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ABSTRACT	
Purpose: The aim of this study was to develop a method of measuring changes in the skin 
microcirculation and skin dose for mastectomy patients in connection with the radiation treatment. The 
distribution of the skin dose, its dependence on the energy of the beam, field geometry and bolus 
material and the accuracy of the given skin dose in the treatment planning system were studied. Finally, 
the correlation between the given dose and the changes in skin microcirculation was evaluated.  

Methods: Skin dose was measured using GafChromic EBT3 films. To evaluate the impact of different 
energies and field geometry measurements on a PMMA phantom were done. Dose measurements 
were done using an anthropomorphic phantom and in patients. The measured skin doses were 
compered to the doses calculated using the treatment planning system. 

Before and after treatment, skin blood perfusion was measured using laser speckle contrast imaging. In 
connection with the last measurement also methyl nicotinate was used to increase the perfusion for the 
measurement.  

Results: The measurements on the PMMA-phantom indicate that a larger photon energy results in a 
lower dose to the skin, but a higher exit dose. Furthermore a more oblique angle results in a higher skin 
dose and a larger field size also results in an increased skin dose.  

The patient measurements showed that the skin dose was significantly different in different areas of the 
irradiated field. The highest dose was measured in the area in which a bolus was applied. All patients 
showed a significant increase in skin blood of the perfusion within the irradiated area.  

The comparison between the measured doses and the doses calculated using the treatment planning 
system shows an underestimation of the skin dose by the treatment planning system depending on the 
incident angle and the presence of bolus material.  

Conclusion: The distribution of the skin dose during breast cancer radiotherapy in mastectomy patients 
is heterogeneous with the highest dose in the area of the mastectomy scar, due to the presence of 
bolus material. A correlation can be noticed between the changed in microcirculation and the radiation 
dose to the skin. Estimation of the skin dose using the treatment planning system is inaccurate, but film 
doseimetry offers an easy-to use method to accurately measure the dose to different areas of the 
irradiated skin.  
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1.	INTRODUCTION 

Breast cancer is the most common type of cancer for women in Sweden. As treatment usually surgery 
is used to remove the tumour. In the case of a severe tumour, a mastectomy is performed, meaning that 
all breast tissue is removed. To prevent the cancer from returning complements to the surgery such as 
radiation therapy is used	[1].  

After mastectomy, the patient can chose to have a breast reconstruction performed. Two different types 
of breast reconstruction are an implant or flap reconstruction. An implant reconstruction is where an 
implant either filled with salt water, silicone gel or a combination of these two, are inserted. The flap 
reconstruction is where tissue from another part of the body, for instance the belly, is removed and 
reconstructed as a breast. It has been shown that both of these methods can cause complications to the 
patient. An implant is a simpler surgery, but over time it often leads to problems that require corrections. 
A flap reconstruction is a long and complicated surgery but if the surgery is successful it will last for the 
rest of the patient’s life without any complications [2]. 

For a flap reconstruction it is important that the blood supply from the skin where the tissue is added is 
enough for it to survive. Studies show that radiation changes the microcirculation (the blood circulation 
in the smallest vessels) in the skin by injury to the cells [3]	 [4]. It is therefore interesting to follow up 
patients to see if there is a correlation between the dose during radiation therapy and the changes in 
microcirculation and investigate if and how it affects a future breast reconstruction.  

The injury of the cells occurs when the photons from the radiation interact with the cells in the biological 
matter. From that either molecules such as the DNA are affected directly or free radicals are created, 
which can lead to chemical changes and destroy the DNA. Skin is one of the most sensitive organs for 
radiation [5]	 [6]. To avoid too much damage to the skin the radiation is divided into fractions where a 
lower dose is given each day over a longer time of period. By administering a lower dose, spread over a 
longer time the healthy cells have a chance to repair [5]. However, injury to the skin occurs anyway. 
The injury can occur anytime between a few hours after irradiation to years after irradiation. Injury to the 
skin is a sign of damage cells and an imbalance between the two layers in the skin, epidermis and 
dermis, which also leads to changes in the microcirculation [3] [7]	[4].  

Today the changes in the skin during radiation treatment are classified on a scale between 0-4 by a 
nurse [7]. A more specific method to study the changes in the microcirculation during radiation therapy 
is by laser speckle contrast imaging (LSCI). The LSCI can analyse the perfusion of the blood with the 
help of a laser and charged coupled device (CCD) camera [8] [9].  

A treatment planning program (TPS) is used to calculate the given doses to the patient. However, the 
TPS has been claimed to be relatively inaccurate with the calculations of the skin dose [10]. There are 
some different kinds of dosimeters used for measurement of the skin dose such as radiochromic films, 
parallel plates chambers, TLD and MOSFET.  

1.1	AIM 

The aim of the project is, through anthropomorphic and polymethylmethacrylate (PMMA) phantom 
measurements and measurements in mastectomy patients undergoing radiation therapy, to: 

• Develop a method of measuring patient skin dose using film dosimetry. 
• Measure the dose distribution in the skin of patients undergoing radiotherapy for breast cancer and 

how it is affected by photon energy, field geometry and the use of bolus material. 
• Investigate whether skin dose can be estimated using knowledge of the treatment parameters 

together with data from the treatment planning system.  
• Study whether there is a correlation between local skin dose and changes in skin microcirculation.  
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2.	THEORETICAL	BACKGROUND	

2.1	BREAST	CANCER 

For women, breast cancer is the most common form of cancer in Sweden. About 20 women in Sweden 
are diagnosed with breast cancer each day. This mostly affects women in the middle age. As a result of 
increased knowledge about the disease, tumours are detected earlier. This together with better 
treatments has improved the chances of a complete recovery from the disease [1]. 

Breast cancer is mainly treated by surgery of the affected breast. In some cases, only the part of the 
breast containing the tumour is removed. In cases with larger or multiple tumours, mastectomy, i.e. 
removal of the complete breast is usually performed. This can also be performed upon request from the 
patient. Other treatments include radiation therapy, hormone therapy and cytostatic therapy. These are 
all complements to surgery to prevent the cancer from returning	[1]. This study focuses on the effects of 
radiation therapy on the skin and its blood vessels, i.e. the microcirculation.  

2.2	RADIATION	THERAPY	
Radiation therapy or radiotherapy is based on the interaction between ionizing radiation and biological 
tissue and its ability to kill tumour cells. It is important to understand how the radiation interacts with the 
matter it passes to be able to understand what influence it has on it. In this report the focus will be on 
photon radiation, which is generated in a linear accelerator.  

2.2.1	RADIATION	PHYSICS		
Photons interact with the atoms in the medium it passes through. Through these interactions the 
photons lose energy and the atoms might be ionized which means that one or more electrons are 
knocked out from the atom. The ionization can occur in different ways; by photoelectric absorption, 
Compton scattering or by creation of an electron positron pair. [11] The type of interaction that occurs 
depends on the energy of the photons and the type of material it interacts with [12]. The energy of the 
photon is within a spectrum between 0 MeV up to the same energy as for the electron used to create 
the photon [13].  

