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ABSTRACT 

THESIS: Verifying Monitor Unit Calculations for Tangential Whole-Breast Fields in Three-

Dimensional Planning 

STUDENT: Priscilla A Asigbee 

DEGREE: Masters of Science in Physics 

COLLEGE: Science and Humanities 

DATE: May 2014 

PAGES: 56  

Breast conservation radiotherapy makes use of tangential fields and wedges for dose uniformity.  

An important part of quality assurance is to verify the monitor unit calculations or the time 

calculated to deliver the required dose to the patient. For breast tangential fields, monitor unit 

differences between primary calculations and secondary checks are usually larger than would be 

acceptable at other anatomic sites. A simple model that would reconcile the differences based on 

estimating a new equivalent field size was analyzed. The model was able to correct the dose 

predicted by Radcalc which was the simulation program used as the secondary check, to 

reconcile that with the measured dose obtained from a water phantom, which was our primary 

calculation. The percentage differences between Radcalc and that of the measured dose were 

within ±5%.  
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Breast cancer is the second most common newly diagnosed cancer and the second 

leading cause of cancer death among women in the United States. The chance that breast cancer 

will be responsible for a woman’s death is about 1 in 36 (about 3%). In 2011, there were an 

estimated 230,480 new cases of invasive breast cancer with an additional 57,650 in situ cases of 

breast cancer and an estimated 39,520 deaths in women. However, deaths from breast cancer 

have been declining since 1989, with larger decreases in women younger than 50. These 

decreases are believed to be the result of earlier detection through screening and increased 

awareness, as well as improved treatments [1]. 

The process of treatment includes adjuvant radiation therapy after surgery and is one of 

those improvements. Adjuvant radiation therapy is delivered after a cancer is treated with 

primary therapy. For most breast cancers, the primary therapy is usually surgery, used to remove 

the cancerous growth or reduce the size of the tumor. This is followed with the adjuvant therapy 

involving the use of radiation and or chemotherapy. This radiation consists of focused x-rays 

directed externally to the tumor site to destroy any remaining cancer cells. This is done to 

prevent reoccurrence in the same organ or limit the spread to healthy neighboring tissues. 

The aim of radiation therapy is to deliver a tumorcidal radiation dose to the target 

volume, while sparing normal tissues. The amount of dosage delivered to the target volume is 

often limited by the tolerance dose of surrounding tissues. However, small changes in the dose to 

the target volume can result in a huge impact on the clinical outcome. It is because of this that it 
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is vitally important that the radiation therapy be planned and treated accurately.  Radiation 

therapy treatment planning calculations for breast cancer, located on the chest wall, are complex 

due to missing tissue, lack of scatter and the presence of lung tissue within the treatment field. 

Therefore, the requirement of an independent verification of the monitor units (units of the linear 

accelerator radiation dose delivery) and the time needed to administer the prescribed dose to the 

patient are both essential parts of treatment planning for quality assurance. The American 

Association of Physicists in Medicine (AAPM) and the International Atomic Energy Agency 

suggests that all treatment plans be reviewed before treatment or before 10% of the total dose is 

delivered. In addition, if the independent calculation differs by more than ±5%, the cause of the 

difference should be resolved before treatment starts or is continued [2][3]. 

1.2 Tangent Breast Fields 

For tangential-breast fields, the monitor unit differences between the primary calculations 

and the independent calculation comparisons are usually larger than would be considered 

acceptable. This is due to decreased scatter resulting from little surrounding tissue after surgery. 

Primary calculation of breast-tangent and post mastectomy chest wall fields combine complex 

external contours and field borders outside the body, which results in a significant amount of 

missing tissue while secondary checks, usually performed with simpler algorithms, assume full 

scatter  conditions. This therefore results in an overestimate of the scattered dose to the 

calculation point in the secondary check and an underestimate of the primary monitor unit, which 

is required to deliver the desired dose. The treatments Monitor Units (MUs), which determine the 

dose delivered by the machine, were historically calculated manually. These calculations make 

use of beam profiles, depth dose curves and other correction factors from data measured directly 
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on phantoms using the treatment machine, then published in tables. These manual calculations 

were relatively simple and therefore Monitor Unit checks were simply a secondary independent 

check of the original calculations to ensure that the correct factors had been used, and that the 

original calculation was performed correctly. However, with the advancement in computer 

technology the task of the primary monitor unit calculations has been abdicated to Treatment 

Planning Systems (TPSs). These systems are capable of performing more sophisticated 

calculations than the manual method. A modern treatment planning system consists of a 

computer system and a software package which is designed to use a model of a linear accelerator 

to form a plan of a virtual patient. The virtual patient is typically a computed tomography dataset 

of the patient that is provided by Computer Tomography (CT) simulation. The virtual linear 

accelerator is then created by entering the required physical parameters of the machine into the 

treatment planning system and uses either the measured beam data such as depth dose, output 

factors and beam profiles or a beam model to compute doses closely matching those delivered by 

the treatment machine. The plan developed on the treatment planning systems is used to 

determine the beam angles, field sizes, wedges, monitor units and other treatment parameters 

needed to treat the patient. The dose calculation takes into account factors such as tissue in 

homogeneities, patient contours and blocked fields [4]. 

