosage reduction is particularly obvious at small field

sizes. Inline and crossline dose patterns are similar in the out-of-field.

Figures 5.7 and 5.8 demonstrate the ratio of (half) dose profiles of an FFF and a

flattened beam for various field widths and depths. In most cases, the out-of-field

dose deposited by FFF beams is smaller than that produced by flattened beams.

There is a significant dosage reduction effect at the edge of a field and at longer

distances from the edge. In the intermediate zone, the FFF/flattened dosage ratio

reaches its maximum, and in some cases, an FFF beam can deposit more dose than

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 59



Chapter-V Commissioning of FFF beam based linear accelerator

a flattened beam. At a distance of around 20 cm from the centre axis, the dosage
ratio curve begins to grow. As field size and depth rise, the dose reduction effect of

an FFF beam rapidly reduces.

X6 FFF vs X6,Field size 5x5 cm?

® Depth 5 cm
» Depth 10 cm
Depth 20 cm

L

B

i ""‘ oy “V‘:
*%teng 0, oo, o.3° 3

dose(XBFFF) / dose(xB)
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40 a0

distance from central axis {(mm)

X6 FFF vs Xo,Field size 10 x10 cm*
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Figure 5.7: Out-of-field dose ratios for X6FFF/X6 (A, B) are shown for two
selected field sizes.
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Figure 5.8: Out-of-field dose ratios for X10FFF/X10 (C, D) are shown for two
selected field sizes.

5.3.6 MLC transmission

FFF beams are expected to have half the transmission of flattened beams. Off-axis

softening and profile correction, as well as source sizes and weights, all have an

impact on the out-of-field dose. As a result of all of these factors, the MLC

transmission of FFF beams was intentionally reduced in order to get superior out-
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of-field dosage models. In Monaco, the transmission characteristics of both FFF
and flattened beams MLC are equal.

5.3.7. Output factors

Figure 5.9 displays the measured output factors. Compared to flattened beams, FFF
beams have fewer OF variations with field size. The decreased variance in OF
could be owing to the lower contaminated electron component in FFF beams,
which contributes to the output variation with field size. Because documented OF
corrections do not exceed 1% down to 11 cm2 for the detectors employed, the
measured OF was not changed for modelling. Measured data and TPS output

factors differ marginally.
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Figure 5.9: Comparison of X6FFF and X10 FFF Output factors for all field
size
5.3.8 Monaco TPS Modeling

The Elekta® dedicated team assessed all beam data, PDD, Profiles, output factors,
and MLC transmission in the Monaco® model, and the measured data was then
validated with the modelled data by the Elekta team. 6FFF and 10 FFF are two
different types of FFF. Figure 1 shows the profile of Modeled Beams PDD
(5.10,5.11,5.12.5.13).

The TPS planned dose was compared to the machine delivered dose to ensure that
the predicted beam data matched the measured beam data. This was accomplished
by constructing TPS plans for open field and patient VMAT plans, then comparing
the TPS dosage for each test field (10x10 cm2, 20x20 cm2) to the dose measured
in a phantom for the same plan using Verisoft software.

VeriSoft is a piece of software that allows you to reconstruct dose fluence maps for
these measurement sites. With gamma analysis, the software programme also
assesses the similarity of dose fluence maps. In three dimensions, dose

distributions and comparisons are analyzed numerically and graphically. 729
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detector arrays were used to measure open fields and VMAT plans provided to

phantom. The estimated and measured dose fluence maps were compared using

VeriSoft (software).
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Figure 5.10: Comparison of measured and modeled (MC) depth dose curves
are shown for X6FFF at for reference Field Size :5X5 cm? (A) and 10X10 cm?
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Figure 5.11: Comparison of measured and modeled (MC) depth dose curves
are shown for X10 FFF at for referer;ce Field Size :5X5 cm?(C) and 10X10
cm® (D)
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Figure 5.12: Comparison of measured and modeled (MC) Profiles are shown
for X6FFF at for reference Field Size :5X5 cm?(A) and 10X10 cm? (B)
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Figure 5.13: Comparison of measured and modeled (MC) Profiles are shown
for X10 FFF at for reference Field Size :5X5 cm?(C) and 10X10 cm? (D)
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Figure 5.14: Screenshot from software for comparing X6FFF modeled TPS
calculated dose and measured dose fluence maps of open field plan 10x10 cm?
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Figure 5.16: Screenshot from software for comparing X 6FFF modeled TPS
calculated dose and measured dose fluence maps of Ca cervix VMAT plan.

5.3.9 Model verification: test beams and patient treatment plans
For both 6FFF and 10FFF beams, the computed dose distribution for 10x10cm2
and 20x20cm2 open fields matched the measured beam data with 100% &98.9%

points passing the -test with 2mm and 2% criterion in Monaco TPS. Two dosage
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distributions, one for each energy, are shown below. and TPS, are shown in
Figures 5.14 and 5.15.

In Figure 5.16, you can see an example of a Ca Cervix VMAT plan with 729
detector arrays. In the coronal, sagittal, and transverse axes, different doses were
compared. Plans for VMAT The passing requirements were 99.2%, a gamma index
of 1 for 3mm, and a 3% difference between calculated and measured dosage
points.

5.4 Discussion

Beyond zmax, FFF and flattened beam PDD results agree within 1%, but surface
dosage is 0 to 3% lower for FFF beams at reference field size. The maximal dose
depths for X6, 6FFF, and 10FFF beams are 1.6, 1.8, and 2.4 cm, respectively.
Higher low-energy components in FFF photon beam spectra tend to increase the
surface dose, but higher maximum photon energy and reduced electron
contamination counteract this, pushing the dose maximum deeper. With FFF
beams, Huang et al. discovered roughly 3 mm shifts in zmax [19] and found the
same impact.

The non-flatness of FFF profiles grows as the probability of photon scattering into
lateral directions decreases as the energy of input photons increases. Due to
secondary source and beam hardening and leaking, the out-of-field dosage in
flattened beams is higher than in FFF beams. The normalization method utilized
has an impact on the comparison of FFF and flattened profiles, especially for larger
field sizes and higher nominal energy, when the form difference between FFF and
flattened profiles is more obvious.

In clinical situations, many parameters like as the target's size, location, and shape,

as well as the degree of modulation and delivery method (IMRT or VMAT)
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employed, and their interactions with beam characteristics, will affect dose outside
the target (energy and shape of a profile). As evidenced by the statistics, small field
sizes and higher energy FFF beams give the best possible dose decrease outside of
a field. MLC transmission is higher in Flattened beams than in FFF beams due to
the beam hardening effect.

The 6FFF and 10 FFF beams are often accurate in Monaco modelling. For both
symmetric and asymmetric fields, the chosen requirements of 2% DD and 2 mm
DTA look suitable and are reached in the majority of the investigated locations.
The quality of the beam model, as well as defects in the measured dataset,
influence the agreement with the measurement. Prior to the examination, all
profiles were aligned and normalized to decrease these errors. The 1D gamma
analysis algorithm used somewhat nullifies the impacts of discrete character and
noise in the measured profiles.

5.5 Conclusion

Basic dosimetric properties were summarized for four photon beams of the first
clinically used versa HD linear accelerator. All modeled beam data were

successfully verified with measured data.
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Chapter -VI

Dosimetric comparison of flattened and flattening filter-free beams
for liver stereotactic body irradiation in deep inspiration breath
hold, and free breathing conditions

6.1 Introduction:

The clinical use of the flattening filter-free (FFF) beam in linear accelerators is a
subject of great interest in recent times. [1-3] Considering the physical
characteristics of the FFF beam, it can be expected that the dose fall-off beyond the
field sizes will be sharper than that of the flattened beam (FB). This could be
attributed to the reduction in (residual) electron contamination and decline in the
head scatter factor. From the clinical perspective, FFF beam could lead to a
reduction in the beyond field border dose for modern therapy delivery techniques.
Sharper dose fall may yield a higher dose gradient, leading to a sparing of organs
at risk (OAR), enhancing the dose to the tumor. Another advantage of the FFF
beam is its increased dose rate, which will in turn reduce the treatment time

substantially.

This chapter has been published as a manuscript: Munirathinam N, Pawaskar PN.
(2019) Dosimetric comparison of flattened and flattening filter-free beams for liver
stereotactic body irradiation in deep inspiration breath hold, and free breathing
conditions. Journal of Radiotherapy in Practice page 1 of 6. doi: 10.1017/
S$146039691800064X. Accepted: 16 October 2018

However, it is essential to validate the FFF beam for the dosimetric outcome of the
beam, to reduce the healthy tissue dose, with better or equal tumor dose coverage
Sharper dose fall may vyield a higher dose gradient, leading to a sparing of organs

at risk (OAR), enhancing the dose to the tumor. Another advantage of the FFF
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beam is its increased dose rate, which will in turn reduce the treatment time
substantially. However, it is essential to validate the FFF beam for the dosimetric
outcome of the beam, to reduce the healthy tissue dose, with better or equal tumor
dose coverage. Several investigators have investigated different physical
characteristics of the FFF beam, such as the beam profile, etc. Therefore, the
dosimetric characteristic of the FFF beam will have to be evaluated in actual
clinical situations, specifically with the planning target volume (PTV) coverage
and OAR sparing for different available linear accelerators. [4] A substantial
amount of work has been published on Varian (Varian Medical System, Polo Alto,
CA, USA) FFF; but the literature. available regarding the Elekta (Elekta AB,
Stockholm, Sweden) unflattened beam is very limited. [5-10] Stereotactic body
irradiation (SBRT) is an emerging field and is used for different body sites, like
lung, liver and spinal metastasis. SBRT has proved its efficacy in several cases,
both for primary as well as metastatic sites. Stereotactic irradiation involves the
delivery of a very high dose over a number of fractions. Body stereotactic
radiotherapy demands a very good motion management technique.[11-13] In
particular, SBRT may be appropriate for selected patients with organ-confined,
limited-volume primary tumours or oligo-metastatic disease.[14] Traditionally,
SBRT was delivered using multiple three dimensional conformal radiation therapy
(3DCRT) beams or intensity-modulated radiation therapy (IMRT) beams.[15,16]
The disadvantage with 3DCRT is insufficient fluence modulation, yielding
insufficient OAR sparing. However, IMRT gives a good fluence modulation, and
hence better OAR sparing. The treatment time is considerably longer, which can
lead to patient discomfort and an increase in the probability of inter fraction

motion. VVolumetric-modulated arc therapy (VMAT) may be a better option as it
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can deliver the radiation dose within a shorter time and achieve effective OAR
sparing. The potential of VMAT used for SBRT to treat liver tumour has been
evaluated by a few researchers; nevertheless, these evaluations have
limitations.[5,6] For example, SBRT was not evaluated using FFF, during deep
inspiration breath hold (DIBH) and free breathing conditions.

6.2. Aim,

The aim of this study, therefore, was to evaluate the characteristics of the flattened
and unflattened beams of the Elekta Versa HD linear accelerator, using VMAT-
based liver SBRT technique, in free breathing and DIBH conditions.

6.3. Material Method:

6.3.1 Patient selection:

For a set of eight patients, diagnosed with liver-metastasis were enrolled in this
prospective observational study. VVolumetric modulated arc plans with 6 MV FF
and 6 MV FFF were generated under the free breathing and DIBH conditions

6.3.2 CT simulation

Before CT simulation, all patients underwent two or three practice sessions of
breath hold technique for procedure familiarization. All patients were immobilized
with vacuum bag (vack-lock; Orfit Industries, Belgium) and The vacuum bag takes
on the shape of the patient when deflated. Patient in supine position and the hands
were kept above the head.

The computed tomography (CT) images were acquired for all patients in Biograph
MCT-20, PET-CT (Siemens AG, Medical solutions, Germany) with 1.5 mm slice
thickness; field of view 50 cm. CT was acquired in in both DIBH and free

breathing conditions. Using ABC respiratory assistant instruments were used. CT
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datasets were transferred to the Monaco Sim (CMS Elekta, Sunnyvale, CA, USA)
workstation for contouring, using DICOM-enabled protocol.

6.3.3 Target and OAR delineation

An experience radiation oncologist contoured the gross target volume and clinical
target volume, in the DIBH as well as free breathing study sets. In free breathing
study set, the gross tumor volume was delineated using the minimum intensity
projection that was obtained from the 20-slice Siemens positron emission
tomography (PET)-CT (Biagraph MCT-20, Germany) console. DIBH and free
breathing study sets were co-registered with each other, while they were obtained
in the PET-CT. Therefore, they did not require any mutual information co-
registration.

Target volumes (TV) and OARs were delineated for all the patients using Monaco
Sim (CMS Elekta, Sunnyvale, CA, USA) Clinical Target Volume (CTV). A
margin of 0.5 cm was given to CTV to generate planning target volume (PTV).
The OARs viz. bowel bag, heart, bilateral kidney, bilateral lung, chest wall and
Spinal cord was con-toured. OAR were contoured by the resident radiation
oncologists. CT study sets, along with the contours, were transferred to the
Monaco (Elekta Ltd, Crawly, UK) treatment planning system, for radiotherapy
planning. Elekta Versa HD (Elekta AB, Stockholm, Sweden), a linear accelerator
was used to deliver the VMAT plans. The linear accelerator is fitted with MLCs
having 80 leaf pairs of 5 mm width.

6.3.4 Treatment planning system:

Monaco treatment planning system (Elekta Ltd, Crawly, UK) version 5.10.0
utilizes physical effects of radiation and biological properties of the tissue. It has

three biological constraints such as Target EUD, Parallel and serial and six
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physical constraints such as target penalty, quadratic overdose, overdose DVH,
under dose DVH, maximum dose and quadratic under dose. The user has an option
to set the cell sensitivity of the tumor in target EUD. The organ at risk can be set as
serial or parallel constraints depending on the properties of the tissue.

The system uses a two-stage process of optimizing dose distribution. Generally, in
stage one the ideal fluence distribution of beams is optimized to meet a user-
defined prescription for given set of beams. In stage two, segmentation is done,
which includes the segment shapes and weights, so that deliverable fields are
obtained. In this stage system uses Monte Carlo simulation during optimization.
[17]

6.3.5 Optimization strategy

In VMAT optimization, prior to stage one, system divides the beam into sectors. In
stage one, at the initialization stage, the system creates the dose calculation cube
around all defined structures and calculates structure volumes using cubic voxels.
Then it projects the union of all target volumes with the margin defined. Numbers
of static sectors are created based on arc length and user defined IGA. Beam lets
for each sector are created. Width of beam let is user defined and length is equal to
the length of individual MLC leaves. The system uses an enhanced pencil beam
algorithm to calculate the open field dose. Then, the fluence optimization begins in
which the weights (fluence) of all individual pencil beams are varied
simultaneously. The unconstrained problems are solved by conjugate gradient
algorithm [17]. After the unconstrained optimization finishes, if necessary the
system changes each cost function relative weight to make the optimizer meet the
isoconstraints and restarts the unconstrained optimization problem. Stage one

optimization continues until all the constraints are met. The accuracy of dose at the
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end of the stage one is limited because the algorithm is kernel based two
dimensional methods, especially in the presence of heterogeneities.

In second stage, the treatment planning system considers the deliverability of
accelerator. It takes each fluence map and sequences it in such a way that it is
spread over the original sector it represents. The system determines leaf trajectories
based on the target dose rate defined by the user. If segment shape optimization
(SSO) method is selected, the system selects the optimal dose rate by its own.
Then, the system converts optimized fluences into deliverable arc sequence with
multiple control points and the gantry position. The gantry positions need not be
equally spaced. Dose calculation is done with voxel based Monte Carlo algorithm.
The user can change the calculation accuracy and time by modifying some
parameters like dose rate, Monte Carlo grid spacing and variance.