2.2.1.1	PHOTOELECTRIC	ABSORPTION		
Photoelectric absorption is the process in which the atom is ionized by transmission of all the energy 
from a photon to an electron in the shell of the atom. This usually occurs in the K-shell due to the 
preservation of kinetic energy. To fulfil the preservation of kinetic energy a certain amount of energy is 
required to be transmitted to the nuclei, which implies that the photoelectric absorption occurs 
interacting with an attached electron	[11].  

In the interaction the electron receives kinetic energy, T, as seen in equation 1. 

𝑇 = ℎ𝑓 −  Φ   (1) 

where hf is the energy of the photon and Φ is the work function. If the energy of the photon is at least as 
high as the energy binding the electron in the shell, the electron sets off as seen in Figure 1. An 
electron from a higher energy level quickly moves to fill the empty space. The drop in energy produces 
a characteristic x-ray photon	[11].  
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Figure 1. The principle of photoelectric absorption. Modified from [11]. 

2.2.1.2	COMPTON	SCATTERING	
Compton scattering occurs when a photon collides with an electron in the outermost shell, which ionizes 
the atom, see Figure 2. These electrons have a low binding energy so the photon must only transmit a 
part of its energy to the electron to set it free. The transmission leads to a change in direction- an 
interaction called scattering. The energy of the scattered photon, hf´, is described in equation 2. 

ℎ𝑓′ = ℎ𝑓 − 𝑇!   (2) 

where hf is the energy of the photon before interaction with the electron and Te is the kinetic energy of 
the electron	[11]. 

	

Figure 2. The principle of Compton scattering. Modified from [11]. 

2.2.1.3	ELECTRON	POSITRON	PAIR	FORMATION	
For an electron positron pair formation to occur the energy of the photon needs to exceed 1.02 MeV. 
1.02 MeV is the double rest energy for the electron and also the common rest energy for a positron and 
electron since the positron is the antiparticle of the electron. Due to the law of preservation of kinetic 
energy an electron positron pair can only form in the presence of another electrically charged particle. 
The residual photon energy not used in the interaction is distributed evenly as kinetic energy to the 
electron, Te, and positron, Tp, as described in equation 3. 

ℎ𝑓 = 2𝑚!𝑐! +  𝑇! +  𝑇! +  𝑇!  (3) 

hf is the photon energy, m0c2 is the rest energy of the electron and Tf is the recoil energy for the nuclei 
of the atom. This is usually insignificant due to the difference in size between the nuclei compared to the 
electron and positron	[11].  
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2.2.2	THE	LINEAR	ACCELERATOR		
The linear accelerator (Figure 3) is the source of the radiation used in the therapy. For treatment of 
breast cancer photon radiation in the megavoltage range is usually used. A linear accelerator 
accelerates electrons to 99% of the speed of light. This occurs by either guiding the electrons to pass 
electrodes that supply them with energy by changing the electrodes charge between positive and 
negative to make them accelerate, or by using microwaves to add an electrical field that accelerates the 
electrons. Through a set of magnets the electrons are then directed towards a tungsten target. When 
the electrons hit the target their kinetic energy is converted to bremsstrahlung, or break radiation, where 
photons are emitted and directed to the patient. To delimit the photon field, the beam is directed through 
a fixed collimator, which is a filter including a disc in a high density material as for instance lead, to 
attenuate the photons. Thereafter the beam is equalized by passing through a filter to give a 
homogeneous intensity in the beam. Before entering the patient the photon beam passes through an ion 
chamber to be able to perform a control of the beam. To adjust the shape of the beam more collimator 
filters and multileaf collimators, MLC, are used. A MLC contains many discs that can move 
independently to each other and be ordered in different positions to only let through a specific dose in a 
specific direction	[5]	[14]. The setup of the filters can be seen in Figure 4. 

	

Figure 3. A linear accelerator. 
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Figure 4. The organisation of the filters in the gantry. Modified from [5]. 

2.2.3	TREATMENT	PLANNING	SYSTEM	
To optimize the radiation therapy and be able to irradiate a uniform area in the body a computerized 
treatment planning system (TPS) is used. This system is used to set parameters such as the positions 
of the filters in the linear accelerator and the beam energy	 [15]. In order for the TPS to calculate a 
treatment plan, patient information in the form of computer tomography (CT) images is required. From 
these the location of the tumour can be defined and information of the anatomy of the patient can be 
provided [16]. 

To do the calculation of treatment plans algorithms are used. There are many different algorithms used 
for this and they can be classified in two different categories; factor-based algorithms and model-based 
algorithms	[16]	[17].  

For factor-based algorithms the dose from a water phantom irradiated with a rectangular beam is used 
as a reference. Factors are then added to compensate for the difference between the phantom and the 
patient such as blocks to compensate that the patient is not flat as the phantom or made of water	 [16]	
[17].  

Model-based algorithms calculate the absorbed dose in the patient by Monte Carlo simulations. From 
Monte Carlo simulations the distribution of a large number of photons can be followed and the scattering 
processes both inside and outside the body of the patient can be evaluated. The method can also give a 
more accurate model of the interaction of the particles for different linear accelerators, the collimators 
used such as the MLCs and also at the surface of the patient and the variation in density [16]	[17].  

Using a model-based algorithm results in a dose accuracy of 1-2%. The errors originate from limitations 
in the algorithm, imperfections in the input data or the model, the variations in the beam properties or in 
the patient [18]. However, the calculation of the skin dose, also called surface dose, is relatively difficult 
to estimate as most of the dose to the skin is a contribution of emanated electrons from the filters in 
gantry of the linear accelerator. Also electrons scattered from the air between the gantry and the patient 
and the incident angle of the beam have an impact of the skin dose	[10].  
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2.3	EFFECTS	OF	RADIATION	ON	HEALTHY	TISSUE		
2.3.1	INTERACTION	BETWEEN	RADIATION	AND	BIOLOGICAL	TISSUE		

The effect on biological matter during radiation therapy depends on the interaction between the photons 
and the matter. How and where the interactions occur is dependent on parameters such as the energy 
of the photons, the area of the irradiated surface and the incident angle.  

Since the energy of the beam is high during radiation therapy photoelectric absorption, Compton 
scattering and electron positron pair formation can occur. Due to the high energy of the photon beam 
the photons can also penetrate through the biological matter without any interaction.	[19].  

The inverse square law describes how the photons propagate through the tissue. [13]. This law implies 
that the dose decreases with the square of the distance. The amount of photons that interact with- or is 
absorbed by the matter through which they pass is called attenuation. Attenuation depends on the 
energy of the photons, the thickness of the matter and the linear attenuation coefficient. This coefficient 
depends on the density and material of the matter. The attenuation is described in equation 4 

𝑁 =  𝑁! ∗  𝑒!!"  (4) 

where N is the amount of photons passing trough a matter from the amount photons interacting with the 
matter N0. 𝜇 is the linear attenuation coefficient and x the thickness of the material in cm	[20]. 