Even though modern treatment planning systems are more sophisticated than the manual 

monitor unit calculations, radiation planning errors can occur due to software faults and improper 

data input. [5] This is why there is a need for an independent monitor unit check. The monitor 

units that are required to deliver the planned dosage to a single point for each beam are 

calculated and then compared to that of the treatment planning system. The aim of this check is 

to ensure that the treatment planning system is using the correct data and that it has performed 
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the dose and monitor unit calculations correctly. In this research, the independent secondary 

check was done using a commercial monitor unit software package called Radcalc, produced by 

Lifeline Software Inc. [6]. The monitor unit calculations done with Radcalc will be modified and 

compared to the primary monitor unit calculations which will be done by Monte Carlo 

simulation.   
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

The amount of radiation dose directly delivered to a location of interest in a patient by a 

radiation beam traversing the patient is often measured using tissue equivalent materials called 

phantoms. Measurements are usually made using ionization chambers at incremental depths 

along the central axis of the radiation beam. These measurements are then expressed as fractions 

of the amount of radiation measured at a reference depth. The fractions are then described as 

fractional (or percentage) depth doses, tissue air ratios and tissue phantom ratios. These 

measurements were not manually calculated for this thesis. 

2.2 Monitor Unit 

Monitor Units refer to the quantity of the radiation dose delivered to the patient during 

treatment. One monitor unit is mostly equal to a specific dose of radiation, at a specific depth in a 

phantom for a beam of a particular energy with a particular field size and at a certain distance 

from the target [7]. Monitor Units can be calculated manually or with the use of computer 

programs which use electronic data protocols. Manually calculated monitor units are calculated 

using one of two commonly used methods: the fixed Source to Surface Distance (SSD) method 

or the isocentric method. The formula for the fixed SSD method is based on the method 

described by Khan [8] which is given in Equation (1). 

    
         

                                         
    (1) 

The formula for isocentric method is given in equation (2). 
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 .    (2) 

In these equations, Dose refers to the absorbed energy per unit mass (measured in units of 

cGy), CF is the calibration factor, PDD is the percentage depth dose, TPR is the tissue phantom 

ratio, Sc is the collimator scatter factor, Sp is the phantom scatter factor, OAR is the Off-Axis 

Ratio, ICF is the inhomogeneity correction factor, BCF is the block correction factor, SSDF is 

the source to surface distance factor, MF is the Mayneord factor, and ISF is the inverse square 

law factor. 

2.2.1 Percentage Depth dose 

Percentage Depth Dose (PPD) is the characterization of the central axis dose distribution 

as it varies with depth. For a fixed Source to Surface Distance (SSD), the dose at any point along 

the central axis is normalized to the dose at a reference depth, often referred to as the maximum 

dose depth (dmax). The percentage depth dose is expressed as: 

     
  

     
     ,     (3) 

where Dd is the absorbed dose at any depth d, and Ddmax is the absorbed dose at a fixed reference 

depth.  

The percentage depth dose distribution along the central axis is dependent on the beam 

quality or energy, field size and shape, source to surface distance (SSD) and the beam 

collimation. Figure 2.1 shows the set up for measuring a typical percentage depth dose. 
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Figure 2.1 A diagram of the set-up used for measuring percentage depth doses. The percentage 

depth dose for a given beam at depth d, is given by dividing the dose at the point Dd by the dose 

at the reference point Ddmax, for a fixed source to surface distance. 

For x-rays generated at lower voltages (below 400kVp), the reference depth occurs at the 

surface of the phantom while for higher energies the reference dose occurs at the position of the 

peak of the absorbed dose. 
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Figure 2.2 An example of percentage depth dose curve. The curve was measured using 6MV, for 

a 10 x 10cm field size. 

2.2.2 Tissue Phantom ratio 

Another method for accounting for the differences in dose with depth is to use Tissue 

Phantom Ratios (TPR). Tissue Phantom Ratio is very similar to PDD, except that it takes into 

account a fixed Source to central Axis Distance (SAD) instead of a fixed SSD. It is defined as 

the ratio of the dose at a given point in the phantom to the dose at the same point at a fixed 

reference depth. With reference to Figure 2.3, it is expressed as: 

     
  

       
     (4) 

Where    is the dose at a given point in the phantom at a depth d and       is the dose at a fixed 

reference depth     . 
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  Tissue Phantom Ratios are very important for Monitor Unit calculations involving 

isocentric fields where SSD may vary, but SAD remains constant. TPRs are dependent on beam 

energy, as well as field size. Tissue Maximum Ratio (TMR) is a special case of TPR, where the 

doses are normalized to the dose at the depth of maximum dose. The set-up for TPR and TMR is 

shown in Figures 2.3 and 2.4. 

 

Figure 2.3 A diagram of the set-up used for measuring tissue phantom ratios. The tissue phantom 

ratio at depth d for a given beam arrangement, is given by dividing the dose at that point Dd, by 

the dose at the reference depth Ddmax, for a fixed SAD. 
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Figure 2.4 A diagram given the set-up for tissue maximum ratio. TMR is a special case of TPR 

where the reference depth dref used for comparison is at the depth of maximum dose Dmax. 

2.2.3 Collimator Scatter Factor 

 The Collimator Scatter factor (Sc), also known as the Output factor in Air or the Head 

scatter factor corrects for the scatter effects external to the Phantom, which influences the beam 

output. Some of these effects include the increase in scatter contribution to the primary beam 

from the collimator as the field size increases, the increase in scatter from the flattening filter as 

the field sizes increase, and reduced back scatter from the top surface of the collimator jaw into 

the monitor unit chambers as the field size increases [9]. Collimator Scatter factor is defined as 

the ratio of the output in air for a given field to that for a reference field. Collimator scatter factor 

may be measured with an ion chamber with a buildup cap with a large size, enough to provide 

maximum dose buildup for the given energy beam or in a mini-phantom [10]. Collimator Scatter 

factor was initially introduced for the determination of Phantom Scatter Factor [11]. A diagram 

showing the set-up for collimator scatter factor is shown in figure 2.5. 
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Figure 2.5 Diagrams showing the different methods for measuring collimator scatter factor. Sc is 

given by dividing the dose for a given field size by the dose at the reference field. 