6.3.6 Planning objectives

Prescribed dose to PTV was 50 Gy in 10 Fractions at 10 Gy per fraction. It was
stipulated that not less than 98% volume of PTV should receive a dose less than
the prescribed dose and that not more than 2% volume of PTV should receive a
dose more than 105% of the prescription dose. QUANTEC Protocol 10 was used
for all the OARs. The hot spot was considered as a 2% volume receiving more than
110% of the prescription dose.

6.3.7 Planning techniques

All VMAT plans were planned with the following calculation properties: Grid
spacing was selected as 3 mm, and Monte Carlo variance was 3%. Monte Carlo
algorithm was selected as secondary algorithm for second stage dose calculation
that is final dose calculation. The dose was calculated to the medium and not to the

water. For all plans, heterogeneity correction was applied
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Patients were planned using a partial arc of 230° coplanar arc at table position of
0° (Gantry starts at 180° CW 200° + Gantry starts at 150° CW 30°). Two non-
coplanar beams, 30° anterior and 30° posterior, were added at 270° table position.
The gantry traverse for all arcs was twice the same locus. Table position— patient—
gantry collision possibilities were evaluated before the actual delivery.

Planning was done using both FFF and flat 6MV photon beams. All patients were
treated with a dose of 50 Gy in 10 fractions (this is a standard regime followed in
SBRT liver).[18] All patients with one to three liver lesions were combined to

form a lone PTV.[12,13]

(a): FFF Free Breathing g

(c): Flatten Beam DIBH

A comparison of single patient plan is presented in Figure 6.1. Panels A, B, C
and D represent FFF beam in free breathing CT dataset, FB in free breathing
CT dataset, FB in DIBH CT data set and FFF beam in DIBH CT dataset,

respectively.
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All plans were carried out using Elekta versa HD FFF 6MV photon beam, for the
purpose of treatment, in DIBH study set. Subsequently, the same plan was copied
onto the free breathing study set and optimization and dose calculation were
carried out, without changing the optimization parameters. Two more treatment
plans were created in DIBH and free breathing study sets, using an Elekta versa
HD linear accelerator with FB.

6.4.0 Data collection and plan evaluation tools

6.4.1. Target volume (TV)

Quantitative and qualitative methods were used for evaluation of PTV. The
references were taken from the recommendations of International Commission for
Radiation Units(ICRU) Report No. 83. [19] Plans were analyzed using CT slice-
by-slice isodose coverage and dose volume histograms (DVH).TV coverage and
the conformity of the PTV was evaluated with isodose distribution in the
transverse, sagittal and coronal planes. The criteria for dose minimum and
maximum was considered as D98%and D2%, respectively. D98%and
D2%werereferred to as a dose received by 98% and 2% volume of PTV,

Results were evaluated for doses received by 98% PTV volume (D98%),
maximum dose, Paddick conformity index (CI), heterogeneity index (HI) and PTV
volume receiving 105% (V105%) of the prescription dose. Paddick Cl and HI were

defined as follows: [20]

cr= Vi
TV Vg

where TV=target volume, VRX=target volume covered by 100%
isodose line, VRI=volume of 100% isodose line,
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D5% and D95% were the doses received by 5 and 95% of the target

6.4.2 Organs at risk,

Total Eight dosimetric plans were generated for each patient and their specific
DVHs were compared for organ-sparing. OAR doses were evaluated for mean
dose, for bowel bag, heart, bilateral kidney, bilateral lung, chest wall, diaphragm
and liver. Spinal cord was evaluated for the maximum dose. Spillage dose to
unspecified tissues, corresponding to different beam models in DIBH and free
breathing study sets, were evaluated for 5% (I1-5%), 10%(1-10%), 20% (1-20%),
30% (1-30%), 40% (1-40%), 50% (1-50%), 60%(1-60%), 70% (I-70%) and 80% (I-
80%) isodose volumes.

6.4.3 Treatment efficiency

Beam-on time (BOT) and TMUs were compared for all the plans FFF beam in
DIBH, FB in DIBH, FFF beam in free breathing and FB in free breathing to assess
the efficiency of the treatment. TPS was used to calculate MU and its average was
obtained to calculate the BOT. All the plans were delivered at maximum dose rate
of 600 MU/min FF Beam and 1400 MU/min FFF Beam to minimize the treatment
time.

6.5. RESULTS:

6.5.1. Planning target volume (PTV)

The mean PTV volume of the liver lesions was 23-7+12-9 cm3, with no patient
exhibiting more than three lesions. The graphical comparison of the dose—volume

histogram for flattened and unflattened beams, on DIBH, is presented in Figure 6.2
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Averaged overall patient results for dose received by 98% volume (D98%),
maximum dose, Paddick CI, HI and PTV volume receiving 105% (V105%) of the
prescription dose are presented, respectively, in the left and right panels of Figure
6.3.
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Figure 6.2. Dose-volume histogram comparison in DIBH and free breathing
study sets, using flattened and unflattened beams. Abbreviation: DIBH, deep
inspiration breath Hold
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Figure 6.3. Variation of PTV coverage and hotspot related parameters, as a
function of beam model in DIBH and free breathing condition. Abbreviations:
DIBH, deep inspiration breath hold; PTV, planning target volume
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Mean D98% for FFF in DIBH, FB DIBH, FFF in free breathing and FB in free
breathing dataset were 48-9, 47-81, 48-5 and 48-3 Gy, respectively. Statistical co-
relation (p) at 95% confidence interval (p), between the different beam models,
was calculated using a Student’s t-test. DIBH study set p, for FFF-FB, was 0-34.
Free breathing study set p, for FFF-FB, was 0-69. Statistical significance p, for
FFF-FB, indicates no statistical variation between the DIBH and free breathing
study sets.

The average PTV maximum dose for FFF and FB for DIBH study sets, were 50-7
and 50-7 Gy, respectively. Maximum doses for free breathing study set, for the
same group, were 50-7 and 50-8 Gy, respectively. PTV V105% for the same set
were 3:76, 0-25, 1-2 and 0-4%, respectively. Mean HI for all study sets and beam
models varies between 1-05 and 1-07. Paddik ClI, using unflattened and FBs, in
DIBH at 98% prescription dose were 0-91 and 0-79, respectively. The average ClI
of both beams, for free breathing CT set, was 0-77. The difference between the
FFF and FBs for DIBH study set (statistical significance p) was <0-001.

6.5.2. Organs at risk

Average dose for OARs including the bowel bag, heart, bilateral kidneys, bilateral
lung, chest wall, diaphragm, liver and maximum dose for spinal cord were

presented in Figures 4a, 4b and 4c, respectively.
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Figure 6.4. Mean dose to bowel bag, heart, bilateral kidney, bilateral lung
(panel A), chest wall, diaphragm and liver (panel B) and maximum dose to the
spinal cord (panel C), in DIBH and free breathing datasets using unflattened
and flattened beam models. Abbreviation: DIBH, deep inspiration breath

holds.

The dose administered to organs presented in panel A of Figure 6.4 is very low, as
the organs are away from the target volume. Mean dose to the right lung varies
between 2-2 and 2-5Gy with regard to different beam models and study sets.
Bowel, bilateral kidney and left lung doses were between 0-07 and 0-37 Gy.
Average doses to chest wall, for unflattened beam and FB, were 3:7 and 3:9 Gy,
respectively; the same for free breathing study set were 28 and 26-5 Gy,
respectively. Difference of dose on

chest wall, between DIBH and free breathing study sets, was statistically
significant (p=0-03). Mean diaphragm doses for all four tested plans were
comparable and varied between 13-4 and 16-3 Gy. Mean liver dose also did not

yield any variation, with
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respect to beam models and study sets.

The spillage doses of different beams and models (1-5% and 1-10% to 1-80%), are

presented in Figure 6.5.
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Figure 6.5. Isodose volume of 5% and 10%-80% were plotted as a function of beam
model in DIBH and free breathing conditions

Figure 5 shows a negligible variation of the isodose volumes, with respect to
flattened and unflattened beams, in DIBH and free breathing conditions. For
example, 1-5% vyields a variation within the range of 2288-8-2427-2 cm3. This was
noted to be the highest variation among all the isodose volumes. The variation
between the isodose volumes attributed to the flattened and unflattened beams, for
DIBH and free breathing conditions, diminishes with the increasing isodose values.
The variation in 1-80% was between 47-6 and 53-8 cm3, which is only 6-2 cm3.
6.5.3. Monitor unit

Average monitor units of FFF beam in DIBH, FB in DIBH, FFF beam in free

breathing CT dataset and FB in free breathing CT dataset were 1318-6+265-1,
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1940-3+287-6, 1343-3+238-1 and 2192-5+252-6 MU, respectively. The mean
numbers of the breath holds were found to be 3-3+1-9 and 9-7+3-2 for unflattened
beam and FB, respectively.

6.7. Discussion

Several studies of the past have investigated the planning aspect of unflattened
beam, for liver and lung SBRT, esophagus, craniospinal irradiation and cranial
stereotactic radiotherapy. [6-10,21-23] It is established that unflattened beam is
dosimetrically comparable with the FB. Investigators have obtained a mixed result
on the efficacy of the unflattened beam over the FB. For liver SBRT, many studies
have been designed,

comparing flattened and unflattened beams. However, no study group has studied
the influence of breath hold technique on this.

This study is the first of its kind to evaluate flattened and unflattened beams, with
respect to free breathing and breath holding techniques. Reggiori et al. noted the
effect of tumour volume on flattened and unflattened beams, depending on the CI.
They favored unflattened beam for intermediate volume tumours (100 cm3<PTV
volume <300 cm3) and FB for the smaller and larger tumours. The mean target
volume of the patient in this study did not exceed 50 cm3. However, we have
observed an advantage of the unflattened beam over the FB in the target
conformity.6

Earlier studies have noted a considerable reduction in the delivery time for
unflattened beam because of the enhanced dose rate. For Elekta Versa HD linear
accelerator, the dose rates are 600 and 2000-2200 MU/minute, for flattened and
unflattened beams, respectively. Breath holding times do not exceed 30 seconds,

with the average holding time between 20 and 25 seconds. Therefore, breath
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holding technique essentially requires an unflattened beam to reduce the delivery
time.

The advantage of Elekta versa HD linear accelerator is the speed of the MLC,
which is as fast as 6 cm/second, which helps sustain a very high dose rate of 2000—
2200 MU/minute. High dose rate delivery requires a higher MLC speed for a
compatible delivery. A low MLC speed cannot sustain a high dose rate VMAT
delivery. [24]

In this study, we observed a high CI with respect to the unflattened beam for breath
hold technique. OAR doses to chest wall show a high dose difference between the
breath hold and the free breathing techniques. Change in the CI of the unflattened
beam is characteristic of the unflattened character of the beam. However, the loss
of dose to the chest wall can be attributed to the fact that the chest wall in DIBH is
fixed in a longer distance, for a longer time from the target. However, decrease in
chest wall doses can be explained only with the unflattened characteristic of the
beam.

As per the basic theory of Gaussian distribution, an unflattened beam is closer to a
Gaussian distribution while a FB is a blur Gaussian. With the same characteristics,
an unflattened beam should observe a better dose buildup to tumour, with a sharper
fall at the periphery. However, no such phenomenon has been observed in any
previous investigations so far.

Several authors have reported phase I/1l clinical trials of liver metastasis, using
stereotactic body irradiation.[12,13,25-27] For the large surgical series, including
those primarily in patients with metastatic colorectal cancer, 5-year survival after
liver resection ranges between 37 and 71%.[25-27] Patients who were not suitable

for surgery and those with poor risk-prognostic factor were chosen for the
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radiotherapy clinical trials, yielding a median survival of 20-5 month and a two-
year local control of 100%.[12]

6.8. Conclusion

VMAT-based stereotactic body irradiation for liver metastasis shows considerable
reduction in the delivery time for FFF beam, when compared to the FB. The
reduction in delivery time is essential to keep the treatment time suitable for
patients using the

breath holding technique. Unflattened beam shows no dosimetric advantage for
unspecified tissues and OAR. However, a better conformal dose distribution was
obtained for the unflattened beam. In conclusion, an unflattened beam is a good

choice for liver SBRT, while using the breath hold technique.
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Chapter -VII
A Feasibility Study of Flattened and Flattening Filter Free Beam

based Treatment Techniques for Carcinoma Cervix

7.1 Introduction:

Over the last three decades, radiotherapy has played a significant role in the
treatment of more than half of all cancer patients. [1]. Cervical cancer continues to
be the most frequent gynecological cancer in the globe. Cervical cancer is routinely
treated with radiotherapy. [2,3].

Modern LINACs can produce both FB and FFFB photon beams. The use of FFFB
in radiotherapy has improved treatment delivery since removing a flattening filter
from the X-ray beam's path leads to more efficient photon generation and a
considerable increase in dose rate at the treatment level. Because of the shorter
treatment intervals, higher dose rates diminish intra fraction motion and improve
patient comfort. Furthermore, Lower scatter, leakage, and out-of-field scatter doses
are among the dosimetric advantages of the FFFB. [4,5]. Radiation-induced
secondary malignancies may be reduced as a result of the reduction in out-of-field
doses.

The first clinical investigation on the use of the FFF beam to minimize the long
treatment duration for high dosage radiosurgery was published in 1991 [6].
According to Casemore et al. [7], Whereas an FFF beam decreases scattering and
related exposure to distal organs, A FFFB with the same photon intensity has a
lower secondary dosage to distal nor-mal organs than an FB with the same photon
intensity. Over the previous few decades, many radiation treatments have advanced
dramatically. The delivery technology for radiation therapy is advancing, from 3-

dimensional conformal radiotherapy (3DCRT) to intensity-modulated radiotherapy
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(IMRT) and volumetric-modulated arc therapy (VMAT). [8]

Although 3-dimensional conformal radiotherapy (3DCRT) (9-11) confines the
radiation dose to the PTV, intensity modulated radiotherapy (IMRT) (12-16) has
the added benefit of protecting the organs at risk (OAR). It can be very tough to
spare the OAR without affecting PTV coverage while using 3DCRT. Many
diseases, including cervical cancer, have recently seen an increase in the use of
IMRT and VMAT Techniques. IMRT has been studied extensively, however Otto
et al. [16] and Palma et al. [17] found that the VMAT method achieves great target
conformity and spares more organs at risk than IMRT. In terms of treatment
delivery, VMAT is more efficient because it requires low monitor units (MUs) and
has a shorter beam-on time.

To offer rotational IMRT with increased gantry speed, multi-leaf collimator
motion, and dose rates while sparing normal tissue, VMAT and helical
tomotherapy have been developed. [18-19] Compared to static beam Intensity
Modulated Radiation Therapy (IMRT), VMAT requires lesser monitor units
(MUs) and has a shorter treatment period [20].

When compared to 3DCRT treatment planning, VMAT and IMRT give greater
target conformity and essential structure sparing, but low dose volume in normal
tissue is much higher in VMAT and IMRT [21,22]. This increased low dose
volume is concerning because it raises the risk of radiation-induced carcinogenesis,
especially in patients who are expected to live a long time [23]. VMAT is already
compared with 3DCRT and IMRT for different cancer types at different sites [4].
Although it is well proven that VMAT improves delivery efficiency over IMRT (4-
5), it is questionable whether VMAT also improves plan quality for cervix cancer

treatment planning when compared to 3DCRT and IMRT, as shown in Table 4.
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Each of these investigations used four 3DCRT fields, 9 IMRT fixed-gantry fields,
and one full arc of VMAT. In comparison to the findings of these studies, it's still
unknown whether VMAT produces better plan quality for cervical cancer radiation
therapy than IMRT. Furthermore, there was very little information in the published
literatures about the time invested in the inverse planning process, as well as how
the quality of the 3DCRT, IMRT, and VMAT plans is controlled, which have a
significant impact on the planning outcomes and thus the plan quality comparison
result.

The primary purpose of this research was to compare dosimetric characteristics and
establish which radiation technique and beam energy was the most effective.i.e., to
obtain the optimal dosimetric distribution of the target while minimizing the dose
delivered to the cervix by creating three radiotherapy plans with different (FB,
FFFB beam 6MV &10 MV Energy) for a specific case.

