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High-dose-rate internal radiation therapy is used in the treatment of vaginal vault after surgical
removal of uterine corpus. For accurate and efficient radiation therapy treatment, individual treat-
ment-planning and accurate radiation dose calculation. Acuros BV Algorithm is a model-based
dose calculation algorithm, which models the dose resulted from the brachytherapy source in
inhomogeneous tissue. Historically, dose calculation has been based on dose calculation algo-
rithms which do not take into account the tissue or applicator inhomogeneities. This master’s
dissertation investigates the accuracy of Acuros BV dose calculation for inhomogeneous shielded
cylindrical applicator. For this investigation, dose calculations and measurements with diode and
film were conducted in three different shield geometries, 90° shielding, 180° shielding, and 270°
shielding. It was found that Acuros BV can be used for estimations of dose with a shielded cylin-
drical applicator, but a correction factor is recommended to account for the underestimation of
dose exhibited by the algorithm. Acuros BV performed mostly within 10% inaccuracy limit for 180°
and 270° configurations on the unshielded side of the applicator, while producing more error for
the 90° shielding geometry, and results on the shielded side of the applicator.

Keywords: TG-43, Acuros BV, gynaecological brachytherapy, radiation dose simulation,
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brachytherapy dosimetry
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TIVISTELMA

Emmi Peltola: Acuros BV -algoritmin numeerinen ja kokeellinen arviointi
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Korkean annosnopeuden brakyterapiaa kaytetdan emattimen pohjukan hoitoon kohdun poisto-
leikkauksen jalkeen. Tarkkaan ja tehokkaaseen radioterapiahoitoon vaaditaan yksildllistd hoidon
suunnittelua ja tarkkaa sateilyannoksen laskentaa. Acuros BV Algoritmi on malliperusteinen an-
noslaskenta-algoritmi, joka mallintaa brakyterapialdhteen muodostaman annoksen epahomogee-
nisessa kudoksessa. Historiallisesti, annoslaskenta on perustunut annoslaskenta-algoritmeille,
jotka eivat huomioi kudoksen tai applikaattorin epdhomogeenisyyksia. Tassa diplomitydssa tutki-
taan Acuros BV -algoritmia epdhomogeenista suojattua sylinteriapplikaattoria varten. Tata tutki-
musta varten annoslaskut sekd annosmittaukset suoritettiin kdyttden diodia ja filmia kolmelle eri
suojausgeometrialle, 90° suojauksella, 180° suojauksella ja 270° suojauksella. Huomattiin, etta
Acuros BV:ta voidaan kayttaa arvioimaan annosta suojatulle sylinteriapplikaatorille, mutta kor-
jauskerrointa suositellaan korjaamaan algoritmin tekemaa annoksen aliarviointia. Acuros BV toi-
mii enimmakseen 10% virherajan sisalla 180° ja 270° suojaukselle ei-suojatulla puolella appli-
kaattoria, tuottaen enemman virhettd 90° suojausgeometriassa seka suojatulla puolella applikaat-
toria.

Avainsanat: TG-43, Acuros BV, gynekologinen brakyterapia, sateilyannoksen simulointi,
sédehoidon suunnittelu, annoslaskentamalli, gynekologinen kasvain, brakyterapia dosimetria
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1.INTRODUCTION

1.1 Motivation

Internal radiation therapy, also known as brachytherapy, is used in the treatment process
of gynaecologic malignancies, such as cervical and endometrial cancers. According to
global cancer statistics of 2020, cervical cancer was the fourth most frequently diagnosed
cancer and the fourth leading cause of cancer death in women, while uterine corpus
cancer was ranked the sixth most commonly diagnosed cancer in women [1]. For safe
and effective radiation treatments, an accurate model for calculating radiation dose in

the patient is needed.

Treatment-planning algorithms are an important aspect of modern radiation therapy. Al-
gorithms for dose calculation are used in treatment-planning to estimate the absorbed
dose in the treatment area, as well as to estimate the risk to critical organs of the patient
caused by radiation before treatment is applied. Before a dose calculation model can be
approved for clinical use, it needs to be validated. In the validation process, the values
obtained via dose calculation are compared against the dose measurements and known

values in a standard geometry.

The purpose of this study was to conduct a model-based dose calculation algorithm val-
idation protocol and study whether this algorithm could be implemented in clinical prac-
tice. Potentially, this validation could lead to more accurate and efficient cancer treat-

ments than what has been achieved using conventional dose calculation methods.

1.2 Background

1.2.1 Internal Radiation Therapy as Treatment for Cancer

Brachytherapy is a form of radiation therapy, in which the radiation is given to the patient
at a short distance internally. This typically involves introducing a radiation source into
the body, so that radiation may be delivered to a specific area of the body. Brachytherapy
treatment may be conducted by intracavitary, or interstitial means and it can be imple-

mented as a treatment for many different types of cancers, such as prostate, cervical,



endometrial, and breast cancers. In intracavitary treatments, different target specific ap-
plicators are applied inside body cavities, while interstitial treatments involve the insertion

of needles inside the target tissue, typically involving patient anaesthesia.

Historically, the first reported cases of successful brachytherapy treatments date back to
the mid and late 1900s [2]. These treatments were conducted using radium as the source
for radiation, and the radiation was typically delivered via an appropriate applicator, often

made of silver [2].

However, because of radium’s long half-life, it is not particularly useful for treatment mo-
dalities that involve use of needles [2]. For this purpose, its first daughter product, radon,
which has a much shorter half-life, was implemented into clinical use. Additionally, a
radon needle can be made much thinner than one made using radium because of its
high specific activity. Radon needles encapsulated in steel or gold were used as internal

radiation therapy particularly in the 1910s [2].

While these needles somewhat resembled modern brachytherapy seeds, it was not until
after World War Il that man-made radionuclides were made available for peaceful pur-
poses, such as medical applications [2]. Specifically in Finland, the study of nuclear med-

icine and medical radionuclides was first launched in the 1940s [3].

Before afterloading techniques, brachytherapy had fallen out of clinicians’ favour be-
cause of concerns of the personnels’ safety [4]. The first remote afterloading system was
introduced in 1962 [4]. These systems are devices that can remotely administer radio-
nuclides automatically to the treatment area, providing protection to the clinician and

other personnel taking part in the treatment.

Currently, nuclear medicine and modern brachytherapy are an integral part of modern
medicine. Brachytherapy is used in a multitude of ways, including diagnostics, radiation
therapy and nuclear imaging. Modern brachytherapy is an important aspect of highly
targeted radiation therapy. During the last 40 years, afterloading techniques, image-guid-
ing technologies, new radioisotopes, as well as faster and better computer systems have

shaped brachytherapy into its modern form today [5].

Another achievement for modern brachytherapy is the development of new radioiso-
topes. While radon and radium are the materials of radiation sources historically, nowa-
days more desirable materials exist for the purposes of cancer treatment. Depending on
the treatment region and amount of needed dose, different radioisotopes may be imple-
mented into the treatment. These radioisotopes have half-life values ranging from multi-

ple years to just a couple of days with different dose rates and emission types. Based on



the dose rate of the radioisotope, differently paced dose rate treatment modalities have

likewise been developed, which will be discussed in further detail later in this chapter.

The current most commonly clinically used radioisotopes, as well as their half-lives, dose
rates and common uses, are presented in Table 1. From this table, the differences be-
tween clinical radionuclides are highlighted. Noteworthy radionuclides in the scope of
this study are the nuclides used in intracavitary brachytherapy, particularly Iridium-192
(Ir-192).

Table 1. Radioisotopes in common clinical use. An excerpt from [6]. HDR referring to high-dose-rate,
LDR to low-dose-rate, PDR to pulsed-dose-rate, and vLDR to very-low-dose-rate.

Isotope Half- Dose rate Uses

life
Cobalt-60 526y HDR Intracavitary
Cesium-131 9.7d vLDR Permanent interstitial implants
Cesium-137 30y LDR LDR intracavitary brachytherapy
lodine-125 59.6d | vLDR Permanent interstitial implants
Iridium-192 74.2d HDR/PDR HDR/PDR interstitial and intracavitary
Strontium-90 28.8y HDR Plaques
Ruthenium-106 1.02y HDR Plaques

Depending on the physical properties of a radioisotope, it can deliver high-dose-rate
(HDR), low-dose-rate (LDR), or very-low-dose-rate brachytherapy. Often, HDR brachy-
therapy is most convenient for the patient because of shorter treatment times and pos-
sibly fewer complications [6]. However, most of the clinical experience in brachytherapy
has been obtained using LDR implants, this treatment modality being the oldest method

of brachytherapy treatment.

Another brachytherapy treatment method is the pulsed-dose-rate (PDR) brachytherapy.
This modality is a relatively new one, but it has advantages such as optimisation of dose

rate distribution, no need for source preparation or source inventory, as well as flexibility



between different brachytherapy treatment methods (intracavitary, interstitial, intraoper-

ative and intraluminal) while still using the same machinery [7].

The difference between LDR and HDR brachytherapy lies within the prescribed dose
rates. For LDR, this dose rate is on the order of 0.5 to 2 cGy/min, while for HDR has
been classified as 20 cGy/min or higher by the International Commission on Radiation
Units and Measurements [8]. PDR brachytherapy combines the physical advantages of
HDR brachytherapy and the radiobiological advantages of LDR brachytherapy, using a
single stepping source that produces treatment dose rates up to 3 Gy/h, pulsed typically

each hour of the day [7].