Due to the different types of interaction, the square law and the attenuation, it is complicated to 
determine the distribution of the dose inside biological matter. Figure 5 shows a typical distribution of 
the dose for a megavoltage beam. Dose is defined as joule/kg and measured in the unit Gray (Gy). 

When the beam enters the matter at depth z=0 a certain amount of the dose, Ds, will be delivered to the 
surface. The size of the surface dose depends on a few parameters, which will be described in the 
following section. While the beam propagates through the tissue the dose increases rapidly to a 
maximum level, Dmax. The increase is due to interaction of the photons in the biological matter through 
photoelectric effect, Compton scattering and pair production. These interactions create charged 
particles; electrons and positrons. The kinetic energy of the charged particles is deposited in the 
biological matter. The depth z where Dmax occurs is defined as zmax. At Dmax the amount of electrons put 
in motion is equal to the amount that are stopped. This state is called charged particle equilibrium 
(CPE)., The region between z=0 and zmax is called the build-up region. After the beam reaches Dmax the 
dose decreases due to attenuation and scattering of the photons in the biological matter through the 
interactions earlier described before exiting the matter with a size Dex	[13]	[20].  

	

Figure 5. The dose distribution from the photon beam propagating through biological matter. 
Modified from [13]. 
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2.3.2	EFFECTS	OF	RADIATION	ON	CELLS		
The main components of a cell are the cytoplasm that supports the metabolic function in the cell and the 
nucleus containing the DNA. In addition, the cell also contains water and minerals and other elements 
such as proteins, nuclei acids and carbohydrates. One main task for the cell is to undergo division to 
create an exact copy. To do so the DNA containing all the genetic information has a main roll. The 
lifetime, also called cell cycle, of a cell depends a lot of the type of cell. The cycle consists of four steps 
(see Figure 6) including a G1-pahse where the metabolism of the cell is normal. The following phase, 
the S-phase or synthesis, is where the cell prepares the cell division by producing material. The G2 
phase is where the cell gets ready for the division. The last phase is the M-phase, mitosis, and it is here 
the cell divides. The cell is the most sensitive for radiation during mitosis	[5]	[6]. 

	

Figure 6. The four different phases in the cell cycle during 30 hours. Modified from [5]. 

For a lot of cells the cell cycle is about 30 hours, but for instance for the blood cells it takes 
approximately a week and the nerve cells rarely undergo division. Cells that divide more often, such as 
skin, are more sensitive to radiation	[5]	[6]. 

How the cells are affected by radiation depends on the amount of ionizations the beam accomplishes. 
This effect is described by the linear energy transfer (LET) as can be seen in equation 5	[5]	[6]. 

𝐿𝐸𝑇 =  !"
!"

  (5) 

where the average energy that the ionized particle in the beam transfers to the material is represented 
by 𝑑𝐸, per unit length it travels, 𝑑𝑙. LET has a unit of keV/µm	[5]	[6]. 

When the cells are exposed to radiation the damage to the cell can occur in two different ways, either 
direct or indirect, depending on LET. Interaction of high LET particles leads to a direct effect where all 
the energy is transferred to one molecule, for instance the DNA, though the interactions earlier 
described. α-particles that consist of two protons and two neutrons (a helium nucleus) are usually 
referred to as high LET particles [5]	[6]. 

Indirect effect is significant for low LET particles such as photon radiation. It is where the radiation 
interacts with molecules or atoms in the surrounding media. This creates free radicals that damage 
molecules in the cell by breaking chemical bonds for instance in the DNA and create chemical changes 
or lead to death of the cell. The chemical changes can result in biological damage. Most of the 
interactions from the radiation occur within water since the cell contains of about 80% water and create 
for instance H2O+ (water ion) or OH� (hydroxyl radical), which are very reactive free radicals	[5]	[6]. 
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Some of the damage that occurs in the cells can be repaired. Whether the damage can be repaired 
perfectly without any changes to the molecule depends on the severity of the damage [5]	 [6]. The 
process for the cell after irradiation is described in Figure 7. 

	

Figure 7. The process for the cell after irradiation. Modified from	[5] 

2.3.3	FRACTIONS		
Using a vigorous amount of radiation, either to the whole body or just an organ, usually results in cell 
death	[5]. A dose of 100 Gy irradiated to the whole body results in 100% chance of death in a few hours 
for the exposed person. Irradiating the whole body using a dose of 3-4 Gy yields a risk of death for 50% 
of the exposed persons [3]. Therefore it is important to use a dose that does not effect to many healthy 
cells during radiation therapy but have enough effect on the cancer cells. This is described in Figure 8. 
In radiation therapy the dose is divided into fractions, which is when a smaller amount of dose is used in 
a series of treatments in order to give the healthy cells a chance to repair	[5]. 

	

Figure 8. The effect on healthy tissue compared to the effect on the tumour. Modified from [5]. 
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Studies from Hamilton et al. show that using 2-3.4 Gy/fraction for 10, 12 or 20 fractions (a total of 17 
Gy/week) show a similar development of erythema compared to five fractions using 4.4 Gy/fraction (22 
Gy/week) where the erythema appears more rapidly. Using 0.4 Gy/fraction i.e. 2 Gy/week in 32 days 
gives an even slower development of erythema [21]. This shows the importance of using a smaller dose 
to not injure too many healthy cells. 

Radiation therapy for breast cancer is usually given either 16 or 25 times, which is spread out with one 
session per day for about five weeks. The most common dose for the treatment of breast cancer is 
either 25 fractions using 2 Gy/fraction with a total dose of 50 Gy or 16 fractions using 2.66 Gy/fraction 
with a total dose of 42.56 Gy. The form of treatment depends on the location and severity of the tumour. 
The treatment at Linköpings University Hospital takes four to five weeks, where the patient will undergo 
radiation therapy each weekday and the energies used on the photon beam are 6 MV and 15 MV.  

2.3.4	PARAMETERS	AFFECTING	THE	SKIN	DOSE		
The skin dose depends on many different parameters, including the energy of the photons, the size of 
the field and the source to surface distance (SSD), the photon scattering, exit dose and the incident 
angle. For the SSD of 100 cm, the skin dose usually varies between 10-45% of Dmax, depending on the 
other parameters [22]	[23].  