2.2.4 Phantom Scatter Factor 

 Phantom Scatter factor (Sp) is used with Collimator Scatter factor to account for the 

increase in scattered radiation produced in the phantom caused by an increase in the field size. It 

is defined as the ratio of the scattered dose at a reference depth for a given field size to the 

scattered dose at the same depth for a reference field size [12]. Phantom Scatter factor is derived 

from the total scatter correction factor (    ), divided by the collimator scatter factor for the same 

collimator defined field size.    describes the influence of the scatter that originates in the 

phantom only [13]. The total correction factor is defined as the ratio of the dose for a given field 

at a given depth and the dose for the reference field size at the same point and depth.    varies 

directly with photon beam energy. The equation for determining    is given as; 

         
    

  
 .     (5) 
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The set-up for the measurement of      is shown in Figure 2.6. 

 

Figure 2.6 A diagram showing the set-up for measuring total scatter factor. Measurement is done 

in a phantom at a fixed depth and at a fixed SSD.      is given by dividing the dose at a given 

field size by the dose at the reference field size. 

2.2.5 Off Axis Ratio 

The Off Axis Ratio (OAR) is the absorbed dose at an off axis distance х, relative to the 

absorbed dose on the central axis at the same depth [14]. Off Axis Ratios account for the 

variation in dose for points that are not on the central axis and are given as: 

     
  

  
      (6) 
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Figure 2.7 A diagram to illustrate the set-up for measuring off axis ratios. Measurements are 

performed at a fixed depth and Source to surface distance in a phantom. OAR is given by 

dividing the dose at a point x from the central axis, by the dose on the central axis. 

2.2.6 Inhomogeneity correction factor 

 In Monitor Unit calculations, the isodose charts for depth dose tables and the other 

factors used assume a homogeneous unit density medium. However in cases where the 

calculation point is in or behind a heterogeneous region such as bone, muscle, or lung tissue, the 

attenuation of the primary beam and the dose scattered and deposited at the calculation point will 

not be the same as for a homogeneous medium. There are two methods commonly used to 

account for tissue inhomogeneity effects in manual monitor unit calculation. They are the 

“Equivalent Path Length Method” (EPL) and the “Batho Power Law Method”.  
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Figure 2.8 A diagram showing a simple water equivalent phantom containing slabs of different 

electron density relative to that of water. The point of dose calculation is at P. 

Figure 2.8 is a schematic diagram of an inhomogeneity of electron density    relative that of 

water. The materials preceding and following the inhomogeneity are water equivalent with 

relative electron density(    ).  

  The Equivalent Path Length method [15] is the simplest method to correct for 

inhomogeneity, and its calculates a new path length namely,       , which is based on the 

electron densities of the different structures between the phantom surface and the measurement 

point. The new path length is given as; 

            ∑ (   )       (7) 
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where     are the thicknesses of the tissues with different relative electron densities    

lying above the calculation point P.  

 The effective depth to the calculation point P is the thickness of water-equivalent tissue 

that would attenuate the radiation by the same amount as the actual tissue along a fan line 

between the surface and point P [16]. The dose at a point below the inhomogeneity can be 

obtained by applying the correction factor; 

         
   (       )

   (   )
  (

         

     
)     (8) 

Where PDD (dequi) is the percentage depth dose for the corrected path, PDD (d) is the percentage 

depth dose for the actual path and SSD is the Source to Surface Distance.  

A slightly more precise implementation of the equivalent path length approach is the Tissue 

Phantom Ratio method [17,18], which is calculated by taking a ratio of the TPR for a new 

equivalent path depth and the field size r, with the TPR for the physical depth and field size r. 

The correction factor applied to the uncorrected dose is given as:  

     
    (       )

   (   )
     (9) 

where TPR is the Tissue Phantom Ratio. 

This method only takes into account changes in attenuation of the primary radiation. It 

does not take into account changes in scatter conditions, or the position of the inhomogeneity in 

relation to the calculation point. 

 The Batho Power Law Method, proposed by Batho [19] and Young and Gaylord [20], 

which was later refined into a more general form by Sontag and Cunningham [21] is given as: 
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    (     )     

    (       )     
     (10) 

Where ρ3 is the density of the material in which point P lies (figure 2.8), and d3 is its depth 

within the material, ρ2 is the density of the overlying material and (d2 +d3) is the depth below the 

upper surface of it.  

This method takes into account the position of the inhomogeneity relative to the 

calculation point, and also can correct for calculation points within the inhomogeneity. As with 

the Equivalent Path-Length Method, the Batho Power Law Method assumes that each 

homogenous and inhomogeneous region is infinite in the lateral plane. Tang et al compared the 

Equivalent Path Length Method and the Batho Power Law Method using a heterogeneous 

phantom containing layers of polystyrene and cork. Their results showed that the Batho Power 

Law Method performed better for beam energies greater than 10MV, while the Equivalent Path 

Length Method overestimates the dose for all energies [22]. 

2.2.7 Source to Surface Distance Factor 

PDD is a suitable quantity for calculations involving SSD techniques; this is because 

PDD determines the dose that can be delivered at depth relative to the surface dose or the 

reference depth Dmax. When patients are treated at an SSD different from the standard, the PDD 

is not sufficient by itself. For PDD calculations where a non-standard SSD is used, the inverse 

square change in the photon fluence at the calibration point is taken in to account by using a 

Source to Surface Distance Factor (SSDF) given as: 

      [
            

             
]
 

     
(11) 
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Where SSDref is the reference source to surface distance, dref is the reference depth and SSDcalc is 

the source to surface distance at the calculation point.  