1.2.2 Approaches to Gynaecologic Cancers

Gynaecologic cancers refer to all the cancer types originating from the female reproduc-
tive organs. Examples of these cancers include ovarian cancer, cervical cancer, vaginal
cancer and uterine corpus cancers, i.e., endometrial cancer and uterine sarcoma. The
typical application areas of gynaecological brachytherapy are uterine corpus and endo-

metrial cancers.

When it comes to gynaecological brachytherapy, not all gynaecological cancers require
the same kind of intracavitary, internal radiation therapy treatment. In the context of this
work, of the two uterine corpus cancers, endometrial cancer will be awarded greater
focus, given that it is more relevant to the overall scope of this thesis. Additionally, it is
significantly more common than uterine sarcoma. While cervical cancer treatment does
not typically include treatment via intracavitary methods, its treatment methods will also
be discussed, given that in some cases this cancer may spread to the walls of the vaginal

canal and require treatment via intracavitary HDR brachytherapy.

Depending on the type and location of the tumour, as well as its size, spread and metas-
tasis (i.e., its stage), different approaches to its treatment can be taken. Typical treatment
options consist of surgery, chemotherapy and/or radiation therapy. Radiation therapy
options may range from external beam radiation to different types of brachytherapy. In

this chapter, treatment options for different gynaecologic malignancies will be described.

As stated earlier, cervical cancer was the fourth most frequently diagnosed cancer and
the fourth leading cause of cancer death in women in year 2020, while uterine corpus
cancer was ranked the sixth most commonly diagnosed cancer in women [1]. Particularly
in low-income and middle-income countries, the incidence and prevalence of cervical
cancer is high [9]. This statistic creates a requirement for efficient and accurate treatment

methods for gynaecological cancers.



Given the relatively high frequency of cervical and endometrial cancer diagnoses, pre-
ventative and precautionary measures have been implemented in many countries, par-
ticularly in high-income nations. Persistent papillomavirus infection is the most significant
cause of cervical cancer and the human papillomavirus is detected in 99% of cervical
tumours [10]. This is why the human papillomavirus vaccinations are an important ad-
vancement in preventing cervical cancer and why these vaccinations are included in na-
tional vaccination programmes in many countries, e.g., in Finland for school-age girls

since 2013 and boys since 2020.

Another precautionary method is cervical cancer screening, which ensures the early de-
tection of these cancers. These screenings typically consist of a human papillomavirus

test, which is performed with a Papanicolaou (Pap) smear test.

The European Society for Medical Oncology (ESMO) has defined guidelines in clinical
practice for the diagnosis, treatment and follow-up of cervical and endometrial cancer.
According to these guidelines, for cervical cancer, the diagnosis after an abnormal cer-
vical cytology or a positive high-risk human papillomavirus test should commence with
colposcopy and biopsy or excisional procedures, such as loop electrosurgical excision
and conisation (cone biopsy) [10]. Three categories of epithelial tumours of the cervix
are recognised by The World Health Organization. These categories are squamous,

glandular, and other epithelial tumours.

For endometrial cancer, generally, diagnosis occurs in the tumour’s early stages, since
abnormal uterine bleeding is the presenting symptom in 90% of cases [11]. The current
trend in the investigation leading to diagnosis of endometrial cancer is toward minimally
invasive exams using endometrial biopsy, vaginal ultrasound scan, as well as hyster-
oscopy. Similarly, the typical methods of treatment have shifted more in the direction of

minimally invasive techniques [11].

Additionally, image-guidance has gone through notable developments over the last dec-
ades, which has increased the use of 3-dimensional image-guided procedures in brachy-
therapy [12]. Imaging modalities, such as computed tomography, magnetic resonance
imaging, and ultrasound, have been successfully and rapidly utilised in the field of inter-
nal radiation therapy, giving more ability to control the radiation dose to the tumour and

surrounding tissues [12].

After diagnosis of cancer and before application of any treatment, The International Fed-
eration of Gynaecology and Obstetrics encourages the use of advanced imaging modal-

ities, such as computed tomography, magnetic resonance imaging and positron emis-



sion tomography, whenever possible [2]. Of these imaging modalities, magnetic reso-
nance imaging is most useful for finding and assessing uterine, cervical and vaginal tu-

mours, given its great soft-tissue resolution [2].

Cervical and endometrial cancers are staged using The International Federation of Gy-
naecology and Obstetrics and the Union for International Cancer Control cancer staging
system, TNM classification system. In this classification system, the size of the cancer
and its spread to nearby tissues, the spread to nearby lymph nodes, and the metastasis
of the cancer are described. Additionally, tumour risk assessment is conducted along
with classification. The treatment of the cancer is adjusted according to these parame-

ters.

The treatment of cervical cancer may include multiple steps. These steps typically con-
sist of surgery, chemotherapy and radiation therapy. The primary treatment modality is
surgery, although depending on the stage of the cancer, surgical options may range from
conisation or trachelectomy to hysterectomy with bilateral lymph node dissection [10].
For locally advanced cervical cancer, neoadjuvant chemotherapy followed by surgery or

radiation therapy are typically required [10].

The standard treatment for locally advanced cervical cancer consists of external radia-
tion therapy combined with chemotherapy [13]. This is typically followed by a brachy-
therapy application to increase the focal dose to the primary tumour. This standard treat-

ment is defined in international guidelines [13].

As with cervical cancer treatment, radiotherapy and chemotherapy can be implemented
into the treatment of endometrial cancer when surgery alone is not sufficient. Radiother-

apy may similarly be implemented as external beam radiation and/or brachytherapy.

For endometrial cancer, adjuvant radiotherapy and/or chemotherapy is a typical treat-
ment modality of choice [11]. External beam radiation has been proven to reduce the
rate of locoregional recurrence in intermediate risk endometrial cancer, although the op-

timal method of adjuvant therapy has not yet been defined [11].

Radiation therapy may also be given after surgical procedures. Internal radiation therapy
can be used to deliver a radiation dose directly to the vaginal vault with the purpose of
preventing relapses. The vaginal vault, also called the vaginal cuff, is the main location
of relapse after surgery and postoperative radiotherapy has been proven to diminish it
[14].

In some rare cases, cervical or endometrial cancers may spread from the cervix and the
uterus onto the vaginal walls, forming metastases. This type of secondary vaginal cancer

is more common than cancer originating from the vaginal wall, which is considered one



of the rarest forms of gynaecological tumours [15]. For primary and recurrent vaginal

cancer, the treatment is typically external beam radiation followed by brachytherapy [16].

Secondary vaginal cancer, or vaginal metastasis, may be treated differently than primary
vaginal cancer. No single standard treatment for vaginal metastases has been estab-
lished [17]. However, treatment options range from some surgical options to chemother-

apy and radiotherapy, similarly to other gynaecological cancers.

1.2.3 Gynaecological Brachytherapy

Gynaecological brachytherapy is a specific treatment method, centred around treating
different types of tumours presenting on the female reproductive system using internal
radiation therapy. In this chapter, typical treatment methods, equipment, and materials

for gynaecologic brachytherapy will be described.

For many gynaecologic malignancies, brachytherapy is a preferred treatment option, as
detailed in the earlier subchapter. However, methods of delivering radiation via brachy-
therapy may also vary vastly on a case-to-case basis. Most often, brachytherapy is com-

bined with external beam radiation.

Internal radiation therapy treatment may vary in the dose-rate applied. Different ad-
vantages and disadvantage lie with HDR, LDR and PDR brachytherapy treatments. Dif-
ferences between LDR and HDR brachytherapy as treatment modalities have been stud-
ied and compared in relation to cervical cancer. No significant difference in overall sur-
vival rate or local recurrence between HDR and LDR techniques have been detected
when it comes to treatment of patients with cervical cancer ranging from stages | through
IV [18,19]. However, benefits, such as shorter treatment times and fewer complications,
as described briefly in a previous subchapter, may often tip the scales in favour of HDR
over LDR.

For endometrial cancer, similarly the overall survival rate seems to be the same between
HDR and LDR brachytherapy [20]. However, a reduction in gastrointestinal and genito-
urinary toxicities without worsening of vaginal stenosis rates has been associated with

the use of HDR brachytherapy over LDR brachytherapy [20].

Gynaecological brachytherapy treatment is typically given vaginally. Brachytherapy
treatment for cervical cancer consists of inserting a thin applicator tube within the uterine
cavity, while another part of the applicator is inserted within the vaginal cavity [13]. This
procedure may be done under general or spinal anaesthesia, given that it requires the

dilation of the cervical canal. To improve the dose in the target volume, the applicator



may also include needles that can be inserted into the cervix. After the applicator inser-
tion, 3-dimensional imaging is used for the treatment-planning, in which the target and
organs at risk are contoured and source positions and dwell times optimised to find op-
timal dose distribution. Currently, cervical brachytherapy combined with external beam
radiation therapy is part of the standard treatment of locoregional recurrence of endome-

trial cancer [21]

For endometrial cancer, brachytherapy is commonly applied after a hysterectomy to re-
duce the chance of recurrence. While there is no standard adjuvant treatment method
for intermediate risk endometrial cancer, benefits of external beam radiation combined
with brachytherapy have been reported [11]. Both modalities are effective in treating en-
dometrial cancer, however fewer gastrointestinal toxic effects are associated with vaginal
brachytherapy than with external beam radiation therapy in high-intermediate risk cases
[20]. For certain endometrial cancers without uterine risk factors, brachytherapy alone
may be adequate enough as a treatment, but otherwise external beam radiotherapy

should be included into the treatment [22].