7.2. Aim,

To determine the effects of filtered and flattening filter free beams with energies of
6 and 10 MV on the cervix using various treatment techniques such as 3DCRT,
IMRT, and VMAT, as well as how to create clinically appropriate FFF photon
beam treatment plans and investigate their potential benefits for cervical cancer
patients.

7.3. Material Method:

7.3.1 Patient selection:

We chose 30 patients with cervical carcinoma who were between the ages of 54
and 69 for our retrospective analysis. The T3N1MO stage of cervical cancer was
found in all of the participants in this investigation. [24] They'd all developed

lymph nodes and were getting ready to start definite radiation treatments.
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7.3.2 CT simulation

Before to CT Scanning, all patients were instructed to follow a bladder protocol,
which included voiding the bladder and afterwards drink water approximately 1
liter to refill it. To guarantee bladder filling, they were told to wait 45 minutes
before the planning scan. Fiducial markers were placed at the region of the pelvic
brim. A vacuum cushion  was used to immobilize all of the patients, which
deflated into the shape of the patient. In a supine position, the patient raised his
hands above his head.

CT scans were performed on all of the patients with a Biograph MCT-20, PET-CT
with a 3 mm slice thickness, a field - of - view of 50 cm, and a depth of 5 cm
below the ischial tuberosity. The DICOM-enabled interface was used to upload CT
files to the Monaco Sim workstation for contouring.

7.3.3 Target and OAR delineation,

The GTV and CTV were contoured by a qualified radiation oncologist. For all of
the patients, Clinical Target Volume was utilised to define OARs (CTV). To get
the planning goal volume, CTV was given a 0.5 cm margin (PTV). The bladder,
rectum, bowel, and femoral heads were contoured, among other OARs. The
bladder was contoured from the apex to the dome, and the rectum was contoured
from the anus (at the inferior level of the ischial tuberosity) to the recto-sigmoid
junction. Up to the level of the ischial tuberosity, the contours of the bilateral

femoral heads were traced. [25,26,27]

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 98



Chapter-VII Implementation of FF & FFF Beam on EBRT

Coronal Plane Sagittal Plane

Figure 7.1 Represents the delineated Target volume and OARs in
Axial/coronal/sagittal Plane/3D View

The resident radiation oncologists contoured the OAR. For radiotherapy planning,
the CT study sets and outlines were sent to the Monaco TPS. Using an Elekta
Versa HD linear accelerator, the VMAT designs were delivered. The linear
accelerator is equipped with MLCs with 80 leaf pairs of 5 mm width.

7.3.4 Treatment planning system:

The MONACO TPS version 5.10.0 takes into account the physical effects of
radiation as well as the tissue's biological features. Target EUD, serial, and parallel
are three biological constraints, whereas target penalty, overdose DVH, quadratic
overdose, under dosage DVH, quadratic under dose and maximum dose are Six
physical constraints, In target EUD, the user may adjust the tumor's cell sensitivity.
The organ at risk can be limited in a serial or parallel way, depending on the

tissue's properties.
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The system optimizes dosage distribution in two stages. Stage one optimizes the
optimal fluence distribution of beams to fit a user-defined prescription for a given
group of beams. In second stage optimizes, deliverable fields are created through
segmentation, which comprises segment shapes and weights. The system uses
Monte Carlo simulation during the optimization stage. [14]

7.3.5 Planning objectives

PTV was given a dose of 50 Gy divided into 25 fractions of 2 Gy each [26,27]. No
more than 98 percent of PTV should receive a dose less than the prescribed
quantity, and no more than 2% of PTV should receive a dose greater than 105
percent of the approved dose. QUANTEC Protocol 10 was used to process all of
the OARSs.A hot spot was described as a 2% volume receiving more than 110% of
the specified dose.

7.3.6 Planning techniques

A Monaco TPS version 5.10.0 was used to develop 240 plans for the 30 patients
using 3DCRT, 9F-IMRT, and Single arc -VMAT. A 6-MV&10MV photon energy
Elekta Versa HD accelerator with FF and FFF beams. The PTV was treated with a
prescription of 50 Gy in 2 Gy parts. The 3DCRT plans had four box fields
(anterior-posterior and Left-right) with gantry angles of about 0,90,180, and 270
degrees (no physical or dynamic wedges were utilised). Multileaf collimators
(MLCs) were used to cover the bladder, rectum, and other organs at danger. If the
dose distribution of the 3-dimensional plan is optimised, you can use the field in
approach to reduce the dose level by 110 percent if needed. Based on Photon beam
energies of 6MV and 10 MV, we produced two sets of 3DCRT- designs. With a
grid size of 3mm, the doses were estimated using the PBC algorithm.

The 9 F-IMRT plans have gantry angles of 0,40,80,120,160,200,240,280, and 320

degrees. The plans were created using a robust inverse planning method. We
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define a maximum of 20 control points per beam. The Multileaf collimator was
programmed to move at a speed of 6 centimetres per second. The doses were
estimated using the Monte Carlo Technique on a 3-mm grid, and to optimize the
doses, the dose volume optimizer (DVO) method was utilized. The plans were
given a dosage rate of 600 MU/min using a sliding window approach (6 & 10MV
FF).

All VMAT plans featured the following calculating properties: The Monte Carlo
variance was set at 3%, and the grid spacing was set to 3 mm. In the second step,
For the final dose calculation, the Monte Carlo approach was chosen as the
secondary methodology. Instead of water, the dose was estimated using the
medium. Heterogeneity correction was applied to all plans. A single 360° gantry
rotation was used to deliver the VMAT plan (clockwise from 180 to 180 degrees).
MLC segmentation was accomplished using the sweep sequencer tool in the
VMAT technique. Monte Carlo simulations were used to calculate the dose. To
achieve the specified dose using the VMAT plan, we flattened 6 and 10MV photon
beams and employed a Flatten filter-free photon beam.3DCRT, IMRT, and VMAT
plans were optimized utilizing optimization parameters (Table 7.2) and calculation
parameters to achieve the requisite dose limitations (Table 7.1). (Table 7.3). On 3D
CT images, the radiation dosage from 3DCRT, IMRT, and VMAT plans was

computed, with heterogeneous corrections applied.

Structure Parameter Constraints

V59 > 475Gy

PTV V10% <107%
of Prescribed Dose

Rectum V0% <45 Gy
Bladder Va5 <45 Gy
Bowel Dmax <50 Gy
Femoral Head V0% <40 Gy

Table 7.1: Treatment Planning Objectives for 3BDCRT, IMRT and VMAT:
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Structure Cost functions Parameter Isoconstraints
Target EUD 0.5 50 Gy
PTV Quadratic Overdose 51.5 Gy 0.45Gy
Target penalty 95% 50 Gy
Rectum Parallel k=3 35 Gy
Bladder Parallel k=3 30 Gy
Parallel k=3 25 Gy
Bowel
Maximum dose Shrink=3 mm 48 Gy
Femoral Head Maximum dose Shrink=3 mm 48 Gy
Quadratic Overdose | Shrink=0 mm, 50 Gy 0.10 Gy
Quadratic Overdose | Shrink=3 mm, 47 Gy 0.15 Gy
Maximum dose Shrink=5 mm 46 Gy
Body
Maximum dose Shrink=10 mm 40 Gy
Maximum dose Shrink=15 mm 35 Gy
Maximum dose Shrink=25 mm 25 Gy

EUD-Equivalent Uniform Dose; k=Power law exponent

Table 7.2. The cost functions for optimization of IMRT and VMAT plans in

cervical cancer
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Calculations Properties

Grid Spacing 0.3cm

Dose Deposition to Medium

Algorithm Monte Carlo photon
Statistical Uncertainty 1% / calculation

Table: 7.3 For 3DCRT, IMRT and VMAT Calculations Properties
7.4.0 Plan quality indices and plan evaluation tools
7.4.1. Target volume (TV)
PTV was evaluated using both quantitative and qualitative methods. The references
were taken from the International Commission for Radiation Units (ICRU) Report
No. 83's recommendations. CT slice-by-slice isodose coverage and dose volume
histograms were used to assess the plans (DVH). Isodose distribution in the
transverse, sagittal, and coronal planes was used to measure TV coverage and PTV
conformance.
For various approaches such as 3 DCRT, IMRT, and VMAT, 95 percent isodose
lines were used to calculate Cl, HI, DGI, and TC. In addition, the exposure to
OARs was calculated using a dose—-volume histogram. Using the equations (1-3),
the conformity index (CI), homogeneity index (HI), and dose gradient were

calculated:

. (TVwp)

where TV=target volume, VRX=target volume covered by 100%
isodose line, VRI=volume of 100% isodose line,
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(D29, — Dagsy) (2)
Dson, k

HI =

Maximum dose received by 2% of PTV (D2%), minimum dose received by 98%
of PTV (D98%), dose received by 50% of PTV (D50%)

Vv
DGl = —=~ (3)
Vir

Total volume encompassed in half of the prescription dose (vuri) and
corresponding RI

In Equation (1), total volume included in prescription dosage (VRI) was replaced
for volume of PTV receiving prescription dose (TVRI), volume of PTV (TV), and
total volume encompassed in prescription dose (TVRI). Equation (2) was used to
compute HI by substituting the maximum dose received by 2% of PTV (D2%), the
lowest dose received by 98 percent of PTV (D98%), and the dose received by 50%
of PTV (D50%).

By substituting total volume included in half of the prescription dose (VHRI) and

corresponding VRI, equation (3) was utilised to calculate DGI.

7.4.2 Organs at risk,

For a total of 30 patients, 240 dosimetric plans were created, and their unique
DVHs were compared for organ spare. OAR doses were evaluated for dose for
bladder (D15%, D25%, D35%, D50%) rectum (D15%, D25%, D35%, D50%),
bowel (V15Gy (%,), V30Gy (%), V45Gy (%)) and femoral heads (V25Gy (%),
V45Gy (%)Mean dose (Gy), Max. dose (Gy)) and. The maximal dose was assessed

in the spinal cord.
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7.4.3 Treatment efficiency

TMUs were compared for all three treatment plans (3DCRT, IMRT, and VMAT)
to determine therapy efficacy. TPS was used to determine MU, and the BOT was
calculated using its average. To reduce treatment time, all plans were provided at a
maximal dose rate of 600,1200,2400 MU/min 6 & 10MV FB and FFFB.

The 6 MV FB VMAT design was employed as a baseline for statistical
comparison. Each of the other treatment approach designs was re-normalized to
deliver the same mean dose to PTV, as in, to eliminate any bias or rescaling
impacts. A paired-sample t-test was used to compare plan quality metrics and
dosage to OARs; The difference was significant with a p-value of 0.05 [29].

7.5. RESULTS:

7.5.1. Planning target volume (PTV)

Flattened and flattened filter free beam of 6 and 10 MV were used to construct
clinically acceptable and equivalent 3DCRT, IMRT, and VMAT plans. Table 4
summarizes the dosimetric parameters for PTV coverage derived by 3DCRT,
IMRT, and VMAT plans utilizing FB and FFFB of 6 and 10 MV. In comparison to
3DCRT and IMRT plans, HlI is greatly enhanced in VMAT (FB and FFFB of 6 and
10 MV) plans. Plans using VMAT and IMRT produced a highly conformal dosage
and were greatly improved. For all VMAT plans using FB and FFFB photon beam
energy, HI, ClI, DG, and TC are comparable (6 MV and 10 MV). For FB and FFFB
of 6 and 10 MV, which were shown to be significantly different (p 0.05). MUs
were lower in 10 MV VMAT plans and greater in FFF VMAT plans. Figure 2
illustrates the isodose distribution for the same patient using FB and FFFB of 6 and
10 MV in the axial planes in 3DCRT, IMRT, and VMAT designs. Figure 3 shows

DVH form 3DCRT, IMRT, and VMAT layouts with 6 and 10 MV FB and FFFB.
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These DVH demonstrate no significant changes in PTV coverage for VMAT plans
using FB and FFFB of 6 and 10 MV, even in a high dosage site. FB VMAT
produces a more uniform and conformal dose distribution to the PTV than FFFB
VMAT, 3DCRT, or IMRT.

7.5.2. Dose to OAR’s

Table 4 presents the dosimetric data for OARs, which were calculated using FB
and FFFB of 6 and 10 MV for 3DCRT, IMRT, and VMAT plans. As the VMAT
and IMRT plans modulate the intensity to spare critical organs and having more
number beams, DG is worsened. Dose to Bladder, Bowel, rectum and femoral
heads was significantly reduced with VMAT (FB & FFFB) plans compare to
3DCRT and IMRT. Dose to bladder (V15%, V25%, V35% and V50%) was
comparable with FF VMAT plans and significantly higher in FFF VMAT plans.
Dose to bowel (Mean, V15%, V30% and V45%) was comparable with FF VMAT
plans and significantly higher in FFF VMAT plans. Dose to rectum (V15%, V25%,
V35% and V50%) was comparable with FF VMAT plans and significantly higher
in FFF VMAT plans. Dose to femoral heads (V25%, V40%, Mean and Max) were
comparable for all the VMAT plans using FF and FFF photon beams.

7.5.3. Monitor units (MUs)

The treatment efficiency of 3DCRT, IMRT, and VMAT plans using FB and FFFB
of 6 and 10 MV was evaluated using total numbers of monitor units. The number
of Monitor Units (MUs) for FB VMAT and FB IMRT 6 and 10 MV did not differ
significantly. In comparison to IMRT and VMAT, the total MUs in 3DCRT plans
are much lower.

The number of Monitor Units (MUs) was significantly different for FB and FFFB

6 and 10 MV (p 0.05). FFFB requires a statistically significant (p 0.05) increase in

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 106



Chapter-VII Implementation of FF & FFF Beam on EBRT

the number of monitor units when compared to FB. Table 4 compares total monitor
units (MUs) for individual patients using FB and FFFB of 6 and 10 MV in
3DCRT, IMRT, and VMAT designs. When FFFBs of 6 and 10 MV were
compared to FBs of 6 and 10 MV, Mus increased by 10.5 percent and 30%,

respectively.
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Fig. 7.2 — Comparison of isodose distribution utilizing FB and FFFB of 6 MV and 10MV from 3DCRT, IMRT, and VMAT designs.
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Figure-3: DVH comparison of target coverage and OARs for 3DCRT, IMRT, and VMAT plans utilizing 6 MV and 10MV FB and FFFB
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p-Value
6 MV 10 MV 10 MV
Structure | Parameter BS“C/:I\R/T 31DO(';/II?\‘/I' DMLC DMLC \/6I\'>I/IXT \1/?\/:\2‘\.'/_ 6 \I\//:\\/{AF_FF FFF
IMRT IMRT VMAT 6 MV 10 MV 6 MV 10 MV
6 MV 10 MV 10 MV
3DCRT | 3DCRT DMLC | DMLC VMAT FFF FFF
IMRT IMRT VMAT | VMAT
HI 0.11+0.03 0.09+0.07 0.04+0.28 0.05+0.01 0.07+0.01 0.07+0.02 0.07+0.01 0.07+0.01 0.00 0.00 0.00 0.00 0.60 0.75 0.69
Cl 0.62+0.09 0.61+0.08 0.79+0.06 0.77+0.06 0.8+0.05 0.8+0.05 0.79+0.06 0.79£0.05 0.00 0.00 0.36 0.11 0.83 0.52 0.48
PTV DG 0.22+0.04 0.23+0.04 0.35+0.03 0.37£0.03 0.32+0.03 0.32+0.04 0.33+0.03 0.33+0.03 0.00 0.00 0.00 0.00 0.78 0.12 0.14
TC 0.97£0.01 0.96+0.02 1+0.00 1+0.00 1+0 0.99+0.01 1+0 1+0 0.00 0.00 0.65 0.62 0.63 0.79 0.77
MU 294.92+13 257.0£13 1020.6£10 992.54+89 1068.1+11 951.52+70 1262.2+13 1265.1+13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V15% 48.09+3.15 | 47.49+3.03 45.07+3.63 | 45.17+£3.33 | 43.94+4.94 | 43.68+5.02 44.85+4.1 45.06+3.62 0.00 0.00 0.00 0.00 0.56 0.00 0.00
Bladder V25% 44.22+5.67 | 43.98+5.55 41.2+4 41.26+3.73 | 39.72+5.85 39.8845.9 4145.12 41.16+4.57 0.00 0.00 0.00 0.00 0.67 0.00 0.00
V35% 40.27£7.79 | 39.98+7.71 37.76+£3.92 | 38.43+4.32 35.9+5.84 36.48+5.65 37.1745.29 | 37.39+4.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006