Since a change in the SSD causes a change in the PDD at a depth, due to the inverse 

square law, an approximate method for accounting for this effect is the Mayneord Factor (MF): 

    (
             

           
)

 

 (
             

               
)

 

    (12) 

2.2.8 Inverse Square law factor 

The inverse square law factor accounts for the difference in distances from the Source-to-

Point of dose prescription relative to the point of Monitor Unit specification. For TPR 

calculations for non-standard SAD, the inverse square law factor used to account for the Inverse 

Square change in the photon fluence is given as; 

    (
   

          
)

 
    

(13) 

Where SCD is the source to calibration point distance and SSD +       is the source to point 

distance along the central axis. 

2.2.9 Block Correction Factor (BCF) 

When Multileaf Collimators or blocks are used for the creation of irregular shaped fields, 

a correction to the monitor unit calculation must be applied to account for the difference in TPR 

or PDD and phantom scatter between irregular fields and the rectangular fields for which data is 

tabulated. The method for accounting for field blocking is the percentage blocked method, where 
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the proportion of the beam that is unblocked is calculated and is used to determine a new 

equivalent square that represents the area of the blocked fields. The BCF is given by:  

    
    (          )

   (       )
 

   (        )

   (      )
   (14) 

 This method does not take into account the specific shape of the block, and assumes that 

the TPR and Sp will be the same for the irregular field as for a square field of the same size. 

2.3 Definition of terms 

Intensity Modulated Radiation Therapy 

Intensity Modulated Radiation Therapy (IMRT) is a precise technique of external beam 

radiotherapy, using computer generated images. During treatment, thousands of very thin 

radiation beams are aimed at the target and each beam is programmed to a different intensity and 

different angles [24]. The aim of IMRT is to fit a uniform dose distribution to a specific target or 

tumor and spare dose to the surrounding healthy tissues. It can be achieved using physical 

wedges, dynamic wedges and compensators, however, most modern linacs commonly achieve 

intensity modulation using multileaf collimators [25]. The treatment is carefully planned using a 

3-D computed tomography of the patient with computerized dose calculation to determine the 

dose intensity pattern that will conform to the shape of the tumor. 

A Multileaf Collimator (MLC) is an important new tool for radiation therapy dose 

treatment, which can be used in place of standard blocking. A MLC consists of 20 to 60 pairs of 

tungsten leaves that have a typical width of 10mm or less. [26] Unlike standard block, the 

multileaf collimator is inside the head of treatment unit. The leaves of the MLC are controlled by 
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individual motors and therefore can operate independent of each other. The shape of the MLC 

can be obtained by the aid of the treatment planning system (TPS). A Varian 120 leaf MLC is 

shown in Figure 2.9. 

 

Figure 2.9 A Varian 120 leaf MLC with leaves extended. 

3D Conformal Radiation Therapy  

3D Conformal Radiation Therapy (3DCRT) is a type of external beam radiation treatment 

planning. Computer software calculates a 3D virtual model of the patient and the information 

from that virtual model is then used to plan the radiation treatments. During 3D conformal 

radiation therapy, multiple beams of radiation will conform to the tumor size and shape, limiting 

exposure to nearby tissue and organs. It is ideal for tumors with irregular shape. Steven et al. [27] 

listed the three main goals of 3DCRT as: To define the tumor in three dimensions (that is to 

ensure that the entire planning treatment volume is within the high dose region), to shrink the 

margins where possible (due to better tumor localization and immobilization), and to better 

quantify the radiation dose to normal tissue. 
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Clinical target volume (CTV) 

Following International Commission on Radiation Units and Measurements ( ICRU) 50 

and 60 guidelines [28, 29], the Clinical Target Volume (CTV) consists of the Gross Tumor 

Volume and the microscopic disease that might be present but cannot be seen, and areas 

considered to be at risk and requiring treatment (such as the lymph nodes). It therefore represents 

the true extent and location of the tumor.  

Gross Target Volume  

Gross Target Volume (GTV) is the gross demonstrable extent and location of the tumor. 

It consists of the primary tumor, metastatic lymphadenopathy, or other metastases. Delineation 

of GTV is possible if the tumor is visible or demonstrable through imaging. GTV cannot be 

defined if the tumor has been surgically removed. 

Planning Treatment Volume  

Planning Target Volume (PTV) includes gross tumor, clinical and internal target 

volumes. It is a geometrical concept, and it is defined to select appropriate beam arrangements 

taking into consideration the net effect of all possible geometrical variations, in order to ensure 

that the prescribed dosage is absorbed in the CTV. PTV takes into account the Internal Margin 

(IM) and the Set-up Margin (SM). The IM defines uncontrolled anatomical movements, while 

SM relates to the reproducibility of patient set-up. 

Internal Target Volume  

The Internal Target Volume (ITV) consists of the CTV plus an Internal Margin. The 

internal margin takes into account the variations in size and position of the CTV relative to the 
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patient’s reference frame; that is, variations due to organ motion such as breathing and bladder or 

rectal contents. (ICRU report No. 62). Figure 2.10 the graphical representation of the PTV, ITV, 

CTV and GTV. 

 

Figure 2.10 Graphical representations of target volumes (GTV, CTV, PTV and ITV). 

Computed Tomography  

The Computed Tomography (CT) scan is a method of taking an image of the body. It is a 

procedure that uses x-ray equipment to produce a clear 3D image of the body that shows normal 

anatomy as well as abnormalities. A CT scan can help identify a GTV [30], which is delineation 

of the target volume and the surrounding structures in relation to the external contour and also 

provide a quantitative data for tissue heterogeneity corrections. 