For high energy photons, the interaction starts a few millimetres into the skin and has less effect on the 
superficial layers of the skin. This means the higher the energy of the beam the deeper it can penetrate 
into the tissue, which means that the point of maximum dose is distributed deeper in the tissue [22]. In a 
field of 10x10 cm2 15% of the maximum dose for a 6 MV beam is delivered to the skin compared to 10% 
of the maximum dose for an 18 MV beam. An increase in field size for the same amount of energy 
results in a higher skin dose	 [13]. An increase of the SSD results in a decrease of the skin dose. 
However, the effect from this change in SSD is relatively small. According to Kry et al. [23] a change 
from a distance of 100 cm to either 85 cm or 120 cm only affects the skin dose approximately 10%. 
Changing both the size of the field to ≥ 20x20 cm2 and the SSD causes a larger impact and can exceed 
20% of Dmax when the SSD decreases	[23]. 

Another factor that influences the skin dose is the scattering of photons. It can be photons that 
backscatter from the tissue of the patient or scatter in the air or matters close to the patient. Photons 
can also scatter from the collimators in the gantry of the linear accelerator	[13]. When using high-energy 
photons the exit dose has a significant influence on the skin since a lot of the beam passing through the 
biological matter and exits the patient as can be seen in Figure 5 [23]. When exiting the tissue there is 
no scatter of the photon, which is illustrated by the curve in Figure 5 pointing slightly downwards at Dex. 
This is due to the lack or backscatter material behind the patient and makes the exit dose lower than 
expected	[13]	[23].  

The last parameter affecting the skin dose is the incident angle. A larger incident angle results in a 
larger skin dose due to the increased distance the beam are traveling in the biological matter together 
with a decreased distance between the beam source and the tissue. An angle of about 55° results in a 
50% larger skin dose than for smaller angles [23].  

2.3.5	BOLUS	
Bolus is a material that is used to increase the surface dose. By adding this extra layer most of the 
build-up effect of the photons occurs before they reach the skin. The bolus is also used to achieve a 
more uniform distribution of the dose. In the treatment of mastectomy patients bolus is used to increase 
the dose to the scar, which also may contain remaining cancer cells after surgery. The bolus is 
customized for the patient at the first appointment and used throughout the course of the treatment. The 
thickness of the bolus is usually between 0.5-1.5 cm [24]. A thicker bolus material leads to a higher skin 
dose	 [25]. At Linköping University Hospital, a tissue equivalent bolus with thickness 0.5 millimetres is 
always used for mastectomy patients. 
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When using a bolus, millimetre thick air gaps between the skin and the bolus can occur. Due to the air 
gaps the dose to the skin will be reduced and not uniformly distributed. According to Buston et al.	[26] at 
least 90% of the maximum dose is applied to the skin for air gaps of 10 millimetre and smaller, which  
should not affect the treatment of the tumour significantly. However, air gaps should be avoided anyway 
[26]. Both brass mesh bolus and 3D printed bolus have been investigated in order to reduce the air 
gaps.  

Brass mesh has been an alternative to the tissue equivalent bolus due to its better fit and its ability to 
produce a more even dose distribution. However the density of the brass mesh bolus gives the patient 
another body contour, which needs to be taken into account while dose planning. Another disadvantage 
is when using higher energy beams neutrons are created in the brass. Due to the increase of neutrons it 
is recommended to remove the mesh in treatments using higher energy beams [27] [28]. 

Using a 3D-printed bolus, a perfect fit can be reached and air gaps can be avoided. According to Ricotti 
et al. [29] 3D-printed boluses are rarely used today, which might depend on the lack of tools to design 
and print the bolus and also to the difficulties of obtaining a medical certificate for the material used	[29]	
[30].  

2.3.6	EFFECT	OF	RADIATION	TREATMENT	ON	THE	SKIN	 
The skin is 1-2 millimetre thick over most part of the body and divided into two main layers, the 
outermost and thinner layer, epidermis, and the deeper and thicker layer, dermis, as can be seen in 
Figure 9. Epidermis contains an outer layer and a basal layer and works as a protecting barrier to the 
external environment. The dermis contains blood vessels, nerves, glands and hair follicles, and works 
as the support structure, which supplies the dermis with nutrition. The renewal of epidermis occurs by 
normal shedding of the outer layer where the basal layer produce new cells that replaces the shaded 
ones. A total renewal of the epidermis takes about 4 weeks	[31]	[32]. 

	

Figure 9. The different layers of the skin. 

Since the skin is highly proliferative, this makes it radiosensitive. According to different studies 95% of 
patients that undergo radiation treatment for cancer show skin changes. These occur because the 
radiation interrupts the renewal cycle of the epidermis by destroying some of the cells in the basal layer. 
In repeated radiation treatments, the cells will not have time to repair tissue or damage to the DNA	[3].  

The injuries that arise from radiation treatment are divided into two categories, stochastic and 
deterministic injuries. A stochastic injury is an unpredicted injury that can occur at any level of treatment, 
but in some cases it does not occur at all. Deterministic injury is more common in the skin and are 
injuries that arise at a certain amount of radiation exposed to the treated area [33]. 
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The deterministic skin injuries are divided into acute injuries and late injuries. Acute injuries are the 
injuries that appear hours to weeks after radiation. The late injuries appear months to years after the 
radiation treatment. The acute skin injuries vary from erythema or redness in the early stage of radiation 
therapy to dry desquamation or moist desquamation after a few weeks (3-4 or longer). Radiation 
therapy can also lead to ulceration after 6 weeks or longer. Examples of late injuries include fibrosis and 
telangiectasia, which usually present themselves more than 6 months after treatment. 

As can be seen in the tables below, the skin injuries are related to the amount of dose that the skin has 
been exposed to. Table 1 shows different acute injuries and Table 2 shows late injuries	[3]	[7]. 

Table 1. The acute skin effect related to the given dose [3]	[7]. 

Acute skin effect  Dose (Gy) Onset (time after 
radiation) 

Early transient erythema 2 Hours 

Faint erythema, epilation  6-10 7-10 days 

Definite erythema, 
hyperpigmentation  

12-20 2-3 weeks  

Dry desquamation  20-25 3-4 weeks  

Moist desquamation  30-40 ≥ 4 weeks 

Ulceration  > 40 ≥ 6 weeks 

 

Table 2. The late skin effect related to the given dose [3]	[7]. 

Late skin effect  Dose (Gy) Onset (time after 
radiation) 

Delayed Ulceration  > 45 Weeks  

Dermal necrosis/atrophy  > 45 Months 

Fibrosis > 45 6 months to ≥ 1 year  

Telangiectasia > 45 6 months to ≥ 1 year 

 

To determine the dose and time for the different injuries in Table 1 and Table 2 the evolution of the 
injuries has been followed. A standard that can be followed to classify the injuries is the one from the 
Radiation Therapy Oncology Group (RTOG). The injuries are classified on a scale from 0-5 where no 
radiation is classified as 0 and a 5 means effects leading to death. The table can be seen in Table 3. [7]	
[34] 
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Table 3. Classifying of acute skin injury by RTOG	[34]. 

  Grade     

0 1 2 3 4 5 

No change 
of baseline 

Follicular, faint 
or dull 
erythema; dry 
desquamation; 
decreased 
sweating.  