Page 110




Chapter-VII Implementation of FF & FFF Beam on EBRT

v50% | 35.1846.98 | 35.42+7.59 | 33.2043.22 | 3347432 | 31.18+5.02 | 31294521 | 32.08+4.74 | 32.37+428 | 0.00 0.00 0.00 0.00 0.38 0.00 0.00
"("Ges;‘ 2433329 | 24674371 | 2511404 | 25232258 | 23.9+2.47 | 23774299 | 24.23:2.48 | 24.35:2.35 | 0.00 0.00 0.00 0.00 0.21 0.00 0.00
V15 Gy % | 69.16+14.9 | 69.25+15.42 | 84.72¢5.28 | 85.03+5.86 | 80.61+7.28 | 77.99+10.74 | 80.14+8.64 | 79.53+851 | 0.00 0.00 0.00 0.00 0.00 0.26 0.00
Bowel
V30 Gy % | 31.44+7.24 | 31524858 | 28.25:84 | 2855:89 | 26.71:76 26.8+8 27.53+7.11 | 28.18+652 | 0.00 0.00 0.00 0.00 0.12 0.00 0.00
V45 Gy % | 11.99+532 | 1251527 | 5224205 | 555:2.21 | 5174202 | 5.45:1.98 | 53204 | 558:212 | 0.0 0.00 0.20 0.12 0.00 0.00 0.00
v15% | 51.42+41.08 | 50.99+1.33 | 48.08+1.74 | 48.22+1.78 | 48.4+2.15 | 4844208 | 48.81+1.38 | 48.64+1.68 | 0.00 0.00 0.13 0.26 0.62 0.07 0.10
v25% | 50.9241.23 | 50.35+1.45 | 45.1642.62 | 45.23+2.7 | 46.0243.30 | 45994323 | 465245 | 46.31+2.82 | 0.00 0.00 0.36 0.41 0.61 0.12 0.34
Rectum
v35% | 50.13+1.29 | 495+151 | 41.8743.14 | 41.80+3.15 | 43.20+4.03 | 43.23+3.75 | 44.04+3.16 | 43724348 | 0.00 0.00 0.00 0.00 053 0.00 0.04
v50% | 47124258 | 47.0142.29 | 36.57+3.11 | 36.7+3.37 | 38.56+4.02 | 38.35+3.88 | 39.56+3.12 | 39.31+3.85 | 0.00 0.00 0.00 0.00 0.09 0.00 0.00
EZ’:S’;‘: V25% 25.035.6 | 245586 | 22414314 | 226298 | 21.43+262 | 2174277 | 21272235 | 21722277 | o0.00 0.00 0.05 0.05 0.12 0.05 0.16
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V40% 23.28+6.11 23.09+6.07 20.46+2.84 | 20.17+2.61 | 19.74+2.39 19.94+2.54 19.6+2.12 20.11+2.51 0.00 0.00 0.13 0.14 0.07 0.01 0.00

'\(Aés; 21.35+5.91 | 21.12+6.15 | 19.93+2.59 | 19.52+2.48 | 19.46+2.47 | 19.56+2.71 19.29+2.1 | 19.71+2.49 0.00 0.00 0.22 0.53 0.01 0.00 0.00

Max (Gy) | 36.27+8.52 37.01+8.5 35.71+7.88 | 36.68+8.16 36+7.43 36.51+7.34 | 32.34+9.67 | 36.056.77 0.45 0.12 0.00 0.42 0.13 0.00 0.12

V25% 24,3955 24.73+5.56 23+2.79 22.78+2.73 24.7+3.45 24.29+2.92 24.01+£3.31 24+3.75 0.13 0.34 0.00 0.00 0.21 0.00 0.00

V40% 23.56+6.84 23.11+6.93 20.99+2.47 | 20.58+2.52 | 22.86+3.39 22.43+2.8 22.01+3.01 | 21.93+3.69 0.00 0.00 0.00 0.00 0.12 0.00 0.00
Femoral
Head Lt

'\(Aé;;] 21.84+7.2 21.49+7.4 20.31+2.68 | 19.98+2.82 | 21.34+3.39 | 20.88+3.02 | 20.68+3.14 | 20.42+3.63 0.24 0.37 0.00 0.00 0.00 0.00 0.00

Max (Gy) | 39.72+6.38 | 40.05+6.07 36.5+5.02 | 36.53+5.31 36.56+5 35.45+3.96 | 37.13+5.35 | 36.06+5.57 0.00 0.00 0.66 0.62 0.00 0.00 0.12

Table 4 summarizes the dosimetric parameters for PTV coverage & OAR’s derived by 3DCRT, IMRT, and VMAT plans utilizing FB and
FFFB of 6 and 10 MV
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7.6. Discussion:

According to our observations, for deep-seated tumours like the Ca Cervix, more
beam energy should be used. To deliver the optimal dose at any depth, the Elekta
versa HD comes with photon energies of 6 MV, 10 MV, and 15 MV for FF and 6
MV & 10 MV for FFF.As highlighted by et al. [30], Over 15 MV photon energy,
there is no significant improvement in dose distribution or integral dosage, and the
neutron is created by a 15 MV photon beam. Neutron dosage is more essential than
photon exposure because of their high relative biological effectiveness (RBE) and
a radiation weighting factor of 20, resulting in higher biological damage. [31].We
did not include 15 MV in this investigation for the same reason. For 3DCRT
approaches, FFFB is not viable, especially for large tumours. VMAT enables for
better conformity of the high dosage volume to the PTV as compared to three-
dimensional conformal therapies like IMRT. This could assist to reduce the danger
of secondary malignancies emerging in high-dose areas in the field. For prostate
malignancies, Alvarez Moret et al. [32] established the same fact. VMAT has
already been compared to IMRT for several cancer types at various sites [4].
Although it is commonly known that VMAT outperforms IMRT in terms of
delivery efficiency [4-5],

3DCRT, IMRT, and VMAT plans employing FB and FFFB of 6 and 10 MV
radiation planning in the instance of dosimetric impact of varied photon energy on
cervix carcinomas. In terms of PTV coverage, there were no statistically significant
variations between the 6, 10 plans, although 3DCRT Techniques produces less
OAR sparing, HI, and Cl when compared to IMRT and VMAT. Although the
number of MUs exposing normal tissues to low doses was substantially higher in 6

MYV plans than in 10 MV plans, these disadvantages can be tolerated because the
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risk of secondary cancers caused by photo neutron generation is higher in 10 and
15 MV designs [33].

In the framework of a detailed dosimetric analysis on cervical carcinomas,
3DCRT, IMRT and VMAT plans using FB and FFFB of 6 and 10 MV radiation
planning When comparing VMAT plans to 3DCRT and IMRT plans, there are a
few things to keep in mind., HI is much better. The dosage conformity of VMAT
and IMRT designs was greatly improved. The severity of DG is worsening as
VMAT and IMRT programmes modify the intensity to spare important organs and
have more beams. In VMAT and IMRT designs, the target coverage ratio is much
higher. Even with the larger energy, MUs are much lower in 3DCRT layouts. The
VMAT plans greatly lowered the dose to the bladder (V15 percent, V25 percent,
V35 percent, and V50 percent). VMAT plans dramatically reduced dose to bowel
(Mean, V30 percent and V45 percent). The rectum dose was considerably reduced
with the VMAT and IMRT systems (V15 percent, V25 percent, V35 percent, and
V50 percent). The radiation to the femoral heads was considerably reduced
according to IMRT techniques (V25 percent, V40 percent, and Mean).

In the case of dosimetric effects of filtered and flattening filter free photon beams
on VMAT plans employing FB and FFFB of 6 and 10 MV radiotherapy planning
Table 4 shows that the HI, CI, DG, and TC for all VMAT plans employing FF and
FFF photon beams are comparable. In 10 MV VMAT, MUs were lower, while in
Vmat plans with FFF, they were higher. V15 percent, V25 percent, V35 percent,
and V50 percent dose to bladder were equivalent in FF VMAT plans but much
greater in FFF VMAT plans. The dose to bowel (Mean, V15 percent, V30 percent,
and V45 percent) was equivalent across FF and FFF VMAT plans, but much

greater in FFF VMAT plans. V15 percent, V25 percent, V35 percent, and V50
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percent dose to rectum were equivalent in FF VMAT plans but much greater in
FFF VMAT plans. For all VMAT plans using FF and FFF photon beams, the dose
to femoral heads (V25 percent, V40 percent, Mean, and Max) was comparable.
VMAT plans that use FFFB offer similar target coverage, however for the same
coverage, FB spares more bladder and rectum than FFFB for both photon energies.
This reduces the amount of toxicity that patients experience after receiving
radiation. In comparison to FFFB, FB creates VMAT plans that are more
conformal and homogeneous. This study discovered that FB is superior to FFFB
for cervix VMAT radiation planning.

7.7. Conclusion:

This comprehensive study established a feasible planning strategy for the treatment
of carcinoma of the cervix. It demonstrates VMAT's capacity to develop highly
conformal and homogenous treatment plans in cervix radiotherapy when compared
to 3DCRT and IMRT.

The greatest dosages to OARs after VMAT were 1 to 3 times lower than after
3DCRT, according to our research. VMAT had lower mean doses, maximum
doses, and volume for OARs than the other techniques (6&10MV FB and FFFB).
In comparison to IMRT and 3DCRT, VMAT dramatically reduces the risk of
subsequent cancer in the relevant OARs (6&10MV FB and FFFB).

The VMAT (6 MV FB) approaches, according to this study, may provide better
results for a cervical cancer patient. More data from more patients must be

collected and analyzed to make this an evidence-based theory.
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Chapter -VIII

Dosimetric characteristics of VMAT plans with respect to a
different increment of gantry angle size for Ca cervix

8.1 Introduction:

External beam radiotherapy (EBRT) followed by intracavitary brachytherapy is the
primary treatment protocol for cervical cancer. [1] Conventional EBRT irradiates
the whole pelvis region either from anterior or posteriorly or/and laterally. Thus,
critical organs at risk (OARs) are exposed to radiation and severe radiation-
induced toxicities are observed. Over the last decade, interest in the use of

intensity-modulated radiotherapy (IMRT) to treat cervical cancer has increased.

This chapter has been published as a manuscript: Natraj M, Pawaskar PN, and
Chairmadurai A. (2020) Dosimetric characteristics of VMAT plans with respect to
a different increment of gantry angle size for Ca cervix. Journal of Radiotherapy in
Practice page 1 of 5. doi: 10.1017/S146039692000093X. Accepted: 2 October
2020

IMRT technique has the benefit over conventional whole-pelvis irradiation;
potentially improves the target dose coverage and reduces the toxicity to OARS).
[2,3] IMRT typically involves 5-9 beams placed around the patient at equal
angular spacing and the uniform radiation intensities from open fields are
modulated by multileaf collimators (MLCs). A novel radiation technique has
evolved by replacing 5-9 fixed beam angles in IMRT, with a single gantry arc of
up to 360°, known as volumetric-modulated arc therapy (VMAT). [4,5]

VMAT has been introduced to overcome some of the limitations associated with

fixed-field IMRT. It allows continuous delivery of radiation by simultaneously
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varying the dose rate, position of MLCs and gantry rotation speed. VMAT has
achieved highly conformal dose distributions, with improved target dose coverage
and sparing of normal tissues, as compared to conventional radiotherapy and
IMRT techniques. [6-8] VMAT also has the potential to reduce monitor unit (MU)
usage and ultimately reduce the treatment delivery time. Each arc is divided into
multiple equal sectors in VMAT technique and MLC modulates the open radiation
field by to-and-fro movement between successive sectors. Sector angle is defined
by the parameter

‘Increment of Gantry Angle’ (IGA) and the number of sectors is given by arc
length divided by IGA. The number of sectors and IGA has the tendency to
influence the quality of treatment plan [9,10] along with the number of arcs and arc
lengths. [11-13] Influence of smaller and larger IGA was reported as negligible in
oesophageal cancer [14] and contrarily, larger IGA yielded significantly better
plans in cervical cancer. [15] In this study, we have investigated the influence in
VMAT plans by a sequence of IGAs in definitive radiotherapy treatment for
cervical cancer.

The plans are quantitatively analyzed in terms of conformity index (ClI),
heterogeneity index (HI), dose—gradient index (DGI), target coverage (TC) by
prescription dose, MU usage, control points (CPs) and dose to organs.

8.2. Aim,

The aim of this study, to investigate feasible increment size parameters for VMAT
Planning. The plans are quantitatively analyzed in terms of conformity index (Cl),
heterogeneity index (HI), dose—gradient index (DGI), target coverage (TC) by
prescription dose, monitor unit (MU) usage, control points (CPs) and dose to

organs. and the ultimate goal is providing an efficient increment size for VMAT planning
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in Monaco planning system.
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Figure 8.1. Comparison between the single arc of 360°, VMAT plans with IGA (a)
30° and (b) 40° in cervical cancer.
8.3. Material Method:

8.3.1 Patient selection:

In this retrospective study, we selected 27 patients with carcinoma cervix cancer
having aged between 54 and 69. All the patients enrolled in this study were at
T3N1MO stage of cervical cancer. [16] Each of them had evolved lymph nodes and
were preparing to undergo definitive radiotherapy treatment.

8.3.2 CT simulation

Before CT all Patients were instructed to follow a bladder protocol, in which each
patient was asked to void the bladder and then drink approximatelyl liter of water
to fill the bladder. They were asked to wait for around 45 min before planning scan
to ensure bladder filling. Fiducial markers were kept at the level of pubic
symphysis. All patients were immobilized with vacuum bag (vack-lock; Orfit
Industries, Belgium) and the vacuum bag takes on the shape of the patient when

deflated. Patient in supine position and the hands were kept above the head.
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The computed tomography (CT) images were acquired for all patients in Biograph
MCT-20, PET-CT (Siemens AG, Medical solutions, Germany) with 3 mm slice
thickness; field of view 50 cm and from the L1-L2 Vertebral level to 5 cm below
the ischial tuberosity. CT datasets were transferred to the Monaco Sim (CMS
Elekta, Sunnyvale, CA, USA) workstation for contouring, using DICOM-enabled
protocol.

8.3.3 Target and OAR delineation,

Coronal Plane Sagittal Plane

Figure 8.2. Represents the delineated Target volume and OARS in
Axial/coronal/sagittal Plane/3D View

An experience radiation oncologist contoured the gross target volume and clinical
target volume OARs were delineated for all the patients using Monaco Sim (CMS
Elekta, Sunnyvale, CA, USA) Clinical Target Volume (CTV). A margin of 0.5 cm
was given to CTV to generate planning target volume (PTV). The OARs viz.

bladder, rectum, bowel and femoral heads were con-toured. Contour of the bladder

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 124



Chapter-VIII Implementation of FF Beam on VMAT

from apex to dome was drawn while the rectum was contoured from the anus (at
inferior level of ischial tuberosity) to recto-sigmoid junction. Contours of the
bilateral femoral heads were drawn up to the level of ischial tuberosity [17].

OAR were contoured by the resident radiation oncologists. CT study sets, along
with the contours, were transferred to the Monaco (Elekta Ltd, Crawly, UK)
treatment planning system, for radiotherapy planning. Elekta Versa HD (Elekta
AB, Stockholm, Sweden), a linear accelerator was used to deliver the VMAT
plans. The linear accelerator is fitted with MLCs having 80 leaf pairs of 5 mm
width.