Heterogeneity Corrections 

Heterogeneity Corrections account for the effect of the difference in tissue density and 

composition in the body. The corrections need to be taken into account for radiation therapy due 

to radiation reacting differently in each type of density in the body. [31]. 
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Ionization Chamber 

The Ionization Chamber is a cylindrical shaped gas filled chamber, paired with an 

electrometer and is used to collect point dose measurements of treatment fields. It consists of a 

cylindrical shaped volume with insulated walls with a central wire electrode running through the 

center of the volume. When a voltage is applied between the wall of the chamber and the central 

electrode, photons enter the chamber and interact with the gas, commonly air, and ion pairs are 

created. The current in the central wire is then recorded, which corresponds to the amount of 

radiation introduced into the chamber. 

Tangent Fields 

There are two opposed Tangents Fields, the medial and lateral beams are initially 

designed with gantry angles and used to treat a breast patient. The lateral tangent field is the 

posterior oblique field that is used to treat the lateral breast tissue and the medial field is the 

anterior oblique field used to treat breast tissue at the midline. The fields are admitted tangent to 

the thorax so as to spare the lung and heart from an enormous amount of radiation. The 

tangential fields are set-up with reference to a tattooed set-up point at the medial margin by using 

a lateral shift from this point to reach the treatment isocenter. 

Flash 

The Flash is any portion of the radiation field that extends beyond the patient’s skin 

surface in the beam’s eye view.   
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Correction-based Algorithms 

These corrections are semi-empirical. They allow the isodose chart to be adjusted to 

account for tissue inhomogeneities. They are primarily based on measured data percentage depth 

doses and cross-beam profiles obtained in a water phantom. There are various corrections that 

are in the form of analytical functions or factors that are applied to calculate dose distributions in 

a patient. These corrections consist of: attenuation corrections for contour irregularities; scatter 

corrections for field sizes, shape and radial instances; geometric corrections for source to point of 

calculation distance based on the inverse square law; attenuation corrections for beam intensity 

modifiers such as blocks, wedge filters; and attenuation corrections for tissue heterogeneities 

based on radiologic path length. Correction based methods can be calculated with a pen, paper 

and a calculator. 

Monte Carlo Algorithm 

The Monte Carlo Algorithm is a dose algorithm used in treatment planning systems in 

radiation therapy. The Monte Carlo technique consists of a computer program that simulates the 

transport of millions of photons and particles through matter. It generates a fluence map of 

radiation that is being transported by using well established probability distribution of the 

individual interactions of photons and particles [32] Monte Carlo is the most accurate method of 

calculating dose distribution in patients [22]. 

Three Dimensional Treatment Planning 

Three dimensional Treatment Planning (3dTP) and CT simulation are widely used for the 

treatment of a variety of cancers. A treatment planning CT scan is first obtained before breast 
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irradiation to optimize the dose distribution to the treated breast and to limit radiation to the 

opposite breast, heart and lung. During CT simulation the patient is treated supine, with the 

ipsilateral arm up and the head turned on the contralateral side with the knees over the knee 

bolster and their position should remain the same during planning and treatment. For chest wall 

treatment, immobilization equipment’s such as; Vac-lok which are custom beanbag pillows are 

placed around the patient’s upper body and the air drawn out to fit the shape of the patient; breast 

boards that places the patient’s head, arm and hand in a fixed position; and compression belt 

placed around the abdomen of the patient to control breathing and the movement of the tumor are 

typically used to produce daily positioning and minimize errors.  

The patient is then carefully aligned using a system of medial and lateral tattoos and laser 

lights from the CT scan. The medial and lateral borders are determined by the primary site of the 

lesion and the size of the breast. [32] The patient is scanned with a CT scanner and the 3D slices 

are sent to the treatment planning system for contouring.   



25 
 

CHAPTER 3: MATERIALS AND RESULTS 

3.1 Materials 

In this study, the Linear accelerator (Linac) used was a Varian 2100EX. It is a dual 

photon energy machine, with energies of 6megavolts and 18megavolts. It can also produce 

electron beams of energy 6MeV, 9MeV, 12MeV, 15MeV and 18MeV.  The Linac is equipped 

with the Varian Millennium
TM 

MLC-120 Multileaf Collimator system. The inner 80 leaves have 

a leaf width of 0.5cm, and a 1cm for the outer 40 leaves. In this work, the 6MV and the 18MV 

beams were considered. A picture of the Varian 2100Ex is shown in Figure 3.1. 

 

Figure 3.1 Varian 2100EX Linear Accelerator used for measurements in this project. It is capable 

of producing energies of 6MV, and 18MV but only 6MV and 18MV Photon beams were used. 

http://www.google.com/url?sa=i&rct=j&q=varian+clinac+2100ex&source=images&cd=&cad=rja&docid=yAQ8sfjV9jn7WM&tbnid=4dEQ7zJ7MfPztM:&ved=0CAUQjRw&url=https://www.varian.com/ascnt/oncology/radiation_oncology/clinac/clinac_cx.html&ei=NDvqUfc14tfKAYSugMgI&bvm=bv.49478099,d.aWc&psig=AFQjCNHEcMqW9U2MMSvKUVb1S85fS2gxVw&ust=1374391425168458
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A PTW Farmer ionization chamber was used for dose measurement. The model used was 

N30012 (formerly N30004) and is shown in Figure 3.2. It has a sensitive volume of 0.6cm
3
, a 

wall thickness of 0.425mm and a wall density of 79mg/cm
3
. The outer wall is composed of 

entirely graphite, with an inner electrode composed of pure aluminum which is 1.1mm in 

diameter. The chamber was connected to a CNMC 206-110 dosimetry electrometer as shown in 

figure 3.3 for dose measurements. The electrometer provides readings of 00.01-199.99nC in 

high, 0.001-19.999nC in medium and 0.0001-1.9999nC in low ranges.  