1.3 Research Question

Accurate and efficient treatment-planning is a requirement for successful gynaecological
brachytherapy. For this purpose, this dissertation will study the Acuros® BV algorithm
(Varian Medical Systems, Palo Alto, CA, USA) for brachytherapy treatment-planning and

find out whether this algorithm could be applicable for clinical use.

The research questions for this study included investigating the accuracy of Acuros BV
algorithm in pre-chosen reference points in different shield geometries inside a water
phantom, as well as comparison to values specified by the manufacturer. Additionally,
the magnitude of error between dose calculations and dose measurements was to be
identified, and the dose calculation results of Acuros BV compared with results produced
with the TG-43 formalism.

1.4 Outline

In this master’s dissertation, the relevant literature and theory is presented in the Intro-
duction and Theory. In Theory, the key algorithms and their working principles are ex-
plained, in addition to basic concepts regarding the implementation of gynaecological

HDR brachytherapy. In Methods and Materials, the experiment setup is presented and



explained, and the protocol for the validation of the algorithm defined. Results are pre-
sented in Results and their meaning and validity discussed in Discussion. In Conclu-

sions, the central information obtained from this study will be summarised.
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2. THEORY

2.1 Treatment-Planning

Conventional treatment-planning for the clinical implementation of brachytherapy treat-
ments has been based on evaluation of dose distributions in standard geometries. Addi-

tionally, dose distributions have traditionally been studied in water.

Modern treatment-planning, on the other hand, is based in evaluating dose distributions
in healthy tissues and the use of imaging modalities for the evaluation of the tumour,
typically with computed tomography or magnetic resonance imaging. Dose calculation,

however, is still largely implemented using water instead of tissue.

For HDR brachytherapy treatments, treatment-planning begins with patient preparation
and the placement of applicators, catheters or needles to the treatment area [8]. Different
methods of guidance can be implemented. For instance, gynaecologic applicators are
placed typically using palpation and visual inspection, while in other cases image-guid-

ance, such as ultrasound, may be used [8].

After the placement of the applicator, the patient is simulated using an isocentric X-ray
unit or a simulator [8]. More often nowadays, 3-dimensional methods, such as computed
tomography or magnetic resonance imaging, are utilised. A marker wire, which are used
for the determination of the length of the applicator and/or catheter used in treatment,
can be inserted all the way to the closed end of the applicator assembly for easier local-
isation. In traditional, 2-dimensional method, orthogonal radiographs are obtained for the
localisation of the applicator and marker wire, which enable the clinician to accurately
plan the treatment segment and dwell times. Additionally, the length of the catheter is

determined [8].

Once simulation data is obtained, computer planning may begin, where patient and sim-
ulation data are loaded into the treatment-planning software for the optimisation of the
brachytherapy treatment [8]. Nowadays, 3-dimensional imaging modalities are used for
the creation of treatment-plans. Sources or applicators implemented on the treatment-
planning software can be placed on the image of the patient to create treatment plans

with individual patient specifications.

Particularly for cervical cancer treatment, 3-dimensional brachytherapy technique has
been reported to increase local control and reduce toxicity when compared to 2-dimen-

sional techniques [23]. When comparing the two techniques in relation to endometrial
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cancer, it has been reported that 3-dimensional treatment-planning could offer more ap-

propriate dose to the target tissues while reducing dose to organs at risk [24].

Treatment-planning may be conducted via forward or inverse planning. The key differ-
ences between these treatment optimisation methods are the changes in the responsi-
bilities of the clinician and the treatment-planning software, as well as the order of the
calculation of treatment parameters. For instance, forward planning begins with the set-
ting of dwell times and continues on to calculate dose distribution, while inverse planning
begins at the setting of desired dose distribution, based on which the dwell times are
calculated. Additionally, a reference line or planning target volume is required for suc-

cessful inverse planning optimisation.

For HDR brachytherapy, benefits, such as better plan optimisation and higher radiation
doses to target tissues, have been associated with inverse planning for cervical cancer
treatments [25, 26]. For endometrial and vaginal cancer treatments, the same has been

noticed particularly when using a multichannel applicator [27, 28].

2.2 Dose Calculation Algorithms

Another aspect to consider when working on treatment-planning, are the different algo-
rithms that may be utilised for accurate and efficient dose calculation for brachytherapy
treatments. Treatment-planning algorithms are used for radiation dose calculations to
deliver higher doses of radiation to target organ, while reducing dose to surrounding tis-
sues and organs at risk. They can be classified based on their working principles, and
generally these algorithms are divided into factor-based algorithms and model-based

algorithms [29].

With factor-based algorithms, also known as correction-based or measurement-based
algorithms, the calculations begin at the measurement of the absorbed dose in a water
phantom [29, 30]. A rectangular beam incident, typically on the surface of the phantom,
is used to create the absorbed dose. The input data is parameterised into distributions
of the absorbed dose as functions and then applied to account for the difference between
the phantom setup and the patient-specific conditions, such as tissue inhomogeneities
[29, 30]. Examples of factor-based algorithms are the Clarkson algorithm and the TG-43

formalism.

In other words, the factor-based algorithm corrects the calculated absorbed-dose distri-
bution based on its input parameters. Model-based algorithms, on the other hand, di-

rectly compute the absorbed dose per energy fluence in the patient [29]. These models
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typically consist of two parts, the part that models the beam and represents the fluence
distribution, as well as the part that models the patient, typically based on a tomographic

representation of the patient [29].

Convolution-superposition algorithms are an example of a model-based approach to
dose calculation. Currently, convolution-superposition algorithms are the overall most

commonly utilised algorithms for treatment-planning in clinical practice [31].

In the following subchapters, the TG-43 algorithm and Acuros BV will be introduced.

Additionally, their basic working principles will be explained.

2.2.1 TG-43 Algorithm

For gynaecologic brachytherapy dose calculation, the current international standard is
the TG-43 formalism, first published in 1995 and later on updated in 2004. Since the
inner pelvic area is quite water equivalent, this model is, in most cases, a reasonable
option for treatment-planning in this specific area of the body. As is, this formalism is the

most widely used one when it comes to gynaecological brachytherapy.

In addition to assuming the water medium, the TG-43 formalism also assumes homoge-
neity, which creates error when radiation treatment is applied to inhomogeneous matter.
Other limitations of the TG-43 formalism include assumption of perfect source superpo-
sition and full scatter conditions, i.e., an infinite medium. When compared to Monte Carlo
dose calculation methods, the weaknesses associated with TG-43 formalism, such as

the aforementioned ones, have been reported previously [32, 33].

The American Association of Physicists in Medicine (AAPM) has defined the TG-43 pro-
tocol using five definitions for the relevant concepts [34]. A brachytherapy source has
been defined as any encapsulated radioactive material that can be used for brachy-
therapy treatments, with no restrictions to its size or symmetry. Additionally, a point
source was defined as a dosimetric approximation in which radioactivity is assumed to
subtend a dimensionless point with a dose distribution assumed to be spherically sym-
metric at a given radial distance r. By diving one with the radial distance squared, the
inverse square law can be calculated for the interpolation between tabulated transverse-
plane dose-rate values. For a cylindrically symmetric source, the transverse-plane is the
plane perpendicular to the longitudinal axis of the source and bisects the radioactivity
distribution [34].

A line source is defined as a dosimetric approximation whereby radioactivity is assumed
to be uniformly distributed along a 1-dimensional line-segment with an active length L

[34]. This approximation does not accurately characterise radioactivity distribution within
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an actual source, but for the characterisation of the influence of inverse square law on a
source’s dose distribution for the purposes of interpolating between or extrapolating be-
yond tabulated TG-43 parameters within clinical brachytherapy treatment-planning sys-
tems. A seed is a cylindrical brachytherapy source with active length L, or effective

length, L., less than or equal to 0.5 cm in length [34].
The general 2-dimensional formula for the TG-43 protocol

GL(T, 9)

D(r,H) =Sk A ————
K GL(ro,09)

"L (I') ’ F(T, 9)! (1)

where r is the distance from the center of the active source to the point of interest, r, the
reference distance (1 cm in this protocol), 6 the polar angle, and 6, the source transverse
plane (90° or n/2 radians) is also given by the AAPM [34]. Additionally, constants and
functions included in Equation 1 that the TG-43 protocol calculates, are A, the dose-rate

constant, g;, the radial dose function, and F, the 2-dimensional anisotropy function.

2.2.2 Acuros BV Algorithm

To begin solving limitations presented by factor-based dose calculation algorithms, such
as limited scatter conditions, different methods may be undertaken. A great option may
be moving from factor-based algorithms to model-based ones, which indeed also model
the scatter conditions. Particularly for cervical cancer brachytherapy treatments using
intracavitary shielded applicators, model-based dose calculation could be beneficial [35].
This is because of clinically meaningful differences to dosimetric parameters of the or-
gans at risk that have been witnessed when comparing to predictions achieved with the
use of the TG-43 formalism [35].

Options for solving the scatter conditions include stochastic and deterministic methods,
as well as their combinations. An example of the stochastic method is the Monte Carlo-
based treatment-planning, which is considered the gold standard for brachytherapy do-
simetry, despite not having been widely implemented for any software for brachytherapy
treatment-planning [36]. It is considered the most efficient and consistent method of ra-
diotherapy dose calculation, although no Monte Carlo calculation can be considered fully
free of errors, similar to other calculation algorithms [37]. A noteworthy limitation to the
use of Monte Carlo methods, however, is that calculation via this method may be quite

slow when in comparison to other calculation methods [31].