8.3.4 Treatment planning system:

Monaco treatment planning system (Elekta Ltd, Crawly, UK) version 5.10.0
utilizes physical effects of radiation and biological properties of the tissue. It has
three biological constraints such as Target EUD, Parallel and serial and six
physical constraints such as target penalty, quadratic overdose, overdose DVH,
under dose DVH, maximum dose and quadratic under dose. The user has an option
to set the cell sensitivity of the tumor in target EUD. The organ at risk can be set as
serial or parallel constraints depending on the properties of the tissue.

The system uses a two-stage process of optimizing dose distribution. Generally, in
stage one the ideal fluence distribution of beams is optimized to meet a user-
defined prescription for given set of beams. In stage two, segmentation is done,
which includes the segment shapes and weights, so that deliverable fields are
obtained. In this stage system uses Monte Carlo simulation during optimization.

[14].
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8.3.5 Optimization strategy

In VMAT optimization, prior to stage one, system divides the beam into sectors. In
stage one, at the initialization stage, the system creates the dose calculation cube
around all defined structures and calculates structure volumes using cubic voxels.
Then it projects the union of all target volumes with the margin defined. Numbers
of static sectors are created based on arc length and user defined IGA. Beam lets
for each sector are created. Width of beam let is user defined and length is equal to
the length of individual MLC leaves. The system uses an enhanced pencil beam
algorithm to calculate the open field dose. Then, the fluence optimization begins in
which the weights (fluence) of all individual pencil beams are varied
simultaneously. The unconstrained problems are solved by conjugate gradient
algorithm [14]. After the unconstrained optimization finishes, if necessary the
system changes each cost function relative weight to make the optimizer meet the
isoconstraints and restarts the unconstrained optimization problem. Stage one
optimization continues until all the constraints are met. The accuracy of dose at the
end of the stage one is limited because the algorithm is kernel based two
dimensional methods, especially in the presence of heterogeneities.

In second stage, the treatment planning system considers the deliverability of
accelerator. It takes each fluence map and sequences it in such a way that it is
spread over the original sector it represents. The system determines leaf trajectories
based on the target dose rate defined by the user. If segment shape optimization
(SSO) method is selected, the system selects the optimal dose rate by its own.
Then, the system converts optimized fluence into deliverable arc sequence with
multiple control points and the gantry position. The gantry positions need not be

equally spaced. Dose calculation is done with voxel based Monte Carlo algorithm.
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The user can change the calculation accuracy and time by modifying some
parameters like dose rate, Monte Carlo grid spacing and variance.

8.3.6 Planning objectives

Prescribed dose to PTV was 50 Gy in 25 Fractions at 2 Gy per fraction. It was
stipulated that not less than 98% volume of PTV should receive a dose less than
the prescribed dose and that not more than 2% volume of PTV should receive a
dose more than 105% of the prescription dose. QUANTEC Protocol 10 was used
for all the OARs. The hot spot was considered as a 2% volume receiving more than
110% of the prescription dose.

8.3.7 Planning techniques

All VMAT plans were planned with the following calculation properties: Grid
spacing was selected as 3 mm, and Monte Carlo variance was 3%. Monte Carlo
algorithm was selected as secondary algorithm for second stage dose calculation
that is final dose calculation. The dose was calculated to the medium and not to the
water. For all plans, heterogeneity correction was applied. VMAT plan was
delivered in a single arc of 360° gantry rotation (clockwise direction from 180 to
—180°). Sweep sequencer tool was used for MLC segmentation in VMAT
technique. On contrary to static fields in IMRT, the intensity of photon field is
modulated in a gantry arc in VMAT plan. The planned arc of VMAT was divided
into uniform sectors using the parameter ‘IGA’ (Figure 1). Intensity modulation
was facilitated by MLC; MLC segments move from right to left in a sector and
return back from left to right in the following sector during continuous irradiation.
Thereby, intensity modulations were done in a to-and-fro movement between
successive sectors. 6 MV flattened photon beam was used to deliver the prescribed

dose using VMAT plan. VMAT plans were optimized by varying the parameter
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‘IGA” (as 10, 20, 30 and 40°) and the plans were named as VMAT,10 VMAT,20
VMAT,30 and VMAT,40 respectively.

VMAT plans were optimized to achieve the required dose constraints (Table 8.1)
using the optimization parameters (Table 8.2) and calculation parameters (Table

8.3). The radiation dose from VMAT plan was calculated on 3D CT images and

heterogeneous corrections were applied.

Structure Parameter Constraints

Vs > 47.5Gy

PTV Viow <107%
of Prescribed Dose

Rectum Veow < 45 Gy
Bladder Vs <45 Gy
Bowel Dmax <50 Gy
Femoral Head Vaou <40 Gy

Table 8.1. Treatment planning objectives for VMAT

Structure Cost functions Parameter Isoconstraints

Target EUD 0.5 50 Gy
PTV Quadratic Overdose 51.5 Gy 0.45Gy
Target penalty 95% 50 Gy
Rectum Parallel k=3 35 Gy
Bladder Parallel k=3 30 Gy
Parallel k=3 25 Gy

Bowel
Maximum dose Shrink=3 mm 48 Gy
Femoral Head Maximum dose Shrink=3 mm 48 Gy
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Quadratic Overdose | Shrink=0 mm, 50 Gy 0.10 Gy
Quadratic Overdose | Shrink=3 mm, 47 Gy 0.15 Gy
Maximum dose Shrink=5 mm 46 Gy
Body
Maximum dose Shrink=10 mm 40 Gy
Maximum dose Shrink=15 mm 35 Gy
Maximum dose Shrink=25 mm 25 Gy

EUD-Equivalent Uniform Dose; k=Power law exponent

Table 8.2. The cost functions for optimization of VMAT plans in cervical

cancer
Max number of Arcs 1
Max. control points per Arc 200
Min. Segment Width 0.5cm
Fluence Smoothing Medium

Calculations Properties

Grid Spacing 0.3cm

Dose Deposition to Medium

Algorithm Monte Carlo photon
Statistical Uncertainty 1% / calculation

Table 8.3. Sequencing parameters and calculation properties for VMAT plans
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8.4.0 Plan quality indices and plan evaluation tools

8.4.1. Target volume (TV)

Quantitative and qualitative methods were used for evaluation of PTV. The
references were taken from the recommendations of International Commission for
Radiation Units(ICRU) Report No. 83. [19] Plans were analyzed using CT slice-
by-slice isodose coverage and dose volume histograms (DVH).TV coverage and
the conformity of the PTV was evaluated with isodose distribution in the
transverse, sagittal and coronal planes.

Cl, HI, DGI and TC by 95% isodose line were derived to compare the dosimetric
characteristics of the VMAT plans optimized with different ‘IGA’.15,20 In
addition to that, dose to OARs were obtained from dose—volume histogram. The

plan quality indices were calculated using the following Equations (1-3):

(TVr)?

Cl= .
(TV x Vi)

(1

where TV=target volume, VRX=target volume covered by 100%
isodose line. VRI=volume of 100% isodose line.

(D39, — Diggy) (2)
Dsgo '

HI =

Maximum dose received by 2% of PTV (D2%), minimum dose received by
98% of PTV (D98%), dose received by 50% of PTV (D50%)

v
DGl = —2 . (3)
Viri

Total volume encompassed in half of the prescription dose (vuri) and
corresponding RI
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VVolume of PTV receiving prescription dose (TVRI), volume of PTV (TV) and
total volume encompassed in prescription dose (VRI) were substituted in Equation
(1) to calculate CI. Maximum dose received by 2% of PTV (D2%), minimum dose
received by 98% of PTV (D98%), dose received by 50% of PTV (D50%) were
substituted in Equation (2) to calculate HI. Total volume encompassed in half of
the prescription dose (VHRI) and corresponding VRI were substituted in Equation
(3) to calculate DGI.

Physical parameters such as total MU and CPs were recorded. CPs per 10° were
calculated to understand the physical constraints in MLC for PTV coverage. The
width of PTV required to scale-up by MLC is given at 10° increment for a cervical
and oesophageal cancer (Figure 3). IGA 30 had yielded better VMAT plans in
earlier

studies, [14,15] and so VMAT30 plan was considered as a reference for statistical
comparison. Each of the VMAT plans was renormalized to provide the same mean

dose to PTV, as in VMAT30 to avoid any bias or rescaling effects.

Figure 8.3. Comparison between the width of PTV in beam’s eye view at 10°
increment for a cervical and esophageal cancer.
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8.6.2 Organs at risk,

Total 27 patients dosimetric plans were generated for each patient and their
specific DVHs were compared for organ-sparing. OAR doses were evaluated for
dose for bladder (D15%, D25%, D35%, D50%) rectum (D15%, D25%, D35%,
D50%), bowel (V15Gy (%,), V30Gy (%), V45Gy (%)) and femoral heads (V25Gy
(%), V45Gy (%)Mean dose (Gy), Max. dose (Gy)) and. Spinal cord was evaluated
for the maximum dose.

8.6.3 Treatment efficiency

Beam-on time (BOT) and TMUs were compared for all the plans (IGA-10, IGA-
20, IGA-30, IGA-40) to assess the efficiency of the treatment. TPS was used to
calculate MU and its average was obtained to calculate the BOT. All the plans
were delivered at maximum dose rate of 600 MU/min FF to minimize the
treatment time.

8.5. RESULTS:

8.5.1. Planning target volume (PTV)

Table 8.4 compares the plan quality indices of VMAT plans for the range of IGAs.
Cl indicates the degree of confining prescription dose within PTV and it was
worsened with larger IGA (30 and 40°). HI indicates the degree of difference
between the minimum and maximum dose within PTV and it was enhanced with
larger IGA (30 and 40°). DGI indicates the degree of dose—gradient in falloff
region and it was worsened with larger IGA (30 and 40°). TC was worst in
VMAT10 plan and comparable elsewhere (20, 30 and 40°). Plan quality indices
were significantly different (p < 0-05) with smaller IGA (10 and 20°) and remained

unaltered beyond 30°.
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8.5.2. Organs at risk

Dose to OARS and comparison with VMAT plans are given in Table 8.4. Overall,
dose to OARs were reduced with smaller IGA (10 and 20°) and were comparable
with 40°; the differences were significant (p < 0-05). The dose received by 50% of
the volume (D50%) in the bladder was worsened up to 6 Gy with larger IGA (30
and 40°). Dose to rectum (D15%, D25%, D35% and D50%) were comparable
among all the plans. The volume receiving 15 Gy (V15Gy) in bowel was worsened
up to 10% with larger IGA (30 and 40°). Smaller IGA (10 and 20°), worsened

V25Gy up to 3% in the femoral head.
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Figure.8.4 DVH comparison for target coverage and OARs for range of IGAs VMAT plans.
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p-value (VMAT®)

Structure Parameter

VMATY VMAT? VMAT®

cl 0.83+0.03 0.82+0.05 0.80+0.05 0.80+0.05 0.00 0.00 0.75
PTV HI 0.12+0.02 0.08+0.02 0.07+0.01 0.07+0.01 0.00 0.01 0.66
DG 0.28+0.04 0.30+0.04 0.32+0.03 0.33+0.04 0.00 0.00 0.00
TC 0.95+0.03 0.99+0.01 1.00+0.00 1.00+0.00 0.00 0.04 081
D159 42.89+3.96 44.64+4.26 45.54+4.01 45.45+£3.77 0.00 0.00 0.62
Bladder Dasos 37.38+5.42 40.69+4.79 41.54+4.91 41.63+4.84 0.00 0.00 0.70
Da3sos 32.33+6.15 36.66+4.93 37.66+4.95 37.81+5.12 0.00 0.00 0.65
Dsoo 26.37£5.91 31.23+5.01 32.69+4.21 32.66+4.71 0.00 0.00 0.93
Rectum Dise, 48.36+1.35 48.44+1.42 49.00£1.45 49.33£1.27 0.00 0.00 0.01
Dses 46.24+1.83 46.08+1.92 47.08+2.30 47.33+1.99 0.00 0.00 0.18
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Dasye 43254201 | 43274217 | 44604278 | 44.75+2.44 | 0.00 0.00 0.46
Daos 37.65+1.84 | 38.46+2.48 | 39.82+42.99 | 39.94+2.47 | 0.00 0.00 0.66
Viscy (%) 71.07+11.44 | 80.22+47.7 | 82.84+492 | 82.44+7.43 | 0.00 0.01 0.58
Bowel Vaosy (%) 22.57+5.65 27.66+5.83 | 29.36+539 | 29.25+513 | 0.00 0.00 0.74
Viisey (%) 3.91+1.46 5.36+1.91 5.88+1.57 6.16+1.78 0.00 0.03 0.09
Mean 22.28+2.56 24534215 | 25024172 | 24.96:201 | .o 001 061
Dose (Gy)
Viasey (%) 25.58+2.57 2443+2.98 | 22.83+4.13 | 22.18+261 | 0.00 0.00 0.21
Vaoay (%) 23.85+2.40 | 22.43+279 | 21.9+2.80 | 20.75+2.57 | 0.00 0.00 0.00
Femoral Head M
ean 22.57+2.49 20.72+2.87 | 20.98+2.75 | 20.14+2.90 | 0.00 0.01 0.00
Dose (Gy)
M 38.31+4.33 38.81+5.41 | 39.96+6.10 | 38.29+7.10 | 0.06 0.11 0.01
Dose (Gy)
Table 8.4. Plan quality indices of VMAT plans for the range of IGAs
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8.5.3. Monitor unit& Control Points

Table 8.5 compares the number of sectors, MU and CP of VMAT plans (10, 20, 30 and 40°). MUs required to deliver prescribed doses were

reduced with a decrease in the number of sectors. Meanwhile, CPs were increased with a decrease in the number of sectors. The differences were

significant (p < 0-05).

p-value (VMAT®)

Parameter

Sector 36 18 12 9 - - -
MU 1124.3+138.2 1055.47+115.35 1057.93+124.9 932.93+79.79 0.00 0.88 0.00
CPs 142.26+10.16 169.33+10.3 178.15+3.43 176.11+3.17 0.00 0.00 0.03

CPs/10° 3.95+0.28 4.7+0.29 4.95+0.1 4.89+0.09 0.00 0.00 0.04

Table 8.5. Monitor unit& Control Points of VMAT plans for the range of IGAs
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8.6. Discussion

In this retrospective study, VMAT plans were analyzed by varying the parameter
IGA. Initial optimizer in VMAT technique creates an optimal dose—fluence for the
required dose constraints. MLC segmentation/CPs are created to achieve the
optimal dose—fluence by ‘sweep sequencer tool’ as per the IGA (10, 20, 30 and
40°). In a similar study, comparing IGA (15, 20, 30 and 40°) in VMAT for
esophageal cancer didn’t yield any significant differences in plan quality
indices.[14] Larger IGA (30 and 40°) yielded better plan than smaller IGA (10 and
20°) in post-operative cervical cancer; the results had a correlation with MLC
movements created under reduced freedom of optimization by ‘sweep sequencer
tool” for smaller IGA (10 and 20°).[15] The controversial results from previous
publications[14,15] could be due to a larger volume of PTV in cervical cancer than
esophageal cancer and are explained in the present study (Figure 3). The dimension
of PTV (Figure 3) in lateral directions (—90 and p90°) were smaller than in anterior
or posterior directions (180 and 0°). For sector 3 (—80 to —120°) and sector 7 (60—
100°) in VMATA40 (Figure 1b), the sweep sequencer had to sharply decrease the
field size initially, followed by a gradual

increase (Figure 3). This fluctuation could be the reason for the superiority of plan
quality indices in VMAT.30 Notably, VMAT30 had an even number of sectors and
were highly symmetrical (Figure 1a).