 

Figure 3.2 N30012 (formerly N30004) PTW Farmer ionization chamber used for dose 

measurements. 
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Figure 3.3 CNMC 206-110 dosimetry electrometer used for dose measurements in this project. 

The main phantom used for measurements was a clear acrylic water phantom as shown in 

Figure 3.4. It has dimensions of 19cm wide, 19cm long and 15cm high with an open top. The 

water phantom was used for measuring the basic dose distribution of photons which closely 

approximate radiation absorption and scattering properties of muscle and other soft tissues like 

the breast. Another reason for using water as a phantom material was because it is universally 

available with reproducible radiation properties [22]. A Picture of how the water phantom was 

filled with water is shown in Figure 3.5. 
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Figure 3.4 A clear acrylic water phantom with dimensions of 19cm wide, 19cm long and 15cm 

high.  

 

Figure 3.5 A picture of the author working on her phantom. A syringe was used to fill the water 

phantom with water of varying breast thickness. 
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In addition to the clear acrylic water phantom, slabs of solid water phantom (solid water 

phantoms are water equivalent slabs that are able to mimic the absorption properties of water) of 

varying thickness such as that shown in Figure 3.6 were also used for dose measurements. The 

solid water used was RMI- 457 (Gammex RMI, Wisconsin, USA). It has a density of 1.03g/cm
3
, 

and an effective atomic number of 5.9 (compared to that of water which is 6.6).The acrylic water 

phantom and the solid water slabs were CT scanned using a GET Light Speed 4 slice large bore 

scanner and the data transferred to the treatment planning system for contouring.                       

 

Figure 3.6 Gammex RMI-457 Solid Water Slabs used for full scatter measurements. 
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3.2 Methods and Results 

Thirty Tangential breast plans; each with medial and lateral tangential fields were 

sampled and averaged from the data base of Ball Memorial Hospital. The average data from the 

thickness of each breast and flash was used to build a phantom which was used for the collection 

of data. Solid water phantoms were first irradiated with full scatter conditions with a linac and an 

ionization chamber placed in a machined cavity in the slabs. Water at varying levels (1cm each) 

was placed into the constructed water phantom and irradiated with 6MV and 18MV x-ray 

energies of the Linac. The radiation ionization charge through the phantom was then recorded in 

nanocoulombs (nC) with an electrometer. 

 After aligning to the isocenter, and treatment fields delivered to the phantom, each 

electrometer reading was recorded. A dose was then calculated based on the relationship between 

absorbed dose and charge collected that was determined using the solid water phantoms and 

ionization chamber under known standard calibration conditions 10 x 10 cm field (dmax). The 

data from solid water phantoms and the acrylic water phantoms were then simulated with a CT 

scan and the data transferred into Monte Carlo treatment planning system for contouring. The 

measured doses were compared to the TPS’s calculated doses and Radcalc calculated doses. The 

relationship between the absorbed dose for each breast size and the charge collected from the 

ionization chamber was determined by placing the chamber in a standard dose calibration 

geometry such that, 1nC was equal to 100cGy for a field size of 10cm x 10cm at a reference 

depth of 1.5cm for 6MV and 3.5cm for 18MV and an SSD of 100cm. The data for conversion 

from ionization reading in nC to dose in cGy is shown in table 4.1. 
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Energy 

(MV) 

Depth-dmax 

(cm) 

Average Electrometer Reading 

(nC) 

Dose Conversion 

(cGy/nC) 

6 1.5 18.31 100/18.31 = 5.46 

18 3.5 18.62 100/18.62 = 5.37 

Table 3.1 Relationship between absorbed dose and charge collected for 6MV and 18MV. 

The data for Radcalc, measured and the treatment planning system for 6megavolts and 

18megavolts is shown in table 3.2 and 3.3. (Table 3.2 and 3.3 contain the radiation dosages that 

were obtained from the water phantom, the treatment planning system and Radcalc for the 

different breast thickness at energies of 6MV and 18MV.) 

Breast Thickness 

(cm) 

Measured Dose 

(cGy) 

Eclipse Dose (cGy) Radcalc Dose (cGy) 

0.0 62.41 62.40 69.10 

1.0 63.72 65.80 68.90 

2.0 65.08 66.90 68.80 

3.0 65.96 66.90 69.60 

4.0 66.50 67.10 69.30 

5.0 67.05 68.10 69.10 

6.0 67.38 68.30 69.50 

7.0 67.65 68.70 69.80 

8.0 67.81 68.50 69.90 

9.0 67.98 69.00 69.30 

10.0 68.09 69.40 69.40 

11.0 67.14 69.10 69.50 

Table 3.2 Data for measured, Eclipse (TPS) and Radcalc doses for 6MV.   
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Breast Thickness (cm) Measured Dose (cGy) Eclipse Dose  (cGy) Radcalc Dose (cGy) 

0.0 82.21 81.80 86.80 

1.0 83.56 85.50 86.20 

2.0 84.36 86.00 86.20 

3.0 85.12 86.80 85.80 

4.0 85.44 86.80 86.30 

5.0 85.76 87.00 86.00 

6.0 85.92 87.30 86.90 

7.0 86.03 87.80 86.50 

8.0 86.08 87.80 86.20 

9.0 86.19 87.40 86.10 

10.0 86.24 87.30 86.20 

11.0 86.24 87.20 86.40 

Table 3.3 Data for measured, Eclipse (TPS) and Radcalc doses for 18MV. 