Another option to tackle the problem of scatter conditions are the deterministic methods,

such as the grid-based linear Boltzmann transport equation (LBTE). The LBTE is the
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governing equation describing macroscopic behaviours of ionising radiation as it passes
through and interacts with matter. Grid-based LBTE solvers have been shown to produce
dose calculations comparable to Monte Carlo methods for external photon beam radia-
tion and their use is recommended particularly when noteworthy heterogeneities are pre-
sent [38].

The Acuros BV algorithm is an implementation of the grid-based LBTE method. This
method is non-stochastic and more efficient than typical Monte Carlo based methods.
According to the manufacturer, it was developed for providing accurate and rapid dose
calculations for HDR and PDR brachytherapy treatments. Unlike TG-43, Acuros BV also
takes into consideration the scatter conditions, such as the applicator and patient heter-
ogeneities. The governing equations of this dose calculation algorithm will be discussed

in further detail later in this chapter.

Acuros BV algorithm has previously been held in dosimetric comparison with the stand-
ardised TG-43 algorithm, e.g., in relation to interstitial HDR brachytherapy treatment for
breast cancer patients, during which dosimetry calculations were performed [39]. Based
on the results of this comparison, it seems that the TG-43 formalism overestimates the
radiation dose to various volumes of interest, while Acuros BV gives better accuracy by

taking into consideration the catheter of the source and tissue inhomogeneity [39].

Treatment-planning systems that utilise Monte Carlo calculations for HDR brachytherapy
have been validated and studied for clinical use, also [40, 41]. As stated previously,
Monte Carlo methods are considered the gold standard of dose calculation. When com-
pared to Monte Carlo methods for dose calculation, it has been reported that Acuros BV
retains an accuracy comparable to Monte Carlo simulation, providing improved accuracy
[33].

Given that treatment-planning is an essential part of modern brachytherapy, many stud-
ies with similar interests as in this dissertation have also been conducted previously. For
instance, Acuros XB algorithm, an advanced dose calculation algorithm, which, similarly
to Acuros BV, calculates the dose via the LBTE, has been studied [42]. This algorithm
has been validated for photon dose calculation in external radiation therapy and was
declared satisfactory for both conventional photon beams as well as for flattening filter
free beams of new generation linacs [42]. Studies with similar interests as this one will

be considered also later on in study.

As discussed earlier in this dissertation, Acuros BV calculates dose distributions through

solving the LBTE. The working principle as well as the governing equations for of this
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algorithm are described in the reference guide provided by the manufacturer of this al-
gorithm. This form of the LBTE is the static, or time-independent, form, where volume is

V and surface is V. In this form

p
Q'V‘P+O't‘l’ = qscat'{'zz_:[(s(?_ﬁ)); (2)
p=1
and
y=07€6V,0-% <0, (3)

direction is symbolised as Q, W is the angular photon fluence, gs.,c photon scattering
source, g, photon point source, 6(? — ?-p) Dirac delta function between point source lo-
cation and position, 7 is function of position, o, the macroscopic total cross section, and

7 the normal vector to surface [38].

The first term of the right-hand side of Equation 2 is the scattering source, while the
second term is the source from the prescribed brachytherapy point sources. In addition,

the scattering source is the function of the angular fluence
GocalPE.0) = [ [ 0B~ E.0- Q)0 (B, 0)a0 0B, @)
4T
0

where o4(# E’ - E, Q- Q') is the macroscopic differential scatter cross section, in which
E is energy. For Ir-192 sources, photon scattering is anisotropic. In this case, the scat-

tering source becomes

QScat(?: E: ﬁ) = f,:lzl =—lf0OO as,l(?:E’ - E)d)l,m(?:E’)Yl,m(ﬁ)dE’: (5)

where ¢, ., (7, E") is the spherical harmonics moments and Yl_m(ﬁ) the spherical harmon-

ics functions. In addition, [ and m represent the angular indices.

In addition to the static form of the LBTE, Acuros BV employs other methods for obtaining
the solution. These methods are energy discretisation, point source representation, an-

gular discretisation, spatial discretisation, and fluence to dose conversion.

Acuros BV also takes into account the relevant material properties and brachytherapy
sources. For material properties, this is based on the calculation of macroscopic atomic
cross sections, composed of microscopic cross section for a given reaction 6 and the

mass density of the material p. Meaning
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o= —6, (6)

in which M is the mass of the atom and N, is Avogadro’s number. The unit for this value
is cm™. For Ir-192 sources, Acuros BV uses cross sections produced by a coupled elec-
tron-photon cross section generating code, which includes all photon interactions with

the exception of Rayleigh scatter.

For the brachytherapy sources used in treatment, each source supported by Acuros BV
algorithm is modelled as an effective source that consists of one, or more point sources.
These sources represent the energy and angular dependent photon intensity exiting the

source surface.

2.3 Implementation of Treatment

2.3.1 Calibration and Specification

After treatment-planning, aspects regarding the implementation of the brachytherapy
treatment must be considered, also. This phase may include methods of dose calculation
via different methods for varying purposes, often related to the safety of clinicians and

patients, as well as the accuracy of the treatment to be implemented.

The calculation of radiation dose simply refers to the estimation of radioactive radiation
in a certain environment. For instance, radiation calculation can be calculated for a cer-
tain time period, e.g., in the case of annual radiation dose, or perhaps for personnel
working in close quarters to radiation sources for the duration of the exposure to radia-
tion. Dose calculation is also needed for the determination of the radiation dose delivered

to a patient as a treatment modality, i.e., the dose absorbed by the patient.

Radiation dose is a value used to quantify the amount of exposure to radiation. For the
results to be useful for a physicist or a clinician, knowledge of the radiation dose alone
is not typically enough. Instead, quantities, such as absorbed dose, effective dose, or

equivalent dose may need to be determined.

While absorbed dose refers to the amount of energy deposited to matter by radiation,
effective dose and equivalent dose are measures are specifically created for the pur-
poses of radiobiological protection. Effective dose is the calculated radiation dose re-
ceived by the whole body, while equivalent dose is the radiation dose calculated for in-

dividual organs and it is based on the absorbed dose to that specific organ.
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Before actual treatment, other relevant parameters are typically required, as well. For
brachytherapy treatments, the calibration of the radiation sources needs to be conducted
[8]. This calibration consists of brachytherapy source strength specification, as well as
exposure rate calibration. The source strength specification can be achieved in several
different ways, including via the activity of the source, the exposure rate at a specified
distance, the equivalent mass of radium, or apparent activity. Nowadays, however, the
AAPM recommends air-kerma strength for the specification of brachytherapy sources

[8]. This method will be discussed shortly.

Exposure rate calibration, on the other hand, can be achieved by following the standards
established by the National Institute of Standards and Technology [8]. Open-air meas-
urements or well-type ion chambers should be utilised. For Ir-192 sources, well-type ion-

isation chamber is considered the working standard [8].

Kerma K is the measure of initial kinetic energy that is transferred to matter as a result
of ionising radiation. It is also an acronym for “kinetic energy released per unit mass” and
its unit is gray (Gy). This can be represented as

_ dEg
T dm’

K (7)

where E;. is the energy transferred and m mass. Despite sharing similarities, such as the
same unit, kerma should not be confused with absorbed dose. While at lower energies
the values of kerma and absorbed dose may be quite equal, at higher energies kerma is

considerably higher.

For calibration, the activity and the half-life time of the source need to be known, as well.

The activity of the source
A= Age M, (8)

where A4, is the initial activity, A the decay constant, and t the elapsed time should be

calculated [43]. A typical unit for activity is becquerel (Bq). The half-life time

In(2
Ty = n; )' 9

where T, is the half-life time, is also needed [43]. Typically, this value is known, since
it is specific for each radioisotope.
Based on these equations, the conversion factor between air-kerma and activity can be

calculated for source calibration. Based on the activity of the radiation source and the

conversion factor, air-kerma rate can be calculated.
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Air-kerma rate Ks(d) is the rate of kerma in air per hour. This value is usually inferred
from transverse-plane air-kerma rate measurements that are performed in a free-air ge-
ometry at distances large in relation to the maximum linear dimensions of the detector

and source [34]. Air-kerma rate
KS(d) = (AQ - AQL)NKCT,PPionAionPgrad: (10)

in which (AQ — AQ,) is the collected charge in the span of time with the leakage charge
subtracted, N is the air-kerma rate calibration factor, Cr p the temperature and pressure
correction factor, P,,, the correction for collection efficiency, 4;,, the correction for the
collection efficiency at the time of calibration, and P4, the gradient correction [44]. Ad-
ditionally, air-kerma rate needs to typically be converted from seconds to hours for the

correct unit of Gy/h.

The air-kerma strength is the product of air-kerma rate in vacuum and the square of the
distance d of the calibration point from the source center along the perpendicular bisec-

tor. The & represents the photon energy cutoff. The air-kerma strength’s
Sk = Ks(d)d?, (11)

recommended unit is uGym?/h [34]. For convenience, the unit is often denoted by the

symbol U.

2.3.2 Applicators

Given the nature of brachytherapy as a treatment modality, different applicators are usu-
ally needed for the delivery of the radiation dose. Gynaecologic cancers can be treated
via interstitial or intracavitary brachytherapy, both of which typically requiring an applica-
tor. The applicator can be used either for the placement of a radioactive seed, or as a

sheath for a catheter containing radioactive sources.

Applicator geometries range from fixed to variable and customisable, while applicator
shapes depend largely on the type of the treatment. Applicators may be cone, cylinder,
tandem or ovoid shaped, or even custom-built for a particular purpose. With varying ge-
ometries and shapes, it becomes possible to alter the radiation dose to the patient, as

well as the size and shape of the radiation field.