IGA 30° yielded better plans as per target dose indices but the dose fall-off region
was compromised (more dose to lung) in esophageal cancer [14] and this trend is
even resembled with the present study; dose to bladder, rectum and bowel were
higher with larger IGA. Eventually, dose—gradient in fall-off region was worsened

with larger IGA (30 and 40°); the reason could be due to larger dimension of PTV
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(Figure 3) in this study (cervical cancer versus esophageal cancer). Homogenous
dose distribution within PTV was enhanced with larger IGA in this study; more
number of CPs was generated by ‘sweep sequencer tool’ to improve the parameter.
Eventually, the number of MUs was reduced by finer resolution of MLC segments
for the optimal dose—fluence generated in initial optimization of VMAT by
Monaco TPS. Similar

enhancement of homogenous dose distribution was observed within PTV of both
esophageal [14] and cervical [15] cancers with larger IGA (30 and 40°). Increase in
the number of CPs enhanced the homogeneity of delivering prescribed dose within
PTV but failed to confine the prescribed dose just around the PTV. As a result,
confinement of prescribed dose within PTV and dose gradient in dose fall-off
regions was compromised to a small extent.

VMAT40 had reduced the MU usage but the Cl and DGI was compromised due to
large MLC field segments. Though the difference was significant, the conformal
dose to PTV was quite comparable in this study, and also observed both in
esophageal [14] and cervical [15] cancers. Thus, the Cl remained unaffected with a
change in the size of PTV. TC was affected with smaller IGA (10°) up to 5%, in
this study of definitive radiotherapy treatment for cervical cancer, which had a
resemblance to a worst of 6% in cervical cancer. [15]

8.7. Conclusion:

In VMAT technique, defining the IGA remains vital in acquiring better plan
quality indices. The current study demonstrates that the strategy of VMAT30 and
VMAT40 have the potential to enhance plan quality indices/therapeutic gain. This
study recommends that the larger IGA (30°) could yield better results when the

number of
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sectors are even, for a cervical cancer patient. However, more data from more

patients need to be obtained and analyzed to make this an evidence-based

hypothesis.
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CHAPTER-IX

Summary and conclusion of the Research Work:

9.1 Commissioning and validation of FFF beam

More recently, the linear accelerators have been manufactured without flattening
filters to increase the dose rate. This first chapter offers a report on the precise
commissioning and examination of the dosimetric properties of flattening (FF) and
flattening filter free (FFF) photon beams generated at 6 MV and 10 MV by an Elekta
versa HD medical accelerator. The percentage deep dosage, dose rate, beam profile,
out-of-field, energy spectra, scatter factor, surface dose, and the accuracy of
commissioning/Modeling Elekta versa HD photon beam energies in the Monaco TPS
using a Monte Carlo dose calculation technique are among these qualities.

New Flattening filter free (FFF) beams can be delivered by modern medical linear
particle accelerators (linacs), allowing for larger dosage rates. Flattened beams appear
to be unnecessary in intensity modulated radiation treatment (IMRT) and small-field
stereotactic procedures. It is critical to accurately quantify and estimate the dosage
distribution delivered by such beams before they can be implemented. A flattening
filter-free beam has been successfully integrated into the Monaco treatment planning
system, and the beam's dose calculation accuracy has been evaluated using a 2D array
detector (Octavius seven29 array detector).

For 3D validation of FFF therapies, the Octavius has been found to be effective. We
successfully compared measured FFF beam data to modelled data and found that the
calculated dose distribution for both 6FFF and 10FFF beams, 10x10cm2 and
20x20cm2 open fields, matched the measured beam data with 100% &98.9% points

passing the -test with 2mm and 2% criteria.
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In summary, The stability of FFF similar to FF beams. The FFF beams improve the
treatment outcomes through the availability of very high dose rates (1400 for 6FFF
and 2400 MU/minute for 10FFF) and shortened treatment time especially with SRS
and SBRT treatment technique.

9.2 Implementation of FFF & FF beam in liver SBRT

In second study we have chosen 10 patients (20 treatment plans) for a short course
Stereotactic Body Radiation Therapy (SBRT) with VMAT plans with 6MV both
flattened beam (6XFB) and flattening filter free (6XFFF) beam for liver cancer
patients. VMAT-based stereotactic body irradiation for liver metastasis shows
considerable reduction in the delivery time for FFF beam, when compared to the FB.
The reduction in delivery time is essential to keep the treatment time suitable for
patients using the breath holding technique. Unflattened beam shows no dosimetric
advantage for unspecified tissues and OAR. However, a better conformal dose
distribution was obtained for the unflattened beam. In conclusion, an unflattened
beam is a good choice for liver SBRT, while using the breath hold technique

9.3 Treatment Techniques for Carcinoma Cervix using Flattened and Flattening

Filter Free Beams: A planning Study

In the third study, we selected 30 patients to finish the research (250 treatment plans).
This study included patients with cervical cancer who received external beam
radiation using various modalities (3DCRT, IMRT, and VMAT). We used FB and
FFFB to compare the dosimetry of 3DCRT, IMRT, and VMAT/ plans for Cervix

cancer patients (6& 10MV).
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This extensive study revealed a suitable treatment planning technique for cervical
carcinoma. When compared to 3DCRT and IMRT, it reveals VMAT's ability to
produce highly conformal and homogeneous treatment plans in cervix radiotherapy.
According to our research, the maximum doses to OARs after VMAT were 1 to 3
times lower than after 3DCRT. In comparison to the other approaches, VMAT had
lower mean doses, maximum doses, and volume for OARs (6&10MV FB and FFFB).
VMAT significantly reduces the risk of future cancer in the relevant OARs when
compared to IMRT and 3DCRT (6&10MV FB and FFFB).

According to this study, the VMAT (6 MV FB) techniques may deliver better results
for a cervical cancer patient. To make this an evidence-based theory, more data from
more patients must be collected and examined.

9.4 The important role of Angular space/increment size parameters in VMAT
technique

In order to complete the studies, we selected 27 patients with carcinoma cervix cancer
having aged between 54 and 69. All the patients enrolled in this study were at
T3N1MO stage of cervical cancer. [16] Each of them had evolved lymph nodes and
were preparing to undergo definitive radiotherapy treatment.

VMAT plan was delivered in a single arc of 360° gantry rotation (clockwise direction
from 180 to —180°). Sweep sequencer tool was used for MLC segmentation in VMAT
technique.6 MV flattened photon beam was used to deliver the prescribed dose using
VMAT plan. VMAT plans were optimized by varying the parameter ‘IGA”’ (as 10, 20,
30 and 40°) and the plans were named as VMAT,10 VMAT,20 VMAT,30 and
VMAT 40 respectively.

In VMAT technique, defining the angular space/increment size remains vital in

acquiring better plan quality indices. The current study demonstrates that the strategy
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of VMAT30 and VMAT40 have the potential to enhance plan quality
indices/therapeutic gain. This study recommends that the larger IGA (30°) could yield
better results when the number of sectors are even, for a cervical cancer patient.

However, more data from more patients need to be obtained and analyzed to make

this an evidence-based hypothesis.
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CHAPTER-X

SCOPE OF FUTURE WORK:

As we know Cancer remains leading cause of death globally. The International
Agency for Research on Cancer (IARC) recently estimated that 7.6 million deaths
worldwide were due to cancer with 12.7 million new cases per year being reported
worldwide. Radiation remains an important modality for cancer treatment with
ongoing efforts towards designing new radiation treatment modalities and techniques
which continue to improve the survival and quality of life of cancer patients. With the
improved clinical outcomes of cancer treatment, minimizing radiation therapy related
toxicities has also become a priority. The emergence of mechanistic biological studies
together with improvements in radiation technology has improved the sparing of
normal cells/tissues through dose fractionation and conformal radiation techniques.
All these studies were performed in eclipse planning system with Monte Carlo
algorithms but in future we suggest the researcher to perform with latest Acurous XB
(AXB) algorithm which may show higher dosimetric result for cervix cancer
planning. Similarly, Monte Carlo algorithms are giving better accurate dose
calculation. But in present scenario limited study is available for flattened beam (FB&
FFFB) IMRT and VMAT planning for cervix cancer but for FFF beams is lacking. It
is time to study the dosimetric evaluation for Cervix cancer treatment plans with
Monte Carlo algorithm for FFF beams.

The toxicities of normal tissues may be a concern while adopting high dose rates with
FFF and need to be further studied through organized clinical protocols. Potential
benefits of FFF beam might be of interest in future in the case of respiratory gated

treatment where the trade-off of low duty cycle be efficiently compensated.
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Although the study focused on photon therapy, proton therapy (charge particle
therapy) is also another option to treat prostate cancer in external beam radiotherapy.
Proton therapy can produce excellent dose distribution because protons have finite
range and sharp distal fall-off at the end of proton beam path. When compared to
photon therapy, proton therapy is better at sparing the rectum and bladder. At the
moment, proton therapy is not available everywhere in India, but it will be a major
research focus in the future.

Further we need research work of dosimetric study and clinical dosimetric outcome
for other sites cancer like, head and neck, prostate, lungs, esophagus and brain etc
with different various modern techniques in external beam radiotherapy specially with

FFF beams.

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur- 416 006 Page 150



Journal of Radiotherapy in
Practice

cambridge.org/jrp

Original Article

Cite this article: Munirathinam N, Pawaskar
PN. (2019) Dosimetric comparison of
flattened and flattening filter-free beams for
liver stereotactic body irradiation in deep
inspiration breath hold, and free breathing
conditions. Journal of Radiotherapy in
Practice page 1 of 6. doi: 10.1017/
$146039691800064X

Received: 18 April 2018
Revised: 4 October 2018
Accepted: 16 October 2018

Key words:

deep inspiration breath hold (DIBH); flatten
beam; volumetric modulated arc therapy
(VMAT); flattening filter-free (FFF) beam; free
breathing

Author for correspondence:

N. Munirathinam, The Department of Medical
Physics, Centre for Interdisciplinary Research,
D.Y. Patil Education Society (Deemed to be)
University, Kolhapur-416006, Maharashtra,
India. Tel: +91-7709316668. Fax: 00231 260
1235. E-mail: munimedphy@gmail.com

© Cambridge University Press 2019.

CAMBRIDGE
UNIVERSITY PRESS

Dosimetric comparison of flattened and
flattening filter-free beams for liver
stereotactic body irradiation in deep
inspiration breath hold, and free breathing
conditions

N. Munirathinam and P. N. Pawaskar

The Department of Medical Physics, Centre for Interdisciplinary Research, D.Y. Patil University, Kolhapur,
Maharashtra, India

Abstract

Aim: The aim of this study is to evaluate the influence of flattened and flattening filter-free
(FFF) beam 6 MV photon beam for liver stereotactic body radiation therapy by using
volumetric modulated arc therapy (VMAT) technique in deep inspiration breath hold
(DIBH) and free breathing condition. Materials and methods: Eight liver metastasis patients
(one to three metastasis lesions) were simulated in breath hold and free breathing condition.
VMAT-based treatment plans were created for a prescription dose of 50 Gy in 10 fractions,
using a 230° coplaner arc and 60° non-coplanar arc for both DIBH and free breathing study
set. Treatment plans were evaluated for planning target volume (PTV) dose coverage,
conformity and hot spots. Parallel and serial organs at risk were compared for average and
maximum dose, respectively. Dose spillages were evaluated for different isodose volumes
from 5 to 80%. Result: Mean Dqgy, (dose received by 98% target volume) for FFF in DIBH,
flattened beam in DIBH, FFF in free breathing and flatten beam in free breathing dataset were
48-9, 47-81, 48-5 and 48-3 Gy, respectively. Dogy, Was not statistically different between FFF
and flatten beam (p=0-34 and 0-69 for DIBH and free breathing condition). PTV Vjgse,
(volume receiving 105% dose) for the same set were 3-76, 0-25, 1-2 and 0-4%, respectively.
Mean heterogeneity index for all study sets and beam models varies between 1-05 and 1-07.
Paddik conformity index using unflattened and flattened beam in DIBH at 98% prescription
dose were 0-91 and 0-79, respectively. Maximum variation of isodose volume was observed for
1-5%, which was ranging between 2288-8 and 2427-2 cm”. Increase in isodose value shows a
diminishing difference in isodose volumes between different techniques. DIBH yields a
significant reduction in the chest wall dose compared with free breathing condition. Average
monitor units for FFF beam in DIBH, flattened beam in DIBH, FFF beam in free breathing
CT dataset and flattened beam in free breathing CT dataset were 13186 +265-1,
1940-3 +287-6, 1343-3 +238:1 and 2192-5 +252-6 MU. Conclusion: DIBH and FFF is a good
combination to reduce the treatment time and to achieve better tumour conformity. No other
dosimetric gain was observed for FFF in either DIBH or free breathing condition.

Introduction

The clinical use of the flattening filter-free (FFF) beam in linear accelerators is a subject of
great interest in recent times.' > Considering the physical characteristics of the FFF beam, it
can be expected that the dose fall-off beyond the field sizes will be sharper than that of the
flattened beam (FB). This could be attributed to the reduction in (residual) electron con-
tamination and decline in the head scatter factor.

From the clinical perspective, FFF beam could lead to a reduction in the beyond field
border dose for modern therapy delivery techniques. Sharper dose fall may yield a higher dose
gradient, leading to a sparing of organs at risk (OAR), enhancing the dose to the tumor.

Another advantage of the FFF beam is its increased dose rate, which will in turn reduce the
treatment time substantially. However, it is essential to validate the FFF beam for the dosi-
metric outcome of the beam, to reduce the healthy tissue dose, with better or equal tumor dose
coverage. Several investigators have investigated different physical characteristics of the FFF
beam, such as the beam profile, etc.

Therefore, the dosimetric characteristic of the FFF beam will have to be evaluated in actual
clinical situations, specifically with the planning target volume (PTV) coverage and OAR
sparing for different available linear accelerators.* A substantial amount of work has been
published on Varian (Varian Medical System, Polo Alto, CA, USA) FFF; but the literature
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available regarding the Elekta (Elekta AB, Stockholm, Sweden)
unflattened beam is very limited.” "

Stereotactic body irradiation (SBRT) is an emerging field
and is used for different body sites, like lung, liver and spinal
metastasis. SBRT has proved its efficacy in several cases, both
for primary as well as metastatic sites. Stereotactic irradiation
involves the delivery of a very high dose over a number of
fractions. Body stereotactic radiotherapy demands a very good
motion management technique.“_13 In particular, SBRT may
be appropriate for selected patients with organ-confined,
limited-volume primary tumours or oligo-metastatic disease.'*
Traditionally, SBRT was delivered using multiple three-
dimensioanl conformal radiation therapy (3DCRT) beams or
intensity-modulated radiation therapy (IMRT) beams.'>'® The
disadvantage with 3DCRT is insufficient fluence modulation,
yielding insufficient OAR sparing. However, IMRT gives a good
fluence modulation, and hence better OAR sparing. The treat-
ment time is considerably longer, which can lead to patient
discomfort and an increase in the probability of inter fraction
motion. Volumetric-modulated arc therapy (VMAT) may be a
better option as it can deliver the radiation dose within a
shorter time and achieve effective OAR sparing. The potential
of VMAT used for SBRT to treat liver tumours has been eval-
uated by a few researchers; nevertheless, these evaluations have
limitations.>® For example, SBRT was not evaluated using FFF,
during deep inspiration breath hold (DIBH) and free breathing
conditions. The aim of this study, therefore, was to evaluate the
characteristics of the flattened and unflattened beams of the
Elekta agility linear accelerator, using VMAT-based liver SBRT
technique, in free breathing and DIBH conditions.

Materials and Methods

For a set of eight liver-metastasis patients, computed tomography
(CT) scans were taken using DIBH as well as free breathing
conditions. Before CT simulation, all patients underwent two
practice sessions of breath hold technique for procedure
familiarisation. Patients were immobilised using a vacuum bag
(vack-lock; Orfit Industries, Belgium).