The measured, Eclipse and Radcalc doses were plotted against the different breast sizes as shown 

in Figure 3.7 and 3.8. 

 

Figure 3.7 A graph of the plot of the Measured, Eclipse and Radcalc doses as a function of the 

breast thickness for 6MV. 
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Figure 3.8 A graph of the Measured, Eclipse and Radcalc doses vs breast thickness for 18MV. 

(The graphs in figures 3.7 and 3.8 shows an increase in doses as the breast thickness increases 

for both the measured data from the water phantom and that of Eclipse(TPS), with the chest 

walls (0.0cm in breast thickness) obtaining the least amount of radiation doses. This is because 

there is an increase in scattered radiation dose due to little surrounding tissue for chest walls as 

compared to the thicker breast sizes. The doses from Radcalc on the other hand were fairly 

consistent for both 6MV and 18MV x-ray energies. This is because Radcalc assumes full scatter 

conditions and so it assumes that there is no or little scattered radiation dose.)  

A percentage dose difference between the measured data and Eclipse (Monte Carlo TPS) was 

then obtained and compared to that obtained from Radcalc for both 6MV and 18MV. The 

difference between the TPS and the measured doses agreed and were within the expected limit of 

±5%, but that for Radcalc had an unacceptably greater percentage differences due to lack of 
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scatter which is unaccounted for in the simple Radcalc model as shown in tables 4.4 and 4.5 

respectively. 

Breast 

Thickness 

(cm) 

Measured 

Dose (cGy) 

Eclipse 

Dose (cGy) 

Radcalc 

Dose (cGy) 

% diff (measured 

– Eclipse) 

% diff 

(measured – 

Radcalc) 

0.00 62.41 62.40 69.10 0.02 -9.68 

1.00 63.72 65.80 68.90 -3.16 -7.52 

2.00 65.08 66.90 68.80 -2.72 -5.41 

3.00 65.96 66.90 69.60 -1.41 -5.23 

4.00 66.50 67.10 69.30 -0.89 -4.04 

5.00 67.05 68.10 69.10 -1.54 -2.97 

6.00 67.38 68.30 69.50 -1.35 -3.05 

7.00 67.65 68.70 69.80 -1.53 -3.08 

8.00 67.81 68.50 69.90 -1.01 -2.99 

9.00 67.98 69.00 69.30 -1.48 -1.90 

10.00 68.09 69.40 69.40 -1.89 -1.89 

11.00 67.14 69.10 69.50 -2.84 -3.40 

Table 3.4 Percentage differences between the measured doses and that from the TPS and Radcalc 

for 6MV. 

Breast 

Thickness 

(cm) 

Measured 

Dose (cGy) 

Eclipse 

Dose  

(cGy) 

Radcalc 

Dose (cGy) 

% diff (measured 

– Eclipse) 

% diff 

(measured – 

Radcalc) 

0.0 82.21 81.8 86.80 0.50 -5.29 

1.0 83.56 85.5 86.20 -2.27 -3.06 

2.0 84.36 86.0 86.20 -1.91 -2.13 

3.0 85.12 86.8 85.80 -1.94 -0.79 

4.0 85.44 86.8 86.30 -1.57 -0.99 

5.0 85.76 87.0 86.00 -1.43 -0.28 

6.0 85.92 87.3 86.90 -1.58 -1.13 

7.0 86.03 87.8 86.50 -2.02 -0.54 

8.0 86.08 87.8 86.20 -1.96 -0.14 

9.0 86.19 87.4 86.10 -1.38  0.11 

10.0 86.24 87.3 86.20 -1.21  0.05 

11.0 86.24 87.2 86.40 -1.10 -0.19 

Table 3.5 percentage differences between the measured doses and that from the TPS and Radcalc 

for 18MV. 
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3.3 Correction to Radcalc 

The Radcalc algorithm was originally developed at the University of Chicago by Kung, 

Chen and Kuchnir [32]. For dose calculation, Radcalc uses a modified Clarkson integration [32] 

technique which exploits the rotational symmetry of scattering in order to simplify manual dose 

calculations. The Radcalc algorithm assumes that the external tissue contour of the patient is flat 

along a given beam direction, that is, it assumes that the patient surface is normal to the beam at 

each particular angle. This results in an overestimation of the amount of tissue at any given 

angle, which further results in an assumed increase in the scatter contribution to the isocenter 

dose [33]. A model is proposed to reconcile these differences and correct the dose    predicted by 

Radcalc. 

A typical average field size for breast irradiation is 16cm x16cm with it total field scatter 

{that is the product of the Patient Scatter Factor (PSF) and the Field Scatter Factor (FSF)} being 

1.036. For each breast thickness, the percentage difference between the measured dose and that 

of Radcalc was determined, from which the Total Field Scatter (FF) for the different breast sizes 

were calculated. Using a standard tissue phantom data table, with different equivalent square 

field sizes, the FF for fourteen square fields were determined. A graph of the square fields as a 

function of their total field scatter was plotted to obtain a polynomial data fit equation as shown 

in Figure 3.9. With the use of interpolation the actual equivalent field sizes of the total field 

scatter factors obtain from the percentage difference calculation between the measured dose and 

Radcalc was determined. The Total Field Scatter factors and the actual equivalent square field 

sizes obtained for each breast thickness is shown in Table 3.6. A graph of the actual field sizes 

obtained was also plotted against the different breast thicknesses, shown in Figure 3.10. From the 
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equation obtained from the new graph, a predicted equivalent square was obtained for ten 6MV 

chest wall patients which represents the class of patients with the largest differences in predicted 

versus actual dose at the IU Health Ball Memorial Hospital. The predicted equivalent square 

obtained was then entered into Radcalc analysis to correct the dose initially predicted in Radcalc. 