Applicators may be designed with either intracavitary or interstitial brachytherapy in mind,
or the treatment of cervical or endometrial cancers. Based on these selections, gynae-
cologic applicators are typically cylindrical or ovoid-shaped, with options to adapt the

applicators to fit a certain anatomy, or to use it for placement of radioactive seeds. Each
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tumour type requires its own applicator, but here only the relevant applicator geometries
will be introduced.

In HDR brachytherapy for cervical cancer, tandem ovoid applicators and tandem ring
applicators are the most commonly used applicator types [45]. Different advantages are
associated with these applicator types, mainly various size and configuration options for
tandem ovoid applicators and different loading positions and repeatability for tandem ring
applicators [45]. These applicators consist of a tandem, as well as ovoids or a ring. The
tandem is inserted into the cervix, while needles guided through ovoids/ring may be used
for implementation of interstitial brachytherapy treatment to the cervix. Examples of these

applicators are presented in Figure 1.
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Figure 1. Standard gynaecological applicators. On top, is a tandem ovoid applica-
tor, while on the bottom, is a tandem ring applicator. The length of the tandem
ovoid applicator is approximately 30 cm with options to vary the dimensions,
while the tandem ring applicator is slightly shorter, similarly with options to vary
dimensions, such as the diameter of the ring. Images courtesy of Elekta.

Although rare, gynaecological applicators can also contain shielding, which can be con-
figured to fit the needs of the individual patient. These cylindrical vaginal applicators are
designed for the radiation of the vaginal wall and/or vaginal vault, and can be configured

using metal pieces to reduce radiation, as well as plastic pieces to allow it for target
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volumes. This enables the clinician to easily alter the direction and the area of the cura-
tive radiation dose, preserving some of the healthy tissues from excess radiation. For
instance, the bladder or rectum may be spared from unneeded radiation by implementing

shielding.

Shielded applicators are particularly useful when the patient has previously received ra-
diation to the general treatment area, and the total amount of radiation to the tissues
needs to be reduced. With shielding, the accuracy and precision of the treatment can

potentially be increased.

Typically, the applicator may be configured in four different ways; 90°, 180°, 270°, or
2x90° shielded (shielded on opposing sides). Different configuration options can be
viewed in Figure 2. The usual materials that the applicator/catheter is made of include
plastic, e.g., acrylic plastic, while the shielding is made of metal, e.g., lead, tungsten
alloy, or stainless steel. It has been reported, however, that in shielded cylindrical appli-

cators stainless steel may be ineffective as a shield material [46].
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Figure 2. Possible configurations for cylindrical shielded applicators. Shielded
quarters are indicated in color. It is to be noted that during treatment, these
shield geometries are surrounded by the cylindrical applicator, as well. A) 90°,
B) 180°, C) 270°, and D) 2x90°.
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Applicators may vary also in the number of channels. Typically, cylindrical vaginal appli-
cators for intracavitary brachytherapy are either singe-channel or multichannel applica-
tors. For the treatment of vaginal cancer, benefits in using multichannel vaginal cylinder
applicator as opposed to a single-channel applicator in brachytherapy treatments have
also been proposed [16]. Similarly, for endometrial cancer, advantages have been ob-
served using multichannel applicators combined with inverse planning over single-chan-
nel cylinders [27].
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3.METHODS AND MATERIALS

3.1 Experiment Setup and Calibration

For the validation process introduced in this study, different devices, software, as well as
equipment were required. These requirements, as well as procedures implemented be-

fore dose calculations and measurements, will be described in this subchapter.

For dose calculations, BrachyVision™ (Varian Medical Systems, Palo Alto, CA, USA)
was used, with which results of doses in pre-set reference points could be obtained using
the TG-43 formalism, as well as Acuros BV algorithm. BrachyVision, a 3-dimensional
treatment-planning system, was used for treatment-planning, as well as in the implemen-
tation of the treatment plan during the measurement session. Using this software, a
measurement setup in a water phantom was built and differently sized applicators were
inserted into the phantom. Radiation doses were calculated in different reference points

for different shield geometries.

The calculations and measurements of dose for Acuros BV validation were conducted
Tampere University Hospital in Radius Building. For this validation procedure, three dif-
ferent configurations implemented with a cylindrical gynaecological applicator were stud-
ied. These configurations were 90°, 180°, and 270° shielding. The premises for calcula-
tions and measurements, as well as all equipment needed for the validation process
were provided by Tampere University Hospital and the Radiation and Nuclear Safety
Authority (STUK).

The applicator chosen for the validation process belonged to a shielded applicator set,
GM11004380 Shielded Applicator Set (Varian Medical Systems, Palo Alto, CA, USA),
which included applicators with diameters of 20, 23, 26, 30, and 35 m. According to the
manufacturer, this applicator set is intended for HDR intracavitary vaginal, vaginal stump,
and rectal brachytherapy treatments, where partial shielding is needed. The shielding
material is tungsten alloy, and the applicators are ethylene oxide sterilisable. The

shielded applicator set used for the measurements can be viewed in Figure 3.
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Figure 3. Shielded applicator set used in dose measurements. This applicator set
included five applicators with different diameters, as well as quarter cylinders to
be placed inside the applicator to implement shielding. The applicators were ap-

proximately 15 cm in length.

The applicator chosen from this set had a diameter of 30 mm and it was set to three
different configurations using tungsten alloy and acrylic plastic quarter-cylinder pieces.
These configurations were 90°, 180° and 270° shielded, as mentioned. The fourth pos-
sible configuration, 2x90° tungsten alloy pieces set in a butterfly-esque shape, presented
earlier in Figure 2 of this work, was not used in the measurement session. This is since
the 2x90° shielding configuration is rarely used in clinical settings, and it was deemed
that validation can be conducted accurately enough using the three remaining configu-

rations.

The measurements were performed at the hospital’'s brachytherapy room, where radia-
tion treatment could be implemented remotely from the adjacent treatment-planning
room. Afterloader system BRAVOS™ (Varian Medical Systems, Palo Alto, CA, USA)
was utilised for the application of the dose. The same treatment plan and treatment-

planning room were utilised for dose calculations, as well.

The measurements were conducted using a water phantom, constructed of a 30 cm x
30 cm x 30 cm PMMA container that was filled with tap water. The applicator was sub-
merged into the water from the open top of the cube and held in place on a horizontal
stand, the applicator’s distal end pointed towards the floor. Using the built-in measure of
the stand, the applicator was located so that its surface was situated at 120 mm in hori-

zontal direction.

Next to the applicator, a measurement device was similarly submerged and adjusted to
an appropriate distance by using the built-in measure. The measurement device was

pointed horizontally towards the applicator and submerged so that a distance of 30 mm
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remained from its location to the distal end of the applicator in vertical direction. An ex-

ample of this measurement setup can be viewed in Figure 4.

Figure 4. Pictured in this figure is the experiment setup. The applicator was sub-
merged into a 30 cm x 30 cm % 30 cm container filled with tap water, and the
detector was placed on its side with the shielding rotated appropriately for each
measurement.

Dose measurements were performed with four alternative methods, using three types of
detectors, as well as dosimetry film. Of the three detectors, one was chosen to be used

for the eventual comparison between calculations and measurements, in addition to film.

These measurement devices were DEBO050 stereotactic field diode (SFD) (Scanditronix
Medical AB, Vislanda, Sweden), RAZOR™ Detector (Razor) (IBA Dosimetry,
Schwarzenbruck, Germany), PTW-60019 microDiamond (PTW) (PTW Freiburg, Breis-
gau, Germany), and Gafchromic™ EBT3 dosimetry film (Ashland Global Holdings Inc.,
Wilmington, DE, USA). After testing, it was determined that the SFD was a good choice
for conducting the validation process, since the initial readings of doses seemed more
accurate than those achieved with the Razor detector. Additionally, the SFD was more
convenient for multiple dose measurements, given that it does not require pre-radiation
like the PTW.

The radiation source used for the measurement session was Ir-192, which was briefly
introduced in this master’s dissertation in Table 1. The total radioactivity, or the source
strength, of the Ir-192 source was 511.85 GBq (13.88 Ci), as specified in the manufac-
turer’s certificate. For HDR brachytherapy, Ir-192 is the best choice for source of radia-

tion, given its higher specific activity and lower photon energy [8].

The treatment device and the radiation source were also calibrated during measurement

session. This was achieved by using two different well chambers, PTW well chamber
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TW33005 sno 122130 (PTW Freiburg, Breisgau, Germany) and HDR 1000 Plus well
chamber sno A990881 (Standard Imaging Inc, Middleton, WI, USA).

For the calibration, air-kerma strength of the radiation source was calculated using Equa-
tion 8 and Equation 9 introduced earlier in this work. Using these formulae with elapsed
time ¢t = 54.6 d and half-life time for Ir-192 source being T; , = 73.83 d as starting values,
a conversion factor was obtained. This value was used for the calculation of air-kerma
rate by multiplying it with the conversion factor between air-kerma and activity [mGy/Cih]

and the activity of the source, which was 13.88 Ci.

During the measurement session, temperature T was 21.2°C and air-pressure P was
99.76 kPa in the brachytherapy treatment room. Correction factors Cr p for temperature
and pressure for the well chambers were 1.020 (at 20°C) for PTW well chamber and
1.013 (at 22°C) for HDR 1000 Plus well chamber, according to the manufacturer.

The calibration was continued via measurements taken with these two well chambers
introduced in this subchapter. Multiple measurements were taken using these well cham-
bers of which the maximum dose was selected to be used for calibration. Using Equation

10, values for air-kerma rate were obtained.