Tender or bright 
erythema, 
patchy moist 
desquamation; 
moderate 
oedema.  

Confluent, moist 
desquamation 
other than 
skinfold pitting 
oedema  

Ulceration, 
haemorrhage, 
necrosis.  

Death. 

 

The level of skin injury is affected by more factors than just the dose. These factors can be divided into 
two categories; treatment factors and patient factors. Examples of the former category include the angle 
of the beam, the total exposure time and the area undergoing radiation. These parameters are 
dependent on the size and placement of the tumour	[3]. Examples of patient factors are weight and bra 
size, as larger breasts require larger doses to adequately treat the cancer, which leads to a greater risk 
of severe skin injury. Other factors are smoking, which decrease the reoxygenation for the cells after 
radiation therapy, age, stage, history of skin cancer and if the patient is undergoing chemotherapy [35].  

2.3.7	MICROCIRCULATION	
The smallest blood vessels in the body are commonly referred to as the microcirculation, which includes 
arterioles, venules and capillaries as seen in Figure 10. These are the vessels that reach out to all 
tissue and organs such as the skin. The microcirculation has a major roll in taking care of the exchange 
of oxygen and carbon dioxide in the tissue. It also delivers nutrients to the tissue and regulates the 
blood pressure and the temperature in the skin	[36].  

	

Figure 10. A schematic image of the microcirculation including the arteriole, venules and 
capillaries. 

The microcirculation in the skin is known to be affected by radiation therapy. The radiation creates an 
imbalance between the epidermis and the dermis, which triggers cells with vasoactive properties, and 
can therefore result in an increased microvascular perfusion [3]	[4].  
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2.4	MEASUREMENT	TECHNIQUES		
It is important to be aware of the effects on the skin during radiation therapy and keep the skin dose as 
low as possible. The treatment planning system offers a prognosis of the skin dose based on the 
settings used in the treatment, but this value is not exact due to the wide range of parameters affecting 
the dose. In order to obtain the actual value, a dosimeter can be used to measure the skin dose during 
the treatment. 

As mentioned earlier the microcirculation is affected by the radiation. To be able to measure the effect a 
laser speckle contrast imaging (LSCI) camera can be used. The LSCI camera measures the perfusion. 
Since the perfusion in an unprovoked area usually is low and therefore hard to evaluate a substrate 
called methyl nicotinate can be used to increase the perfusion.  

2.4.1	TECHNIQUES	FOR	MEASUREMENT	OF	THE	DOSE		
There are some dosimeters that are suitable for the measurement of the skin dose such as 
radiochromic films, parallel plates chambers, TLD and MOSFET.  

2.4.1.1.	RADIOCHROMIC	FILMS		
Radiochromic films are 2D radiation detectors that are based on a change in optical density when 
irradiated. The film contains a special type of dye that becomes polymerized by absorbing light. This 
change of density of the film can be measured and analysed, for instance using a flatbed CCD scanner 
[24] [37] [38]. Advantages of radiochromic films are ease of use, high spatial resolution, easy handling 
without the need of darkroom even if the property of the films is changes in density by absorbing light. 
They are relatively insensitive to environmental factors, although extreme humidity should be avoided. 
They can measure doses up to typically 40 Gy, but the dose response is not linear and needs to be 
corrected for the higher doses [24]	 [39]. In general, radiochromic films must be calibrated with regards 
to pressure, temperature, humidity etc [37]. 

The most common brand of radiochromic films is GafChromicTM film incorporated with Ashland [24]. 
One type of GafChromicTM film model is external beam therapy-3 films, EBT3. EBT3 contains an active 
layer in between two matte polyester layers. This symmetrical structure makes it possible to scan the 
film from both sides. The film is equivalent and has a low energy-dependence. To avoid Newton-rings, a 
phenomenon that can result in dark and bright rings where a spherical surface meets a flat surface due 
to interference, while scanning the film a special polyester substrate is added to EBT3. The film contains 
a yellow dye, which makes it possible to use multi-channel dosimetry, the RGB (red, green and blue) 
channel. Use of the red colour channel is suitable for a lower dose rate up to 10 Gy. If a higher dose 
rate is studied the green channel is suitable for dose rates over 40 Gy as can be seen in Figure 11. In 
the graph the changes in density of the films are described with a mean pixel value (MPV) and are 
plotted against the dose. [39] [40]. 

	

Figure 11. The RGB- curve. Modified from [39] 
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2.4.1.2	PARALLEL	PLATE	IONIZATION	CHAMBER	TECHNOLOGY	
Parallel plate ionization chamber technology is included in the category ionization chamber dosimetry 
systems. Ionization chamber dosimetry systems are used for determination of radiation dose either in 
radiotherapy or diagnostic radiology [24]. The principle of the system is to let charge particles interact 
with a gas that the chamber is filled with. When the particles pass through the gas, either an ionization 
or excitation of the gas molecules will occur. Usually, an electrical field is applied to collect the ionized 
molecules	[41]. 

The parallel plate ionization chamber has two electrodes as plane walls. One of them, the front wall, is 
both the entry window and polarizing electrode and the other, the back wall, is collecting electrons and 
also serves as a guard ring system. This technology is for instance used for measuring the surface dose 
of megavoltage photon beams. It can also be used for measurement of megavoltage photon beams in 
the build-up region and for electron beams under 10 MV	[24]. 

According to a study by Muir et al	 [42] a stable measurement can be acquired in approximately 15 
minutes. The study also showed that the parallel-plate chambers are sensitive to high humidity and 
have potential for leakage. At low voltage a linear behaviour is shown, but for higher voltage nonlinearity 
is observed	[42]. 

2.4.1.3	THERMOLUMINESCENT	DOSIMETER	TECHNIQUES	
Luminescence is the ability of a material to emit light. These materials can be both organic and non-
organic. A thermoluminescent dosimeter (TLD) is made of a non-organic material and includes a crystal 
structure. It can have different forms as powder, chips, rods and ribbons. The TLD is built on the 
principle of exciting electrons. When irradiated, the electrons in the valence band obtain enough of 
energy to excite to the conduction band, see Figure 12 a. The electron loses energy and intends to 
return to the valence band, however the structure of the crystal traps these electrons in between the 
bands, see Figure 12 b. By heating of the TLD the trapped electrons are supplied with thermal energy 
and can return to the ground state in the valence band as seen in Figure 12 c. The difference in energy 
for the trapped electrons returning is emitted as light, which can be measured. The amount of emitted 
light is proportional to the dose	[24]	[43]. 

	

Figure 12. a) Due to irradiation the electrons in the valence band obtain enough energy to 
excite to the conduction band. b) When losing energy the electrons intend to return to the 

conduction band. Due to the structure of the TLD some electrons get stuck in between. c) By 
heating the TLD the trapped electrons can return to the valence band. The emitted light for the 

returning electrons can be measured. Modified from [43]. 