The percentage difference between the new doses obtained from Radcalc after the correction 

with the predicted equivalent squares and that of the measured dose was within ±5% as expected, 

except for two of ten actual patients. A best fit equivalent square was also obtained from Radcalc 

which gave us a zero percentage difference between Radcalc and that of the measured dose as 

shown in Table 3.7.  

Breast 

thickness (cm) 

Measured 

Dose (cGy) 

Radcalc 

Dose (cGy) 

%diff measured 

- Radcalc 

 FF New Square 

Field 

sizes(cm
2
) 

0.00 62.41 69.10 -9.68 0.866 1.00 

1.00 63.72 68.90 -7.52 0.882 1.80 

2.00 65.08 68.80 -5.41 0.898 2.60 

3.00 65.96 69.60 -5.23 0.899 2.70 

4.00 66.50 69.30 -4.04 0.908 3.10 

5.00 67.05 69.10 -2.97 0.917 3.60 

6.00 67.38 69.50 -3.05 0.916 3.60 

7.00 67.65 69.80 -3.08 0.916 3.60 

8.00 67.81 69.90 -2.99 0.917 3.70 

9.00 67.98 69.30 -1.90 0.925 4.10 

10.00 68.09 69.40 -1.89 0.926 4.20 

11.00 67.14 69.50 -3.40 0.914 3.50 

Table 3.6 The total field scatter factor and the new square field sizes obtained for the different 

breast sizes.   
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Patient Breast 

Thickness 

(cm) 

Predicted 

equivalent 

Square (cm) 

Best fit 

equivalent 

square (cm) 

% diff 

without 

correction 

% diff with 

predicted 

equivalent square 

1.00 5.40 3.60 2.10 -8.40 -1.1 

2.00 7.80 3.70 5.50 -6.40 1.7 

3.00 8.50 3.90 8.80 -2.50 6.6 

4.00 8.50 3.90 8.50 -4.60 8.4 

5.00 6.50 3.60 3.60 -11.50 0.0 

6.00 4.50 3.30 6.00 -2.10 4.2 

7.00 5.00 3.60 1.00 -4.40 -3.1 

8.00 9.10 4.10 6.60 -5.00 1.1 

9.00 2.00 2.60 4.00 -6.70 3.3 

10.00 5.80 3.30 5.50 -5.00 3.3 

Table 3.7 The percentage differences between the new doses obtained from Radcalc before and 

after the correction and that from the measured dose for ten chest wall patients using 6MV. It can 

be seen that the differences were within ±5% except for that of two patients. 

 

Figure 3.9 A graph of the Total Field Scatter factors plotted as a function of their equivalent 

square field sizes, obtained from standard table. With the use of interpolation and the equation 

obtained from this graph, the new square field sizes for each breast thickness was obtained.  
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Figure 3.10 A graph of the new equivalent square field sizes vs. the different breast thickness. 

The equation to the graph was used to determine the predicted equivalent square fields for ten 

chest wall patients treated at Ball Memorial hospital with 6MV radiation.   
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CHAPTER 4:  DISSCUSSION 

There was acceptable agreement in point doses between the measured and Eclipse 

(Monte Carlo TPS), with Radcalc predicting higher doses for both 6MV and 18MV x-ray beams 

as shown in table 3.2 and 3.3 respectively. From table 3.4 and 3.5, the percentage difference 

between the measured and the TPS were within ±5%, but that for Radcalc gave some significant 

differences for both 6MV and 18MV. The differences for Radcalc were resolved by determining 

the block equivalent square for the rectangular beam used. When this more realistic equivalent 

square was substituted into Radcalc, it resulted in a monitor unit with very little percentage 

difference from the measured dose using the water phantom. Thus by using the measured scatter 

data and resulting polynomial equation to predict a realistic blocked equivalent square field size 

the simple Radcalc model becomes more robust in verifying Monte Carlo predicted results for 

the unique geometry of chest wall irradiation. Therefore after the applied correction, remaining 

differences may be investigated as potential systematic errors in the planning or data acquisition 

process. 

The predicted equivalent square obtained from the model obtained worked well for chest 

walls as can be seen from the results obtained from the ten chest walls patients from IU Health 

Ball Memorial Hospital in table 3.7. The percentage difference between the monitor unit used to 

treat these patients and that from Radcalc before correction gave significant differences with 

only three patients with very little differences. After the correction to Radcalc with the predicted 

equivalent square fields obtained from the derived model correction, these differences were 

within the ±5% as expected, except for two patients which we cannot account for. The 
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discrepancies in the results obtained could be due to potential systematic errors in the planning or 

data acquisition process.  
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CHAPTER 5:  CONCLUSION 

The aim of this work was to find a parameter modification to the Radcalc software model 

such that it would be able to provide a valid check to the predicted radiation doses from the 

Monte Carlo treatment planning system. Thus the polynomial correction model obtained 

provides a simple but robust and empirically sound correction to the Radcalc commercial 

software such that monitor unit calculations from the Monte Carlo TPS may by verified for post 

mastectomy chest wall irradiation cases. This provides the medical physicist confidence that any 

persistent differences should be investigated as possibly due to an actual systematic error 

unassociated with a failure of the predictive model.  
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