To conclude calibration, these air-kerma rate values were then compared to the one
calculated based on the activity that the radiation source manufacturer had specified.
The difference was concluded to be within acceptable inaccuracy limits, and thus the

Acuros BV validation protocol was begun.

3.2 Acuros BV Validation Protocol

To validate the Acuros BV in a standard geometry given by the manufacturer, the vali-
dation procedures were followed to ensure successful installation and fulfiiment of re-
quired manufacturer specifications. This was done by following the provided test proce-
dure within the Installation Product Acceptance (Varian Medical Systems, Palo Alto, CA,
USA).

This test procedure included the creation of a TG-43 dose calculation test plan, which
was then imported for Acuros BV dose calculation test. A dose matrix was set up as
indicated in the test procedure and the inhomogeneity corrected dose was calculated
with calculation and reporting medium set as water. The values retrieved from the report
of this calculation were then compared with the provided table of results with a 2% inac-

curacy limit.
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In addition to validation of Acuros BV in a standard geometry, the algorithm was validated

in known reference points via comparison of dose calculations and dose measurements.

The same treatment plan was created and used for both dose measurements and dose
calculations. Initially, multiple dose calculations for applicators with diameters ranging

from 20 mm to 35 mm and all four possible shielding configurations were created.

The applicator with the diameter of 30 mm was chosen for the dose calculations and
measurements performed for this study. This applicator was part of a set of shielded
applicators and could be set to different configurations using quarter-cylinder and half-

cylinder pieces.

For the calculations, the applicator could be chosen from the content library, where cy-
lindrical solid shielded applicators could be selected based on their shield configuration
and diameter. Applicators with 30 mm diameter and shielding configurations of 90°, 180°,

and 270° were selected for calculations.

Treatment plans for each shield configuration were generated, with treatment technique
being interstitial and dose per fraction 2.00 Gy. A water phantom was selected to be
used during the calculations and in each plan the correctly shielded solid applicator was
inserted into the phantom. The applicator was placed in the middle of the phantom, the

distal end reaching the depth of 10.50 cm into the phantom.

After the placement of the applicators, a probe with 10 sources was added into the ap-
plicators. The first and last source positions of this probe were 0.1 cm and 5.0 cm and
the distances between the sources were set as equal. Additionally, the dwell times
needed to be set up similarly to the measurement session. These dwell times are given
in Table 2.
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Table 2. Dwell times for the calculations. Presented also in the table are the positions for each
source in centimetres with time in seconds.

Position [cm] Nominal time [s] Actual time [s]

159.90 9.00 8.35
159.40 8.40 7.79
158.90 7.40 6.86
158.40 6.10 5.66
157.90 4.70 4.36
157.40 4.30 3.99
156.90 5.00 4.64
156.40 6.40 5.94
155.90 7.60 7.05
155.40 8.60 7.98

Reference points for the calculation of dosage in each point were created. Eight refer-
ence points were created and placed on the unshielded side of the applicator and four
points on the opposite, on shielded side. The distances from applicator surface were 0,
1, 5, 10, 20, 30, and 50 mm on the unshielded side, and 0, 1, 5, and 10 mm on the
shielded side. Additionally, twenty reference points were created to be placed on the
surface of the applicator with 18° distance between each point. These reference points

and their locations, as well as the sources, can be viewed in Figure 5.

Two treatment plans without applicator or shielding were created with the same refer-
ence points, as well. This was to conduct a comparison of Acuros BV and TG-43 formal-
ism, given that the TG-43 formalism does not take into account any scatter conditions,

i.e., applicator or shielding materials.
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Figure 5. The locations of the reference points without applicator inserted, only
sources. Sources are indicated in green, while reference points are marked as
blue crosses with their names in red.

After the creation and placement of the reference points, dose calculations were initiated.
Model-based dose calculation could be selected after first conducting factor-based cal-
culation, i.e., the TG-43 formalism. The calculated radiation doses could be viewed by
printing the brief report of the treatment plan.

The dose measurement session began with the validation of the accuracy of the treat-
ment device and the radiation source. This was achieved via calibration, which was de-
scribed earlier in this chapter.

Measurements at the reference points were taken from both the unshielded and shielded
sides of the applicator by manually moving the detector on the stand. Given that the
measurement session partially included testing out different detectors and methods, var-
ying reference points were chosen and more added later on, in some cases. The overall

methodology was similar to dose calculations, however.
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The first round of measurements was conducted using the SFD with the applicator 180°
shielded. For these measurements, the applicator was submerged into the water phan-
tom as described earlier in this work and radiation was applied remotely from the control
room. The afterloader was manually engaged for each round of radiation by initiating the
Last Man Out sequence. The recorded doses from this configuration were written down

by hand after each round of radiation for each reference point.

After the first measurements, other measurement devices were tested using the same
180° shield configuration. For these test measurements, the PTW and Razor were used,
before proceeding onto 90° and 270° shielding configurations, which were measured
using the SFD.

Additionally, dose measurements were taken from the applicator surface using Gaf-
chromic dosimetry film. This was achieved by wrapping an approximately 10.2 cm x 25.4
cm sized piece of film around the applicator before taking the measurements. Tape
wrapped around the middle of the piece of film was used to secure the film firmly in place.
The bottom edge of the film was approximately 12 mm above the distal end of the appli-
cator. For the three film measurements, the shield configurations 90°, 180°, and 270°

shielding were implemented and measured.

3.3 Data Processing

After obtaining measurement data, processing was implemented. Dose measurements
were measured in coulomb (C), while calculations were done in gray, meaning that the
measured doses required appropriate handling and conversion to units in which reliable

comparisons could be conducted.

Converting the measurement doses from coulomb to gray was achieved post-measure-
ment session, after calibration factors were obtained based on dosimetry film measure-
ments. For this, the effective measurement point of each measurement detector was
determined, and calibration factor deduced based on the dose measurements taken with
film in that effective point. Additionally, background radiation and leakage radiation
measured during the measurement session was subtracted from all dose measure-

ments.

After subtraction of background radiation and radiation leakage and multiplying with the
conversion factor, the results of dose measurements were rounded into the same accu-
racy as the original doses and the calculated doses using ROUND function on Microsoft®
Excel® (Microsoft Corporation, Redmond, WA, USA).
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At the end of the measurement session, measurements with dosimetry film were con-
ducted as well, as per to the protocol described prior in this work. Approximately two
days after the radiation of the films, they were scanned at STUK premises using Expres-
sion 12000XL A3 (Seiko Epson Corp., Suwa, Nagano, Japan) scanner. Protective pieces
were placed on both sides of the films to prevent reflections. The dose measured from
non-radiated films was 0.005 Gy, so there was no need to correct the doses on the radi-

ated films.

Isodose images were created from the radiated films using a EBT3 reader software.
Based on the film scans, percentages for dose profiles were obtained, as well. The doses
for comparison with dose calculations were derived from the percentages by calculating
the dose for each point based on the maximum recorded dose of the specific film and

the percentage assigned to the point.

The data obtained from dose calculations and dose measurements was processed using
MATLAB® (MathWorks, Natick, MA, USA). With MATLAB, dose curves and dose pro-

files were plotted.
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4. RESULTS

The validation protocol specified by the manufacturer was produced for the purposes of
this study. Based on this test procedure, it was deemed that the dose calculation program

was successfully installed and working according to manufacturer specifications.

After validation in standard geometry, validation was conducted via dose calculations
and measurements. As described earlier in this study, the validation protocol of Acuros
BV was initiated with calibrations, in which air-kerma rates were calculated. Based on
the specifications given by the manufacturer of the radiation source, the air-kerma rate

calculated at the time of the measurements was 33.72 mGy/h.

Air-kerma rates obtained using well chambers were also calculated. For PTW well cham-
ber, the calculated air-kerma rate was 33.53 mGy/h, while for HDR 1000 Plus well cham-
ber, it was calculated as 33.74 mGy/h. The difference to air-kerma rate calculated using
manufacturer specifications was -0.6% for PTW well chamber and 0.1% for HDR 1000

Plus well chamber.

Calibration factor for the conversion from Coulomb to Gray were obtained from dosimetry
film. For the PTW the calibration factor was 0.99 Gy/nC, while it was 0.218 Gy/nC for the
Razor, and 0.083 Gy/nC for the SFD. The radiation leaks measured and subtracted from
the doses were 0.016 nC for PTW and 0.029 nC for Razor. For SFD, the leaks were
0.031 nC in 90° shielding, 0.033 nC in 180° shielding, and 0.034 nC in 270° shielding.

The validation protocol that was followed to conduct dose calculations and dose meas-
urements was described earlier in this study. Based on this calculation and measurement
data, dose curves were drawn with dose in gray as a function of distance in millimetres.

These curves can be viewed in Figure 6.
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Figure 6. Presented in this figure are the results of dose calculations and dose
measurements. Location in millimetres on the x axis and dose in gray on the y
axis. Dose curves are presented as function of distance of the reference point
from the surface of the applicator, with unshielded points on the left column and
shielded points on the right. Shield configurations on each row from top to bot-
tom; A) 90°, B) 180°, and C) 270° shielded. In magenta is the dose calculated

with TG-43 formalism, in blue the dose calculated with Acuros BV, and in red
the dose measured using SFD.
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Differences between the two dose calculation algorithms can be studied quantitatively
by executing a percentage error calculation between calculated doses and measured
ones. This comparison can be seen in Table 3 for the mean percentage errors, as well
as errors for 5 mm distance from applicator surface, given that this is a typical dose

normalisation point.