Due to its size TLD is suitable as a personal dosimeter. It is also suitable in radiation therapy, as for 
instance in vivo dosimetry and controlling treatment techniques by use of phantoms. Using a TLD is 
time consuming and difficult and a few things need to be taken into account when using them. For 
instance, before use the TLD must be annealed in order to erase the remaining signals from earlier 
measurements. Another disadvantage is that the TLD can not provide any real-time dose information	
[24]	[44]	[43]. 

 Conduction band

 Valence band

a) b) c)
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2.4.1.4	MOSFET	TECHNIQUES		
A MOSFET, short for metal-oxide semiconductor field effect transistor, is a miniature transistor in silicon 
that is controlled from the voltage. The principle of a MOSFET used for measurements of the dose is 
that the ionization radiation will affect the current flowing between the Drain and the Source. The 
change will affect the threshold voltage, which is linear to the absorbed dose [24]	[45]. 

MOSFET has the advantages of little impairment of the beam due to its small size. The MOSFET also 
has good spatial resolution; works well in vivo and the dose can be measured during irradiation or after. 
Some disadvantages of the MOSFET are that it has a limited lifespan [24] and according to Cynthia F et 
al.	 [46] the MOSFET has a large dependence on the angle of incident since it is not designed with 
perfect cylindrical symmetry	[46]. 

2.4.2	LASER	SPECKLE	CONTRAST	IMAGING 
Laser speckle contrast imaging (LSCI) is a non-invasive imaging method that measures microvascular 
perfusion in the skin [8]. It has a relatively high temporal and spatial resolution compared to other 
techniques. Perfusion images can be acquired within milliseconds	[9]. 

LSCI consist of a laser and an image sensor, for example a CCD camera. The coherent laser light is 
illuminated on the examination area, for example the skin. By interaction with moving particles, the 
photons will become Doppler-shifted by phase shifting. The backscattered, phase shifted, photons 
create an interference pattern, a so called speckle pattern, on the image sensor, due to constructive or 
destructive interference. The speckle pattern will be interpreted as spatial variations in image intensity 
by the detector [8]. 

In areas with a lot of motion the speckle pattern becomes blurred, which decreases the local image 
contrast [8]. The contrast in an area, C, is calculated as: 

𝐶 = !!
!
	 (6)	

where 𝜎! is the standard deviation of the intensity, I, and 𝐼  is the mean intensity [47]. The value of C is 
between 0 and 1 where 1 indicates that there is no blurring, so to say no motion, and 0 a lot of motion, 
blurring [8]. 

Since the interpretation of the scattering process is complex, it is not possible to calculate the absolute 
perfusion. However from C, a measure of perfusion can be derived [48]: 

𝑃𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛 = !
!!
− 1  (7) 

2.4.2.1	METHYL	NICOTINATE 
Methyl nicotinate (MN) is a substance which when applied topically to a patient enhances the perfusion 
of the blood. This substance can be used to aid laser speckle contrast imaging perfusion 
measurements, since the normal blood flow is typically low in the skin of the breast area. 

Studies have shown that topical application of MN increases the blood flow in the capillaries. The MN 
provokes a relaxation in the vessels, by releasing the substance prostaglandin (PGD2) from the skin. 
PGD2 enters the blood stream and acts by relaxation of the blood capillaries i.e. vasodilation	[49].  
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3.	MATERIALS	AND	METHODS	

3.1	FILM	CALIBRATION	 
To measure the skin dose, GafChromicTM EBT3 film was chosen. It was chosen since this is a follow up 
on an earlier study and EBT3 was used there. To make sure no other dosimeter would be better suited 
for this study an evaluation between different dosimeters was made. Due to all the advantages of the 
EBT3, such as low energy dependency, the body equivalent material and the ease of use, it was 
considered as the most suitable measurement technique. 

The film has a sandwich structure with two layers of 100 microns thick matte polyester and a 28 microns 
active layer in between, see Figure 13. In order to minimize dispersion error, all films used in the study 
were taken from the same batch; Lot # 11031501. The sheets had the size of 20.3x25.4 cm2 and all 
pieces for an examination were cut from the same sheet.  

	

Figure 13. The structure of the EBT3 films. Modified from [39]. 

The density of the film depends on the radiation dose and can be measured by scanning the films, in 
this study using an Epson Perfection V600, and analyse them using an image analysis software such as 
ImageJ. The change in density due to the irradiation can be measured as a change in mean pixel value 
(MPV). The darker the film becomes, the lower MPV. To convert the MPV to dose, a calibration curve is 
needed. To produce a calibration curve films were irradiated using a known dose and this dose was 
plotted against the obtained MPV from the films. For irradiation, a linear accelerator (Clinac IX, Varian 
Medical Systems) at Linköping University Hospital was used. For mastectomy patients at Linköpings 
University Hospital photon energies of 6 and 15 MV are used. Therefore, calibration curves were 
produced for these energies by using irradiation between 10-300 monitor units (MU), which corresponds 
to doses between 0.1-3 Gy (100 MU is about 1 Gy [14]). The sequence of events to obtain the 
calibration curve is described in Figure 14 and more details of the different steps are described below.  

Matte Polyester, 100 microns

Matte Polyester, 100 microns

Active Layer, about 28 microns 
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Figure 14. A schematic image over the sequence of events to obtain the calibration curve. In 
sequence a) an ion-chamber was irradiated using different monitor units for both 6 and 15 MV. 
The value was recorded by an electrometer and calculations were made to obtain the dose. b) 
EBT3 films were irradiated using the same arrangement as in the ion chamber measurements. 

The films were scanned and analysed in an image program to determine the MPV. c) the 
obtained dose and MPV was plotted against each other to create the calibration curve. 

3.1.1	DOSE	MEASUREMENT	WITH	ION-CHAMBER		
To obtain the known dose an ion chamber, model NE 2571 Farmer (serial number 1921), was used and 
placed in a polymethylmethacrylate (PMMA) phantom with a 5 cm layer on top and a 10 cm 
backscattering layer underneath as can be seen in Figure 15. A PMMA phantom is a type of Plexiglas 
with backscattering properties to mimic the interactions in biological matter. The radiation field was set 
to 10x10 cm2 and the source to surface distance, SSD, was 100 cm.  

	

Figure 15. The setup when using the ion chamber. 

An electrometer UNIDOSwebline (PTW, Germany), which measured the irradiation charge was connected 
to the ion chamber. The electrometer was turned on 1 hour before the measurement to make sure it 
was warmed up properly. The pressure and the temperature in the PMMA phantom were measured 
before the measurement started and after to get the mean value. To warm up the ion chamber it was 
irradiated two times. For the measurement 10, 20, 35, 50, 75, 100, 125, 150, 200 and 300 monitor units 
(MU) were used, which corresponds to doses between 0.1-3 Gy. The measurement with 10 MU was 
done three times to make sure that the ion chamber gave a stable value before proceeding with the 
other measurements. The charge for the different irradiations was read from the electrometer in the unit 
nC.  