The vacuum bag takes on the shape of the patient when
deflated. An axial section of 1-5 mm axial CT slices was obtained
in both DIBH and free breathing conditions. CT datasets were
transferred to the Monaco Sim (CMS Elekta, Sunnyvale, CA,
USA) workstation for contouring, using DICOM-enabled
protocol.

An experience radiation oncologist contoured the gross target
volume and clinical target volume, in the DIBH as well as free
breathing study sets. In free breathing study set, the gross tumor
volume was delineated using the minimum intensity projection
that was obtained from the 20-slice Siemens positron emission
tomography (PET)-CT (Biagraph MCT-20, Germany) console.
DIBH and free breathing study sets were co-registered with each
other, while they were obtained in the PET-CT. Therefore, they
did not require any mutual information co-registration. OAR
were contoured by the resident radiation oncologists. CT study
sets, along with the contours, were transferred to the Monaco
(CMS Elekta) treatment planning system, for radiotherapy
planning. Elekta versa HD (Elekta AB) is a linear accelerator
with 80 pairs of multi-leaf collimators (MLC) of 5mm
uniform width. It is capable of delivering both flattened and
unflattened beams.

N. Munirathinam and P. N. Pawaskar

Planning was done using both FFF and flat 6 MV photon
beams. All patients were treated with a dose of 50Gy in 10
fractions (this is a standard regime followed in SBRT liver).!” All
patients with one to three liver lesions were combined to form a
lone PTV.'>"?

A comparison of single patient plan is presented in Figure 1.
Panels A, B, C and D represent FFF beam in free breathing CT
dataset, FB in free breathing CT dataset, FB in DIBH CT dataset
and FFF beam in DIBH CT dataset, respectively.

Patients were planned using a partial arc of 230° coplanar arc
at table position of 0° (Gantry starts at 180° CW 200° + Gantry
starts at 150° CW 30°). Two non-coplanar beams, 30° anterior
and 30° posterior, were added at 270° table position. The gantry
traverse for all arcs was twice the same locus. Table position-
patient-gantry collision possibilities were evaluated before the
actual delivery.

All plans were carried out using Elekta versa HD FFF 6 MV
photon beam, for the purpose of treatment, in DIBH study set.
Subsequently, the same plan was copied onto the free breathing
study set and optimisation and dose calculation were carried out,
without changing the optimisation parameters. Two more treat-
ment plans were created in DIBH and free breathing study sets,
using an Elekta versa HD linear accelerator with FB.

Results were evaluated for doses received by 98% PTV volume
(Dogy), maximum dose, Paddick conformity index (CI), hetero-
geneity index (HI) and PTV volume receiving 105% (V105%)
of the prescription dose. Paddick CI and HI were defined as
follows:'®

Vix

_ _ D5y
TV*VR]’

Dos 9 o

CI

where TV = target volume, Vzx = target volume covered by 100%
isodose line, Vz;=volume of 100% isodose line, and Dsq, and
Dyso, were the doses received by 5 and 95% of the target volume.

OAR doses were evaluated for mean dose, for bowel bag, heart,
bilateral kidney, bilateral lung, chest wall, diaphragm and liver.
Spinal cord was evaluated for the maximum dose. Spillage dose to
unspecified tissues, corresponding to different beam models in DIBH
and free breathing study sets, were evaluated for 5% (I-5%), 10%
(I-10%), 20% (I-20%), 30% (I-30%), 40% (I-40%), 50% (I-50%), 60%
(I-60%), 70% (I-70%) and 80% (I-80%) isodose volumes.

Results

The mean PTV volume of the liver lesions was 23-7 +12-9 cm®,
with no patient exhibiting more than three lesions. The graphical
comparison of the dose-volume histogram for flattened and
unflattened beams, on DIBH, is presented in Figure 2.

Averaged overall patient results for dose received by 98%
volume (Dogy), maximum dose, Paddick CI, HI and PTV volume
receiving 105% (V105%) of the prescription dose are presented,
respectively, in the left and right panels of Figure 3.

Mean Dggo, for FFF in DIBH, FB DIBH, FFF in free breathing
and FB in free breathing dataset were 48-9, 47-81, 48-5 and
48-3 Gy, respectively. Statistical co-relation (p) at 95% confidence
interval (p), between the different beam models, was calculated
using a Student’s t-test. DIBH study set p, for FFF-FB, was 0-34.
Free breathing study set p, for FFF-FB, was 0-69. Statistical sig-
nificance p, for FFF-FB, indicates no statistical variation between
the DIBH and free breathing study sets. The average PTV max-
imum dose for FFF and FB for DIBH study sets, were 50-7 and
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Figure 1. Treatment plans using moderate hypo-fractionated (50 Gy in 10 fractions) for liver SBRT. Panel A: FFF beam in free breathing CT dataset. Panel B: Flatten beam in free
breathing CT dataset. Panel C: Flatten beam in DIBH CT dataset. Panel D: FFF beam in DIBH CT dataset. Abbreviations: SBRT, stereotactic body radiation therapy; FFF, flattened

filter-free.

(4834.8, 98.00)

“\w\

100

Chest wall_| ething
80 Disphiagm_FBieethi

i Left Kidney_FBresthing
: 60 -
) X
T% 40 porta_FBreething
b3 Right K.dnjsveawng
[ SorlCout Foreotng
20
A | |
0 T T = T 1
0 1000 2000 3000 4000 5000 6000
Dose (cGy)

Figure 2. Dose-volume histogram comparison in DIBH and free breathing study sets,
using flattened and unflattened beams. Abbreviation: DIBH, deep inspiration breath
hold.

50-7 Gy, respectively. Maximum doses for free breathing study set,
for the same group, were 50-7 and 50-8 Gy, respectively. PTV
Vio0se for the same set were 3-76, 0-25, 1-2 and 0-4%, respectively.
Mean HI for all study sets and beam models varies between 1-05
and 1-07. Paddik CI, using unflattened and FBs, in DIBH at 98%
prescription dose were 0-91 and 0-79, respectively. The average CI
of both beams, for free breathing CT set, was 0-77. The difference
between the FFF and FBs for DIBH study set (statistical sig-
nificance p) was <0-001.

Average dose for OARs including the bowel bag, heart, bilat-
eral kidneys, bilateral lung, chest wall, diaphragm, liver and
maximum dose for spinal cord were presented in Figures 4a, 4b
and 4c, respectively.

The dose administered to organs presented in panel A of
Figure 4 is very low, as the organs are away from the target
volume. Mean dose to the right lung varies between 2-2 and
2:5Gy with regard to different beam models and study sets.
Bowel, bilateral kidney and left lung doses were between 0-07 and
0-37 Gy. Average doses to chest wall, for unflattened beam and
FB, were 3-7 and 3-9 Gy, respectively; the same for free breathing
study set were 28 and 26-5 Gy, respectively. Difference of dose on
chest wall, between DIBH and free breathing study sets, was
statistically significant (p=0-03). Mean diaphragm doses for all
four tested plans were comparable and varied between 13-4 and
16-:3 Gy. Mean liver dose also did not yield any variation, with
respect to beam models and study sets.

The spillage doses of different beams and models (I-5% and
I-10% to I-80%), are presented in Figure 5.

Figure 5 shows a negligible variation of the isodose volumes,
with respect to flattened and unflattened beams, in DIBH and free
breathing conditions. For example, I-5% yields a variation within
the range of 2288-8-2427-2 cm®. This was noted to be the highest
variation among all the isodose volumes. The variation between
the isodose volumes attributed to the flattened and unflattened
beams, for DIBH and free breathing conditions, diminishes with
the increasing isodose values. The variation in I-80% was between
47-6 and 53-8 cm®, which is only 6-2 cm®.

Monitor unit

Average monitor units of FFF beam in DIBH, FB in DIBH, FFF
beam in free breathing CT dataset and FB in free breathing CT
dataset were 1318-6 +265-1, 1940-3 +287-6, 1343-3 +238-1 and
21925 +252-6 MU, respectively. The mean numbers of the breath

Downloaded from https://www.cambridge.org/core. University of Winnipeg, on 17 Jan 2019 at 06:00:47, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/5146039691800064X


https://doi.org/10.1017/S146039691800064X
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

4
(@)
5200 1 M Dose Received by 98% Volume
5100 4 B Maximum dose (cGy)
o)
3 5000 +
£ 4900 -
]
S 4800
4700 ~
4600 -
3 z L2
= = =
=) o =y = g
w £ £ 0 0
w o < oo
w 2 © O c
> = < L0
[ o [ve] [
o u" 3 il )
;& B
E

PTV

N. Munirathinam and P. N. Pawaskar

d T
z
~

M Percentage Volume
receiving 105% dose

w
w o
L

N
2
1

Cl is dimensionless

V105% in Percentage , HI an

o -
o o = 0N
[ W 1

g
g

‘DIBH

PTV_FlatBeam

PTV_FreeBreathin
FFF
PTV_FreeBreathin

PTV_FFF_DIBH

Flatten Beam

PTV

Figure 3. Variation of PTV coverage and hotspot related parameters, as a function of beam model in DIBH and free breathing condition. Abbreviations: DIBH, deep inspiration

breath hold; PTV, planning target volume.

(a) (b)
20 M FFF_DIBH 8000
— B FFF_DIBH
_ 250 2500 A
&
o 200 6‘ 2000
3 o
o 150 £ ]
8 3 1500
c (7]
g 100 8 1000 -
=
50 500
0 0

o)) © > - > (=)} )] = € 5

g < oz = 3 S

o) = | 2 = 8

s} e T o a

(© Spinal Cord Maximum dose
265
260

Dose in cGy

255 4

250 4

245

240 4

L
230 - T T T

FFF_DIBH

FlatBeam
DIBH

Free FreeBreathing
Breathing Flatten Beam
FFF

Figure 4. Mean dose to bowel bag, heart, bilateral kidney, bilateral lung (panel A), chest wall, diaphragm and liver (panel B) and maximum dose to the spinal cord (panel C), in
DIBH and free breathing datasets using unflattened and flattened beam models. Abbreviation: DIBH, deep inspiration breath hold.

holds were found to be 3-3+1-9 and 9-7 +3-2 for unflattened
beam and FB, respectively.

Discussion

Several studies of the past have investigated the planning aspect of
unflattened beam, for liver and lung SBRT, esophagus, cra-
niospinal  irradiation and cranial stereotactic  radio-
therapy.®'®'*2! 1t is established that unflattened beam is

dosimetrically comparable with the FB. Investigators have
obtained a mixed result on the efficacy of the unflattened beam
over the FB. For liver SBRT, many studies have been designed,
comparing flattened and unflattened beams. However, no study
group has studied the influence of breath hold technique on this.
This study is the first of its kind to evaluate flattened and
unflattened beams, with respect to free breathing and breath
holding techniques.

Reggiori et al. noted the effect of tumour volume on flattened
and unflattened beams, depending on the CI. They favored
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Figure 5. Isodose volume of 5% and 10%-80% were plotted as a function of beam
model in DIBH and free breathing conditions.

unflattened beam for intermediate volume tumours (100 cm® <
PTV volume <300cm®) and FB for the smaller and larger
tumours. The mean target volume of the patient in this study
did not exceed 50cm’. However, we have observed an
advantage of the unflattened beam over the FB in the target
conformity.®

Earlier studies have noted a considerable reduction in the
delivery time for unflattened beam because of the enhanced dose
rate. For Elekta linear accelerator, the dose rates are 600 and
2000-2200 MU/minute, for flattened and unflattened beams,
respectively. Breath holding times do not exceed 30 seconds, with
the average holding time between 20 and 25 seconds. Therefore,
breath holding technique essentially requires an unflattened beam
to reduce the delivery time.

The advantage of Elekta versa HD linear accelerator is the
speed of the MLC, which is as fast as 6 cm/second, which helps
sustain a very high dose rate of 2000-2200 MU/minute. High dose
rate delivery requires a higher MLC speed for a compatible
delivery. A low MLC speed cannot sustain a high dose rate
VMAT delivery.*?

In this study, we observed a high CI with respect to the
unflattened beam for breath hold technique. OAR doses to chest
wall show a high dose difference between the breath hold and the
free breathing techniques. Change in the CI of the unflattened
beam is characteristic of the unflattened character of the beam.
However, the loss of dose to the chest wall can be attributed to the
fact that the chest wall in DIBH is fixed in a longer distance, for a
longer time from the target. However, decrease in chest wall doses
can be explained only with the unflattened characteristic of
the beam.

As per the basic theory of Gaussian distribution, an unflat-
tened beam is closer to a Gaussian distribution while a FB is a
blur Gaussian. With the same characteristics, an unflattened beam
should observe a better dose buildup to tumour, with a sharper
fall at the periphery. However, no such phenomenon has been
observed in any previous investigations so far.

Several authors have reported phase I/II clinical trials of liver
metastasis, using stereotactic body irradiation.'>'****** For the
large surgical series, including those primarily in patients with
metastatic colorectal cancer, 5-year survival after liver resection
ranges between 37 and 71%.>>"* Patients who were not suitable
for surgery and those with poor risk-prognostic factor

were chosen for the radiotherapy clinical trials, yielding a
median survival of 20-5 month and a two-year local control of
100%."

Conclusion

VMAT-based stereotactic body irradiation for liver metastesis
shows considerable reduction in the delivery time for FFF beam,
when compared to the FB. The reduction in delivery time is
essential to keep the treatment time suitable for patients using the
breath holding technique. Unflattened beam shows no dosimetric
advantage for unspecified tissues and OAR. However, a better
conformal dose distribution was obtained for the unflattened
beam. In conclusion, an unflattened beam is a good choice for
liver SBRT, while using the breath hold technique.
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Abstract

Aim: We have investigated the influence in volumetric-modulated arc therapy (VMAT) plans
by a sequence of increment of gantry angle (IGA) in definitive radiotherapy treatment for
cervical cancer. The plans are quantitatively analysed in terms of conformity index (CI), hetero-
geneity index (HI), dose-gradient index (DGI), target coverage (TC) by prescription dose, mon-
itor unit (MU) usage, control points (CPs) and dose to organs.

Materials and Methods: In this retrospective study, we selected 27 patients with cervical cancer
having aged between 54 and 69. All the patients enrolled in this study were at T3AN1MO stage of
cervical cancer. The prescription dose to planning target volume (PTV) was 50 Gy and
was administered in 2 Gy/fraction through VMAT technique. VMAT plans were optimised
by varying the parameter TGA’ as 10, 20, 30 and 40°.

Results: Homogenous dose distribution within PTV and TC by prescription dose was signifi-
cantly enhanced (p < 0-05) with larger IGA. The difference between volume receiving 15 Gy
(Visgy) in bowel was up to 10% with larger IGA (30 and 40°) and V5, in femoral head
was up to 3% with smaller IGA (10 and 20°). CPs were enhanced and MU usage was reduced
with larger IGA (30 and 40°). IGA 40° had reduced the MU usage than IGA 30° but the CI and
DGI were compromised due to large MLC field segments.

Conclusion: This study recommends that the larger IGA could yield better results when the
number of sectors is even, for a cervical cancer patient. However, more data from more patients
need to be obtained and analysed to make this an evidence-based hypothesis.