Table 3. In the table, the mean percentage errors and percentage errors at 5 mm distance from ap-
plicator surface have been calculated when comparing Acuros BV and TG-43 to measured
doses. The mean percentage error has been calculated for both shielded and unshielded
sides of each applicator shielding.

90° shielding 180° shielding 270° shielding
Un- Shielded Un- Shielded Un- Shielded
shielded shielded shielded

Acuros BV (mean) -12.97% -29.86% -4.70% -38.72%  -7.57% -25.39%
Acuros BV (5mm) -11.00% -32.69% -4.06% -42.67% -6.68% -27.56%
TG-43 (mean) -10.27% 271.4%  0.23% 278.7%  -0.69% 392.2%

TG-43 (5 mm) -8.76% 231.7%  -0.21% 233.9%  -1.72% 355.6%

Dose calculations were also done with Acuros BV and TG-43 in a plan without any ap-
plicators or shielding, to compare the difference between results produced by these two
calculation methods. For dose calculations done on the surface of the applicator, the
difference between the two algorithms was the Acuros BV estimating 1.16% lower dose.
Similarly, Acuros BV calculated on average 1.28% lower dose for unshielded side and

1.01% lower dose for the shielded side of the applicator.

Given that dose measurements in 180° shielding configuration were conducted using
two additional detectors, comparisons between the three different measurements de-
vices can be drawn, as well. The curves drawn with dose as function of distance can be

viewed in Figure 7.
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Figure 7. Dose curves with dose measurements as function of distance using three
different detectors. Unshielded points on left and shielded points on right. The
SFD is presented in red, the PTW in cyan, and the Razor in green.

Based on percentages obtained from the dosimetry film, dose profiles for each shield
configuration could be plotted, as well. These profiles, along with profiles created with
calculations implemented in similar geometry, can be viewed in Figure 8. The dose max-
ima estimated based on the film scans, which were used for the creation of these dose
profiles were 2.38 Gy for the 90° shielded applicator, 2.39 Gy for the 180° shielded ap-
plicator, and 2.38 Gy for the 270° shielded applicator. For dose calculations, the maxi-
mum doses calculated with acuros were 2.06 Gy for the 90° shielded applicator, 2.03 Gy
for the 180° shielded applicator, and 2.02 Gy for the 270° shielded applicator. With TG-

43, the highest dose calculated for all these geometries was 2.11 Gy.

In Figure 9, presented are the scanned dosimetry films, with red indicating higher dose

and blue indicating lower dose.
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Figure 8. Dose profiles for measurement and dose calculations. Location in de-
grees on the x axis and dose in gray on the y axis. From top to bottom; A) 90°,
B) 180°, and C) 270° shielded applicator. The TG-43 displayed in magenta,
Acuros BV in blue, and dosimetry film measurement in red.
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Figure 9. Isodose curves based on dosimetry film measurements, doses ex-
pressed in gray. From top to bottom; A) 90° shielded applicator with dose range
of [0.1 Gy, 2.49 Gy], B) 180° shielded with [0.1 Gy, 2.39 Gy], and C) 270°
shielded with [0.1 Gy, 2.38 Gy]. In each image, areas where red is surrounded
by a white line the dose is greatest, while in areas where dark blue is sur-
rounded by a black line the dose is smallest. Original images courtesy of Petri
Sipila.
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5. DISCUSSION

The aim of this study was to investigate the Acuros BV radiation dose calculation algo-
rithm and perform a quantitative and qualitative comparison of radiation doses obtained
through dose calculations and dose measurements. The TG-43 formalism was also in-
vestigated in the same experiment setup. In addition, a literature review of relevant topics

was conducted, as well.

Looking at the literature, the advantages of model-based dose calculation algorithms
over factor-based ones seem noteworthy. The industry standard, the TG-43 formalism,
whilst considered robust and reliable for most brachytherapy treatment-planning, has
had its fair share of critique in the resent years when held in comparison to model-based
dose calculation methods, such as the Monte Carlo methods, or Acuros BV. The ab-
sence of scatter conditions and the assumed homogeneity of the TG-43 formalism is

what creates the most need for other methods for treatment-planning.

The model-based Acuros BV has previously been described as having accuracy compa-
rable to Monte Carlo based dose calculation methods, while also working more efficiently
than these methods. In this dissertation, the validation of Acuros BV, which is required
for a novel treatment-planning algorithm before clinical implementation, was achieved.
This validation was done in a standard geometry, as well as using a shielded applicator

set designed for intracavitary HDR brachytherapy.

During the validation protocol, dose calculations obtained with Acuros BV and TG-43
were held in dosimetric comparison to the dose measured in same reference points.
From Figure 6, it can be seen that the overall shape of the dose curves is quite similar
between different calculation or measurement methods. Regardless, for the shielded
side in all shielding geometries, the dose estimated by the TG-43 is considerably higher
than the dose estimated by Acuros BV. For unshielded applicator geometries, both Acu-

ros BV and TG-43 seem to estimate the radiation dose quite well.

When studying the mean percentage errors, it can be seen that the deviation from the
measured dose is considerably higher on the shielded side than on the unshielded side
of the applicator, similarly to visual estimation. This is particularly the case for doses
calculated using the TG-43 formalism. This was to be expected, however, given that the
TG-43 does not take shielding or applicator geometries into consideration in its working
principle. Additionally, the error between dose calculations and dose measurements

seems to grow the farther the reference point is from the applicator surface.
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Interestingly, while performing poorly on the shielded side of the applicator, the TG-43
formalism estimates the doses to the unshielded side of the applicator with a smaller
average percentage error than Acuros BV. The smallest average percentage error for

both these algorithms is created on the unshielded side of the 180° shielded applicator.

When comparing these algorithms, it can be noticed that the TG-43 formalism tends to
overestimate the dose, while Acuros BV tends to underestimate it. The TG-43 formalism
typically performs within 2% accuracy of measured doses, or calculated doses with
Monte Carlo methods [47]. With Monte Carlo dose calculation, accuracy of 1% can be

achieved even in the near field of a HDR brachytherapy source [48].

For brachytherapy dose calculations, a suggested goal for accuracy is 3% at 5 mm dis-
tances [49]. However, in this study, the calculations and measurements of doses were
conducted at distances of 15 mm from the source at minimum, given the diameter of the
applicator. Additionally, this study was conducted on a shielded applicator, for which
there seems to be no suggested goal for accuracy [49]. If we regardless study the errors
at this distance from applicator surface, based on the results from Table 3, it can be seen
that none of the results for Acuros BV are acceptable with this accuracy limit. For TG-
43, only the errors calculated from the unshielded side of 180° shielded and 270°

shielded geometries are beneath 3%.

The AAPM recommends brachytherapy dose delivery accuracy to remain between 5%
and 10%, with the source calibration accuracy within 3% for LDR brachytherapy [50]. For
HDR brachytherapy, the AAPM recommends creating a quality assurance program fol-
lowing the same recommendations for accuracy and safety as is recommended for LDR
brachytherapy [51]. For these reasons, the estimation of accuracy of Acuros BV will be

conducted using recommendations for LDR brachytherapy, as well.

As detailed earlier based on visual estimation of the dose curves, Acuros BV performs
more accurately on the unshielded side than on the shielded side of the applicator. The
percentage error for most reference points is beneath the limit of 10% when compared
to measurements. All calculations for the unshielded side for 180° shielded applicator
were between 5% and 10% deviation from the measured dose, while all but the calcula-
tion for last reference point at 50 mm distance from the applicator surface, were beneath
10% for the 270° shielding. For the 90° shielding, only the error for the dose calculated

at the surface of the applicator was beneath 10%.

For the TG-43 formalism, the deviation of the dose calculation from dose measurement
was considerably smaller on the unshielded side of the applicator. While the 90° shield-

ing generated error within the recommended range of accuracy for reference points from
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surface up to distance of 10 mm from surface, the rest of the error for other shielding

configurations and reference points remained beneath 3%.

For the shielded side, neither of the algorithms produced results beneath 10% percent-
age error when compared to measurements, with the exception of dose calculated with
Acuros BV at the surface of the applicator for 270° shielding. However, the differences
between these two algorithms are even more pronounced on the shielded side. Acuros
BV underestimating the dose by 29.86% for 90° shielding, by 38.72% for 180° shielding,
and by 25.39% for 270° shielding, on average. On the other hand, TG-43 formalism
overestimates the dose by 271.4% for 90° shielding, by 278.7% for 180° shielding, and
by 392.2% for 270° shielding, on average. This is a considerable difference, which should
be taken into account during treatment-planning. These percentages and their computa-

tion method can be studied further in Appendix A.

Additionally, error was calculated during source calibration. Both error calculations re-

sulted in values within acceptable limits.

If we study Figure 7, which presents us the three detectors used in measurement, it is
evident that the dose measured by the PTW is lower than what was measured by the
SFD, or the Razor, for that matter. After calibration, doses for the PTW could be obtained
based on the conversion factor. When compared to values obtained from dosimetry film
in the same point, it was noticed that the PTW gave the most accurate result, followed
by the SFD and the Razor, in that order. Based on these observations, we can speculate
that the dose measured by the SFD may be greater than the true dose, indicating that
the mean errors shown by Acuros BV could in turn be smaller. However, this would have

to be proven in a further study.

Dose profiles were also created for the purposes of this study. When comparing dose
profiles created with dose calculations against dose profiles based on dosimetry film
scans, it must be noted, that precise comparison of dose values is not possible when
studying the results presented in Figure 8. This is since the profiles based on dosimetry
film were plotted based on the percentages obtained from the film scans and the maxi-
mum values measured on the films. This affects the scaling of the dose profiles and the
overall values of the doses, meaning that individual values for doses are not correctly

presented in the profiles.