SSD=
100 cm

5 cm

10 cm

PMMA

PMMA
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To calculate the dose equations were retrieved from International Atomic Energy Agency, IAEA, TRS-
398 [50]. This agency provides guidelines for the calculation of absorbed dose in different materials. 
Since the human body is mostly comprised of water, the equation for water was used	[50].  

The dose, 𝐷!,! in water with a photon beam quality, 𝑄, was calculated using equation 8	[50]. 

𝐷!,! =  𝑀! ∗ 𝑁!,!,!! ∗ 𝑘!,!!  (8) 

where 𝑀! gives the reading from the electrometer with the field size on the phantom of 10x10 cm2 using 
a SSD of 100 cm. 𝑀! corrects for the influence of the temperature and pressure in the room as seen in 
equation 9. 𝑁!,!,!! is the calibration factor of the ion chamber and given as 0.04561 Gy/nC. 𝑘!,!! is a 
factor correcting for the difference of the quality of the reference beam, 𝑄0, and the given beam quality, 
𝑄. 𝑘!,!! is obtained from the tissue-phantom ratio, TPR20,10, which is measurements done on a water 
phantom at depths of 10 and 20 cm with a SSD of 100 cm and field size of 10x10 cm2. For the used 
linear accelerator the TPR20,10 was measured 0.663 which result in a 𝑘!,!! value of 0.9945	[50]. 

𝑀! =  𝑄 ∗ 𝑘!"!# ∗ 𝑘!"# ∗ 𝑘! ∗ 𝑘!,! (9) 

𝑄  is the charge measured by the electrometer. 𝑘!"!# , 𝑘!"#  and 𝑘!  are correction factors for the 
electrometer, the effect of a change in polarity of the ion chamber while applying a polarizing voltage 
and the lack of complete charge collection of the ionization chamber. In the measurements performed 
the effect of these parameters where considered negligible, and the corresponding correction factors 
were therefore set to 1. 𝑘!,! is the correction of temperature and pressure calculated as in equation 10	
[50].  

𝑘!,! =
(!"#.!!!)!!
!"#.!! !! !

 (10) 

where 𝑇! is the reference temperature of 20 ºC and 𝑇 is the measured temperature. The same applies 
for the pressure, 𝑃! is the reference pressure of 101.3 kPa and 𝑃 is the measured pressure	[50].  

3.1.2	DOSE	MEASUREMENT	WITH	GAFCHROMIC	FILMS		
To obtain the MPV for these doses 12 pieces of GafCromicTM EBT3 films were cut in a size of 2x1 cm2. 
The films were placed one by one between two pieces of a PMMA phantom. The top layer of the 
phantom was 5 cm and the bottom, backscattering layer, 10 cm as can be seen in Figure 16. The SSD 
was 100 cm and the radiation field was set to 10x10 cm2. One piece was left unirradiated (0 MU) and 
the other were irradiated with 10, 20, 35, 50, 75, 100, 125, 150, 200 and 300 MU.  

	

Figure 16. The setup when irradiating the EBT3 films. 
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To obtain the MPV the films were scanned and analysed in ImageJ. According to Yacoub [51] the films 
were placed in the centre of the scanner. They were placed four by four and in a landscape orientation 
as requested from the manufacturer as can be seen in Figure 17	 [39]. The settings for the scanning 
were 48-bits and 300 dpi.  

For analysis of the films a suitable area for examination was determined by checking the homogeneity 
of the films. An area with high homogeneity was sought since this gives a more reliable value. An area 
that includes a deviation of the homogeneity from for instance scratches or dirt on the film will affect the 
MPV and give a misleading value. 

	

Figure 17. The placement of the films during scanning. 

Due to the reasons presented above, a region of interest (ROI) was chosen where the homogeneity was 
high. The MPV was calculated in this area. The size of the area with high homogeneity was different 
between films so the size of the ROI varied. Since the dose rate from the measurements was expected 
to be lower than 10 Gy the red colour channel was chosen. The red channel was most suitable since it 
is more sensitive for lower dose rates, which is in the range for the measurements in this study.  

The films were scanned and analysed at six different times, 30 minutes, 2, 24 and 48 hours, 7 days and 
1 month after irradiation.  

3.1.3	CALIBRATION	CURVE	
The calculated doses from the measurements using the ion-chamber were plotted against the MPV 
from the measurement using the GafChromic films. Both the values from 6 and 15 MV were plotted in 
the same graph and an equation with the best fit was chosen as the calibration curve.  

3.1.4	VALIDATION	OF	THE	CALIBRATION	CURVE		
When the calibration curve had been obtained, a test to ensure that it was correct was performed. To 
obtain the dose the test was performed in the same manner as to produce the calibration curve. An 
assistant chose two different doses between 0-3 Gy that were used to produce the calibration curve to 
irradiate the ion chamber with. The values were read out on the electrometer by the assistant and from 
the value the doses were calculated using the equations above. Two films for each energy level, 6 and 
15 MV, were irradiated. The films were scanned 24 hours after irradiation and analysed. To calculate 
the dose the calibration curve was used. The calculated values were compared with the calculated 
values from the assistant.  
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3.2	PMMA	PHANTOM	MEASUREMENTS	
Several tests were performed on a 10 cm thick PMMA phantom to investigate how the surface dose 
was affected by different incident angles, using different thickness of the bolus, different energies and 
different field of size. Through all the tests GafChromicTM EBT3 films were used and cut in a size of 2x1 
cm2. The protocol of the measurements is presented in Appendix A. 

The received doses were compared to the values calculated from the treatment planning system 
Eclipse TPS, Varian Medical Systems, CA, USA, that was used for the treatment plans of the patients at 
Linköping University Hospital Appendix B. The treatment planning system (TPS) uses the Analytical 
Anisotropic Algorithm (AAA), which is a model-based algorithm using Monte Carlo simulations [52]. 

3.2.1	INCIDENT	ANGLE	
Thirty pieces of film were prepared and marked with numbers for both the measurement using 6 MV 
and the measurement using 15 MV. The measurement was done using different incident angles of 10°, 
30°, 50°, 70° and 90° (see Figure 18). For each test 6 films were used, 2 were placed on top of the 
phantom to measure the entrance dose and 4 were placed where the exit dose were expected to occur 
either on the side of the phantom or underneath it as seen in Figure 19. The SSD was set to 100 cm 
and the field size 10x10 cm2. Throughout the first test the energy 6 MV was used and the irradiation set 
to100 MU. In the second test the energy was set to 15 MV still using 100 MU. The films were scanned 
24 hours after irradiation.  

	

Figure 18. The set up of the different incident of angels used for the measurement. 

	

Figure 19. The arrangement of irradiation using different angles. a) shows 10° where the exit 
dose is expected on the side of the phantom. b) shows 30°, exit dose still on the side of the 

phantom. c) is an angle of 50° and the films is placed underneath the phantom. d) shows 70° 
and e) shows 90° where the exit dose is straight underneath. 