Introduction

External beam radiotherapy (EBRT) followed by intracavitary brachytherapy is the primary
treatment protocol for cervical cancer.! Conventional EBRT irradiates the whole pelvis region
either from anteroposteriorly or/and laterally. Thus, critical organs at risk (OARs) are exposed
to radiation and severe radiation-induced toxicities are observed. Over the last decade, interest
in the use of intensity-modulated radiotherapy (IMRT) to treat cervical cancer has increased.
IMRT technique has the benefit over conventional whole-pelvis irradiation; potentially
improves the target dose coverage and reduces the toxicity to OARs).>* IMRT typically involves
5-9 beams placed around the patient at equal angular spacing and the uniform radiation inten-
sities from open fields are modulated by multileaf collimators (MLCs). A novel radiation tech-
nique has evolved by replacing 5-9 fixed beam angles in IMRT, with a single gantry arc of up to
360°, known as volumetric-modulated arc therapy (VMAT).**

VMAT has been introduced to overcome some of the limitations associated with fixed-field
IMRT. It allows continuous delivery of radiation by simultaneously varying the dose rate, posi-
tion of MLCs and gantry rotation speed. VMAT has achieved highly conformal dose distribu-
tions, with improved target dose coverage and sparing of normal tissues, as compared to
conventional radiotherapy and IMRT techniques.®® VMAT also has the potential to reduce
monitor unit (MU) usage and ultimately reduce the treatment delivery time. Each arc is divided
into multiple equal sectors in VMAT technique and MLC modulates the open radiation field by
to-and-fro movement between successive sectors. Sector angle is defined by the parameter
‘Increment of Gantry Angle’ (IGA) and the number of sectors is given by arc length divided
by IGA. The number of sectors and IGA has the tendency to influence the quality of treatment
plan®!? along with the number of arcs and arc lengths.!'"!* Influence of smaller and larger IGA
was reported as negligible in oesophageal cancer'* and contrarily, larger IGA yielded signifi-
cantly better plans in cervical cancer.!® In this study, we have investigated the influence in
VMAT plans by a sequence of IGAs in definitive radiotherapy treatment for cervical cancer.
The plans are quantitatively analysed in terms of conformity index (CI), heterogeneity index
(HI), dose—gradient index (DGI), target coverage (TC) by prescription dose, MU usage, control
points (CPs) and dose to organs.
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Figure 1. Comparison between the single arc of 360°, VMAT plans with IGA (a) 30° and (b) 40° in cervical cancer.

Materials and Method
Patient selection

In this retrospective study, we selected 27 patients with cervical
cancer having aged between 54 and 69. All the patients enrolled
in this study were at T3N1MO stage of cervical cancer.!® Each of
them had evolved lymph nodes and were preparing to undergo
definitive radiotherapy treatment. Patients were immobilised on
a vacuum bag (vac-loc; Orfit Industries, Wijnegem, Belgium),
which hardens as per the shape of overlaying patients when
deflated. Computed tomography (CT) images were acquired on
Siemens PET-CT (Biopgraph mCT 20, Munich, Germany) at a
3 mm slice thickness. 3D CT images were acquired from the L2
vertebral body to 5 cm below the ischial tuberosity. CT images were
transferred to Monaco Sim (CMS Elekta, Sunnyvale, CA, USA)
work station for contouring. Planning target volume (PTV) and
OAR were delineated on the CT images by an expert radiation
oncologist and using the available protocol for definitive
treatment of cervical cancer.!”!® CT images along with delin-
eated structure sets were transferred to Monaco (CMS Elekta,
Sunnyvale, CA, USA) treatment planning system (TPS) for
planning the VMAT technique. Elekta Versa HD (Elekta AB,
Stockholm, Sweden), a linear accelerator was used to deliver
the VMAT plans. The linear accelerator is fitted with MLCs
having 80 leaf pairs of 5 mm width.

Treatment planning

The prescription dose to PTV was 50 Gy and was administered in
2 Gy per fraction.!””!” VMAT plan was delivered in a single arc of
360° gantry rotation (clockwise direction from 180 to —180°). Sweep
sequencer tool was used for MLC segmentation in VMAT technique.
On contrary to static fields in IMRT, the intensity of photon field is
modulated in a gantry arc in VMAT plan. The planned arc of VMAT
was divided into uniform sectors using the parameter ITGA’
(Figure 1). Intensity modulation was facilitated by MLC; MLC seg-
ments move from right to left in a sector and return back from left
to right in the following sector during continuous irradiation.
Thereby, intensity modulations were done in a to-and-fro movement
between successive sectors. 6 MV flattened photon beam was used to
deliver the prescribed dose using VMAT plan. VMAT plans were
optimised by varying the parameter IGA’ (as 10, 20, 30 and 40°)
and the plans were named as VMAT,!® VMAT,*® VMAT,*® and
VMAT,? respectively. VMAT plans were optimised to achieve the

required dose constraints (Table 1) using the optimisation parameters
(Table 2) and calculation parameters (Table 3). The radiation dose
from VMAT plan was calculated on 3D CT images and hetero-
geneous corrections were applied.

Plan quality indices and statistical analysis

CI, HI, DGI and TC by 95% isodose line were derived to compare
the dosimetric characteristics of the VMAT plans optimised with dif-
ferent ‘IGA’.!>% In addition to that, dose to OARs were obtained from
dose-volume histogram. The plan quality indices were calculated
using the following Equations (1-3):

(TVg)?
Cl=—R/ 1
(TV x Vg)’ W
HI — (DZ% - D98%) (2)
D50% ’
DGI = VR 3)
HRI

Volume of PTV receiving prescription dose (TVg;), volume of
PTV (TV) and total volume encompassed in prescription dose
(Vg) were substituted in Equation (1) to calculate CL
Maximum dose received by 2% of PTV (D), minimum dose
received by 98% of PTV (Dygy,), dose received by 50% of PTV
(Ds%) were substituted in Equation (2) to calculate HI. Total vol-
ume encompassed in half of the prescription dose (Vyg;) and cor-
responding Vyy were substituted in Equation (3) to calculate DGI.

Physical parameters such as total MU and CPs were recorded.
CPs per 10° were calculated to understand the physical constraints
in MLC for PTV coverage. The width of PTV required to scale-up
by MLC is given at 10° increment for a cervical and oesophageal
cancer (Figure 2). IGA 30 had yielded better VMAT plans in earlier
studies,'*!®> and so VMAT?® plan was considered as a reference for
statistical comparison. Each of the VMAT plans was renormalised
to provide the same mean dose to PTV, as in VMAT?’ to avoid any
bias or rescaling effects. The plan quality indices and dose to OARs
were compared by paired sample ¢-test; p-value <0-05 indicated the
difference as significant.?!
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Table 1. Treatment planning objectives

Structure Parameter Constraints
PTV /- >47.5 Gy
V109 <107% of prescribed dose
Rectum Vs09 <45 Gy
Bladder V3506 <45 Gy
Bowel Dyax <50 Gy
Femoral head V00 <40 Gy

Table 2. The cost functions for optimization of VMAT plans in cervical cancer

Isoconstraints

Structure Cost functions Parameter (Gy)
PTV Target EUD 0-5 50
Quadratic 51-5 Gy 0-45
overdose
Target penalty 95% 50
Rectum Parallel k=3 35
Bladder Parallel k=3 30
Bowel Parallel k=3 25
Maximum dose Shrink =3 mm 48
Femoral Maximum dose Shrink =3 mm 48
head
Body Quadratic Shrink =0 mm, 0-10
overdose 50 Gy
Quadratic Shrink =3 mm, 0-15
overdose 47 Gy
Maximum dose Shrink =5mm 46
Maximum dose Shrink =10 mm 40
Maximum dose Shrink =15 mm 35
Maximum dose Shrink =25 mm 25

Abbreviations: EUD, equivalent uniform dose; k, power-law exponent.

Table 3. Sequencing parameters and calculation properties for VMAT plans

Sequencing parameters

Maximum number of arcs 1
Maximum control points per arc 200
Minimum segment width 0-5cm
Fluence smoothing Medium
Calculation properties

Grid spacing 0-3cm
Dose deposition to Medium

Algorithm

Monte Carlo photon

Statistical uncertainty

1%/calculation

Figure 2. Comparison between the width of PTV in beam’s eye view at 10° increment
for a cervical and oesophageal cancer.

Results
Plan quality indices

Table 4 compares the plan quality indices of VMAT plans for the
range of IGAs. CI indicates the degree of confining prescription
dose within PTV and it was worsened with larger IGA (30 and
40°). HI indicates the degree of difference between the minimum
and maximum dose within PTV and it was enhanced with larger
IGA (30 and 40°). DGI indicates the degree of dose—gradient in fall-
off region and it was worsened with larger IGA (30 and 40°). TC
was worst in VMAT! plan and comparable elsewhere (20, 30 and
40°). Plan quality indices were significantly different (p <0-05)
with smaller IGA (10 and 20°) and remained unaltered beyond 30°.

Dose to OARs

Dose to OARS and comparison with VMAT plans are given in
Table 4. Overall, dose to OARs were reduced with smaller IGA
(10 and 20°) and were comparable with 40° the differences were
significant (p < 0-05). The dose received by 50% of the volume
(Dsg9,) in the bladder was worsened up to 6 Gy with larger IGA
(30 and 40°). Dose to rectum (D59, D250, D350, and Dsgo,) were
comparable among all the plans. The volume receiving 15 Gy
(Visgy) in bowel was worsened up to 10% with larger IGA (30
and 40°). Smaller IGA (10 and 20°), worsened Vysg, up to 3%
in the femoral head.

Physical parameters

Table 5 compares the number of sectors, MU and CP of VMAT
plans (10, 20, 30 and 40°). MUs required to deliver prescribed doses
were reduced with a decrease in the number of sectors. Meanwhile,
CPs were increased with a decrease in the number of sectors. The
differences were significant (p < 0-05).

Discussion

In this retrospective study, VMAT plans were analysed by varying
the parameter IGA. Initial optimiser in VMAT technique creates
an optimal dose—fluence for the required dose constraints. MLC
segmentation/CPs are created to achieve the optimal dose—fluence
by ‘sweep sequencer tool” as per the IGA (10, 20, 30 and 40°). In a
similar study, comparing IGA (15, 20, 30 and 40°) in VMAT for
oesophageal cancer didn’t yield any significant differences in plan
quality indices.!* Larger IGA (30 and 40°) yielded better plan than
smaller IGA (10 and 20°) in post-operative cervical cancer; the
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Table 4. Plan quality indices of VMAT plans for the range of IGAs
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p-value (VMAT*?)

Structure Parameter VMAT?C VMATZ VMATC VMAT#0 VMAT?0 VMAT? VMAT#
PTV Cl 0-83+0-03 0-82+0-05 0-80 £0-05 0-80 +0-05 0-00 0-00 0-75
HI 0-12 +0-02 0-08 £0-02 0-07+£0-01 0-07+0-01 0-00 0-01 0-66
DGI 0-28 £0-04 0-30£0-04 0-32+£0-03 0-33+0-04 0-00 0-00 0-00
TC 0-95+0-03 0-99£0-01 1.00 £ 0-00 1-00 +0-00 0-00 0-04 0-81
Bladder D150 42-89 +3-96 44-64 +4-26 45-54 +4-01 45-45+3-77 0-00 0-00 0-62
D2sos 37-38 £5:42 40-69 +4-79 41-54 +4.91 41-63+4-84 0-00 0-00 0-70
D350 32:33£6:15 36-66 +4-93 37-66 +4-95 37-81+5-12 0-00 0-00 0-65
Dsoos 26-37 £5:91 31:23 £5:01 32:69+4-21 32:66+4-71 0-00 0-00 0-93
Rectum D150 48-:36 +1-35 48-44 +1.42 49-00 +1-45 49-33£1-27 0-00 0-00 0-01
D250 46-24+1-83 46-08 +1.92 47-08+2:30 47-33+1-99 0-00 0-00 0-18
D350 43.25+2.01 43.27 217 44.60+2-78 44.75 £ 244 0-00 0-00 0-46
Dsooe 37-65+1-84 3846 +2-48 39-82+2-99 39-94 £2.47 0-00 0-00 0-66
Bowel Visey (%) 71.07 £11-44 80:22+7-7 82:84 +£4.92 82:44 +7-43 0-00 0-01 0-58
Vaoay (%) 2257 +5.65 27-66 +5-83 29-36 +5-39 29-25+5-13 0-00 0-00 0-74
Vascy (%) 3:91+1-46 5-36 £1-91 5-88 +1.57 6:16+1.78 0-00 0-03 0-09
Mean dose (Gy) 22-28+2-56 24-53+2-15 25-02+1-72 2496 £2-01 0-00 0-01 0-61
Femoral head Vasey (%) 25-58 £2:57 24.43 +£2:98 22:83+4-13 22:18+2-61 0-00 0-00 0-21
Vaoey (%) 23-85+2-40 2243 +2.79 21-9+2-80 20-75 +2-57 0-00 0-00 0-00
Mean dose (Gy) 22:57 £2:49 20-72 +£2-87 20-98 £2:75 20-14 £2-90 0-00 0-01 0-00
Max. dose (Gy) 38:31+4-33 38-81+541 39-96+6-10 38:29+7-10 0-06 0-11 0-01
Table 5. Physical parameters of VMAT plans for the range of IGAs
p-value (VMAT*?)
Parameter IGA 10 IGA 20 IGA 30 IGA 40 VMAT?® VMAT? VMAT#
Sector 36 18 12 9 = = =
MU 1124-3+138-2 1055-47 +£115-35 1057-93 +124-9 932:93+79-79 0-00 0-88 0-00
CPs 142-26 £10-16 169-33 £10-3 178-15+3-43 176-11 £3-17 0-00 0-00 0-03
CPs/10° 3:95+0-28 4-7+0-29 4-95+0-1 4-89 +0-09 0-00 0-00 0-04

results had a correlation with MLC movements created under
reduced freedom of optimisation by ‘sweep sequencer tool’ for
smaller IGA (10 and 20°).!° The controversial results from pre-
vious publications'*!> could be due to a larger volume of PTV
in cervical cancer than oesophageal cancer and are explained in
the present study (Figure 2). The dimension of PTV (Figure 2)
in lateral directions (—90 and +90°) were smaller than in antero-
posterior directions (180 and 0°). For sector 3 (—80 to —120°) and
sector 7 (60— 100°) in VMAT*® (Figure 1b), the sweep sequencer
had to sharply decrease the field size initially, followed by a gradual
increase (Figure 2). This fluctuation could be the reason for the
superiority of plan quality indices in VMAT.*® Notably, VMAT?
had an even number of sectors and were highly symmetrical
(Figure 1a).

IGA 30° yielded better plans as per target dose indices but the
dose fall-off region was compromised (more dose to lung) in oeso-
phageal cancer'® and this trend is even resembled with the present

study; dose to bladder, rectum and bowel were higher with larger
IGA. Eventually, dose—gradient in fall-off region was worsened
with larger IGA (30 and 40°); the reason could be due to larger
dimension of PTV (Figure 2) in this study (cervical cancer versus
oesophageal cancer). Homogenous dose distribution within PTV
was enhanced with larger IGA in this study; more number of
CPs was generated by ‘sweep sequencer tool’ to improve the
parameter. Eventually, the number of MUs was reduced by finer
resolution of MLC segments for the optimal dose—fluence gener-
ated in initial optimisation of VMAT by Monaco TPS. Similar
enhancement of homogenous dose distribution was observed
within PTV of both oesophageal'* and cervical'® cancers with
larger IGA (30 and 40°). Increase in the number of CPs enhanced
the homogeneity of delivering prescribed dose within PTV but
failed to confine the prescribed dose just around the PTV. As a
result, confinement of prescribed dose within PTV and dose
gradient in dose fall-off regions was compromised to a small extent.
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VMAT* had reduced the MU usage but the CI and DGI was com-
promised due to large MLC field segments. Though the difference
was significant, the conformal dose to PTV was quite comparable
in this study, and also observed both in oesophageal'* and cervi-
cal® cancers. Thus, the CI remained unaffected with a change
in the size of PTV. TC was affected with smaller IGA (10°) up
to 5%, in this study of definitive radiotherapy treatment for cervical
cancer, which had a resemblance to a worst of 6% in cervical

cancer.”

Conclusion

In VMAT technique, defining the IGA remains vital in acquiring
better plan quality indices. The current study demonstrates that the
strategy of VMAT?? and VMAT*® have the potential to enhance
plan quality indices/therapeutic gain. This study recommends that
the larger IGA (30°) could yield better results when the number of
sectors is even, for a cervical cancer patient. However, more data
from more patients need to be obtained and analysed to make this
an evidence-based hypothesis.
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