For instance, the estimated minimum value of the curves appears smaller on the profiles,
than what was estimated previously. Additionally, the film was wrapped around the ap-
plicator, overlapping at some parts, meaning that the doses could not be recorded uni-

formly across the surface, but rather with slight variance to the location of each point.
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Another aspect affecting the reliability of the dosimetry film measurements is the leakage
radiation, which can be witnessed in Figure 9, represented in red at the corners and
sides of the isodose images. An artefact can be seen in the isodose curve for 270°

shielded applicator, as well.

However, the overall shapes of the dose profiles are still reliable and usable for compar-
ison with dose profile calculations. We can, for instance, see the slightly greater and less
defined dose on the unshielded areas of the applicator, as well as the less sloped and
gentle curve when dose decreases over the shielding material, and then increases out-
side it, when compared to Acuros BV. As expected, the TG-43 formalism does not take

the shielding into account in its dose calculation.

Retrospectively, it can be said that this study could have benefited from repetition of dose
measurements and dose calculations for increased accuracy and precision. Similarly,
this validation protocol was only implemented using one applicator of the possible five
included in the shielded applicator set. This, however, is acceptable, since the size and
diameter of the quarter pieces used for shielding remains the same for each applicator,
i.e., only the thickness of the surrounding acrylic applicator is altered when switching
between different applicators. The accuracy of the study could have been improved with
a more reliable method of dose profile construction of dosimetry film measurements, as

well, given that this method is a very accurate dose measurement technique.

By repetition of the experiment, error sources noticed during dose calculations and
measurements could also be observed and addressed more in depth. For the measure-
ment session conducted for this study, however, error could have been caused by im-
precisely set applicators and the shielding materials within, which were rotated and set
by hand. Measurements were also taken by moving the detector on the stand by hand,

which could disturb the experiment setup or cause minor differences to results.

During dose calculations, reference points were likewise set by hand, although they
could later on be corrected by inputting precise values into the treatment-planning sys-
tem. Applicators and shielding were still set by hand, and the isodose curves visually

estimated and corrected when creating the treatment plan.

Other limitations of this study include the use of a water phantom, meaning that doses
and dose distributions were not studied in tissue. Water is merely a representation for
tissue and does not account for heterogeneities or anatomies present in tissue. Even
though the pelvic area is quite water equivalent, in this study the effect of tissue was

completely ignored.
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Additional sources of error for this study can be found in data processing, where results
were rounded or converted from one unit to another using different conversion factors.
Human error when recording doses during measurement session, as well as later on
when copying calculated and measured doses between different programs and software,

cannot be ignored, either.

It is important to take into account these limitations and characteristics of the Acuros BV
algorithm and this validation protocol, given the inherent risks of HDR brachytherapy.
When implementing HDR brachytherapy, doses to target, as well as surrounding tissues
and organs at risk, is much greater than in LDR, and this should be considered in the
assessment of treatment plan accuracy. In treatment-planning, risks may arise for in-
stance from inaccuracies in dwell times and dwell positions, or from image reconstruction
when using 3-dimensional imaging techniques. Possibility for human error is present in
many phases of the treatment, beginning at diagnosis and the imaging of the patient, to
the creation of the treatment plan and its implementation with the use of applicators and
other relevant machinery. Error in dose calculation is only one part of the cumulative
inaccuracy that is generated throughout the whole treatment regarding individual pa-

tients.

An update on the estimation of Acuros BV accuracy using the results of this study could
be conducted when guidelines for shielded applicator and HDR brachytherapy are de-
fined better. The need for additional research on brachytherapy source calibration and

dose delivery accuracy has been acknowledged by the AAPM, as well [52].

While retaining significant inaccuracy, the Acuros BV algorithm for gynecological HDR
brachytherapy still holds much promise. In recent years, Acuros BV has garnered much
attention, leading to reports on validations for its use in HDR brachytherapy. Similarly to
this study, it has been reported that the TG-43 estimates higher doses than Acuros BV
[54]. The overall accuracy of Acuros BV has been reported in these studies, as well.
Validation has also been performed in a quite similar setting, for HDR brachytherapy with
a shielded cylinder applicator, where high accuracy for Acuros BV was achieved [55].
Given that the topic is relatively recent, other studies regarding Acuros BV validation

have been conducted but not yet peer-reviewed, also.

As discussed, shielded applicators combined with a dose calculation algorithm that takes
into account inhomogeneities and scatter conditions has a potential to be implemented
for a more individualised brachytherapy treatment for certain patients, while reducing

dose to organs at risk, toxicity, and other side effects. While the application areas for
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these specific applicators are quite slim, quantifiable knowledge on the accuracy of Acu-
ros BV is regardless significant for clinical use. Given that Acuros BV can be utilised for
other brachytherapy treatments as well, it is important to have data on its overall accu-

racy.

Within the boundaries of our experiment setup and methodology, the research questions
to this dissertation have been answered; Acuros BV does estimate the does quite well,
mostly within the AAPM recommended accuracy between 5% and 10%, but only for the
180° shielding and 270° on the unshielded side of the applicator. If this methodology is
implemented during HDR brachytherapy treatment, the underestimation of doses needs
to be addressed somehow. For the implementation of the 90° shielding geometry, this
measure is critical, given the greater error associated with this shield configuration. For
the unshielded side, the TG-43 formalism seems to perform better on average, but

grossly worse for the shielded side, as it typically overestimates the dose.

With these aspects in mind, the use of Acuros BV is recommended for gynaecological
HDR brachytherapy treatments when using this specific applicator set, given the overall
greater accuracy over the TG-43 formalism in this particular setting. The underestimation
of dose, particularly for the shielded side of the applicator, that was reported in this study,
however, needs to be addressed. A correction factor that recognises the underestimation

of dose is suggested to be applied during treatment-planning and implementation.
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6. CONCLUSIONS

In this study, the validation protocol for Acuros BV was implemented. Dose calculations
and dose measurements with similar reference points and applicator shielding geome-
tries were conducted, using both Acuros BV and the TG-43 formalism for dose calcula-
tions. It was found that Acuros BV slightly underestimates the dose when compared to
measured dose, more so on the shielded side of the applicator. Acuros BV performed
mostly within 10% inaccuracy limit for 180° shielding and 270° shielding configurations
on the unshielded side of the applicator, while producing more error for the 90° shielding
geometry, and all geometries on the shielded side of the applicator. The TG-43 formal-
ism, on the other hand, slightly overestimates dose, significantly so, when studying the

shielded side of the applicator.

Dose profiles plotted based on dosimetry film were also obtained. The overall shape of
these profiles tells us that Acuros BV estimates the dose quite well but retains a less
drastic slope when dose decreases or increases around the shielded portion of the ap-

plicator when compared to dosimetry film.

With the validation of Acuros BV algorithm for a shielded applicator set, HDR brachy-
therapy treatments may be implemented using the algorithm and the applicator set used
for the validation protocol of this study. The validation also gives us information on the
overall accuracy of the algorithm, so the benefits of its use can be considered for other
application areas, as well. Potential benefits for use of this algorithm combined with

shielded applicators are mostly patient-centred.

However, given the noteworthy underestimation of dose exhibited by Acuros BV, partic-
ularly on the shielded side of the applicator, a method of compensation that acknowl-
edges this needs to be implemented. This method could be a correction factor, for in-
stance. The results of this study could also be updated when there are more defined

guidelines available for inaccuracy limits for HDR brachytherapy for shielded applicators.
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APPENDIX A: PERCENTAGE ERRORS

The differences between dose calculations and dose measurements were calculated us-
ing the formula for percentage error

Estimated Number - Actual Number
Percentage Error = x 100, (12)
Actual number

based on which the amount of error as well as the direction of the deviation from meas-
urement dose could be concluded. The results for this comparison for Acuros BV and
the TG-43 formalism can be viewed in Table 4, with the exception of dose at 1 mm dis-
tance from applicator surface at 180° shielding, since there was no measurement data
for this point.

Table 4. Percentage errors for reference points on unshielded and shielded sides of the applicator.
Results in percentages and from top to bottom; at distances 0, 1, 3, 5, 10, 20, 30, 50 mm
from applicator surface for unshielded side, and at 0, 1, 5 and 10 mm for shielded side.
Means from top to bottom; unshielded and shielded. To results missing for 180° shielded
applicator at 1 mm distance from surface. Results are rounded.

Acuros BV TG-43
90° 180° 270° 90° 180° 270°
Unshielded | -9.66 -5.09 -4.49 -7.73 -1.87 -0.61
-10.5 -4.20 -6.69 -8.56 -0.87 -2.67
-10.2 -3.80 -6.74 -8.12 -0.18 -2.25
-11.0 -4.06 -6.68 -8.76 -0.21 -1.72
-11.5 -3.25 -6.50 -9.13 1.08 -0.58
-13.2 -4.10 -7.61 -10.4 1.20 0.17
-16.1 -5.08 -9.04 -12.6 1.60 1.06
-21.6 -8.02 -12.8 -16.7 1.07 1.07
Shielded -12.4 -19.4 -6.45 | 433.5 457.6 578.0
291 | — [-270 | 281.6 - — 3870
-32.7 -42.7 -27.6 | 231.7 233.9 355.6
-45.2 -54.1 -40.6 138.7 144.6 248.2
Mean -12.97 | -4.70 -7.57 -10.3 0.23 -0.69

-29.9 -38.7 -25.4 271.4 278.7 392.2