3.2.2	BOLUS	MATERIAL		
Ten pieces of film were prepared and marked with numbers for two different measurements. 4 pieces in 
the size of 10x3 cm2 and 2 pieces in the size of 5x3 cm2 were cut out of the bolus material (Superflab, 
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which is a proprietary synthetic gel, from Eckert & Zeigler, size 0.5x30x30 cm3 and Lot # M2016-037). 
The pieces were placed on top of each other to create layers with different thicknesses of 0.5, 1.0, 1.5 
and 2.0 cm, see Figure 20. One film was irradiated without a bolus and the other 4 films where placed 
under the different thicknesses of bolus.  

	

Figure 20. The position of the bolus to create the thicknesses of 0.5, 1.0, 1.5 and 2.0 cm. 

The measurement were done for two different incident angles; 90° and 45° as can be seen in Figure 
21. The other parameters were the same for both measurement with a SSD of 100 cm, the field size 
10x10 cm2 and the energy 6 MV using 100 MU. The films were scanned 24 hours after irradiation.  

	

Figure 21. The two different incident angles used for the measurement with bolus. 

3.2.3	FIELD	SIZE	
Two measurements using different field sizes were performed. One measurement using a smaller field 
size of 5x5 cm2 and one using a larger field size of 20x20 cm2. The same measurement as in 3.2.1 was 
performed to examine the entrance and exit dose for the different incident angles of the different field 
sizes. The energy used for the measurement was 6 MV, the SSD was 100 cm and the irradiation set to 
100 MU. The films were scanned after 24 hours.  

3.3	ANTHROPOMORPHIC	PHANTOM	STUDY 

Before the measurements were done on patients a test was performed on an anthropomorphic phantom 
to optimize the protocol for the measurement on the patients. Since the research was conducted on 
mastectomy-patients, a male phantom was chosen to mimic the anatomy of the patients. 

Computed tomography (CT) images were acquired and reference points were marked using lead bullets 
taped on the phantom to make sure the phantom was placed in the same position during irradiation as it 
was for the CT. To do so laser beams were used. These laser beams create a crosshatch pattern, 
which is used to position the phantom/ patient, as can be seen in Figure 22. From the CT images a 
treatment plan used for irradiation was calculated in the TPS. The treatment plan had the same 
properties as for breast cancer patient with a total dose of 50 Gy divided in to 25 fractions using 2 
Gy/fraction.  
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Figure 22. Lead bullets were used as marks on the phantom and were placed in the centre 
where the laser beams crossing each other. 

Before the irradiation 16 pieces of EBT3 films were cut in a size of 2x1cm2, marked with numbers and 
taped in the same pattern on the phantom as shown in Figure 23. By using the information from the 
TPS the phantom was irradiated. The films were analysed five different times, 2, 24 and 48 hours, 7 
days and 1 month after irradiation. The protocol written from this measurement can be seen in 
Appendix C. 

	

Figure 23. The placement of the EBT3 films on the phantom before radiation. 

3.4	PATIENT	STUDY		
Between September 2017 and December 2017 mastectomy patient undergoing radiation therapy at 
Linköpings University Hospital were asked to participate in the study. Five women were included. The 
mean (SD) age of the women was 58.00 (6.16) years in a range of 52-69 years and their mean (SD) 
BMI were 21.65 (3.65) in the range of 16.44-27.89. Three of the patients were left sided mastectomy 
patients and two right sided. The total dose for the treatment was 50 Gy that was divided in to 25 
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fractions using 2 Gy/fraction. The treatments were each weekday for five weeks. For the treatment 
photon beams with energies of 6 and 15 MV were used.  

The study followed the guidelines by the Declaration of Helsiniki and was approved by the regional 
ethics board at Linköping University (Dnr 2014/299-31). All patients were informed of the study in writing 
and by the first measurement the patients signed a form of agreement to participate in the study.	

Three separate measurements were performed on the patients. To make it as convenient as possible 
for the patients the measurements were performed at two different times connected with the treatment 
appointment.  

3.4.1	MEASUREMENTS	OF	MICROCIRCULATION	BEFORE	RADIATION	THERAPY		
The first measurement was done before the first treatment of radiation therapy. The patients lay down 
comfortably in supine position while questions including the use of medication, comorbidities, length and 
weight were asked, see Appendix D. Also the blood pressure was measured using an Automatic Blood 
Pressure Monitor from OMRON, Model M6 Comfort (HEM-7221-E). 

When the patient was acclimatized the measurement using the LSCI started. For the measurements a 
PeriCam PSI from Perimed AB, Järfälla, Sweden, was used with the settings of 21 fps and the distance 
to the subject between 23-28 cm according to Zötterman et al.	 [9]. The measurement using the LSCI 
took about 5 minutes and in total, four recording were made with a length of 20 seconds each. The 
recording started with the healthy breast from above and then from the side moving over to the 
mastectomy side where one recording was taken from above and the other from the side. While 
recording from above the patient was asked to hold her breath for 10 seconds to minimize motion 
artefacts. After, four images were taken using a cannon camera (EOS 700D) over the same area where 
the recording was done, see Appendix E.  

3.4.2	MEASUREMENTS	OF	THE	SKIN	DOSE	DURING	TREATMENT		
Sixteen pieces of film were cut, numbered and taped in the same manner on the patient as it was on the 
anthropomorphic phantom. A photo over the arrangement was taken before and after the bolus was 
added. Before the films were removed dots were drawn to mark where the films had been placed. The 
films were scanned 24 hours after irradiation. The protocol for the dose measurement can be seen in 
Appendix C.  

3.4.3	MEASUREMENTS	OF	MICROCIRCULATION	AFTER	RADIATION	THERAPY		
After the last treatment and after the films were removed the same measurement of the microcirculation 
was done as in 3.4.1 and photos were taken on the irradiated side. Thereafter measurements using 20 
mmol methyl nicotinate (MN) were performed. The compound of MN was chosen according to 
unpublished study done in the research group cooperating with this study. 40 ml of MN was placed at 
three different parts, one on the non-irradiated side and two in different parts of the irradiated side as 
can be seen in Figure 24. Measurements using the LSCI were performed over these areas after 15 
minutes. 15 minutes was chosen to make sure the MN had full effect. While waiting the blood pressure 
was measured. The protocol of the measurement of the microcirculation after radiation therapy can be 
seen in Appendix F. 



	24	

	

Figure 24. The placement of Methyl Nicotinate. 

3.4.4	ANALYSIS	OF	THE	MICROCIRCULATION	MEASUREMENTS	
For analysis of the microcirculation PIMsoft was used, which is the software used for the LSCI camera. 
According to Zötterman et al. [9] movement leads to higher perfusion due to motion artefacts. To 
minimize the risk for motion artefacts the image with the lowest value of perfusion was used for 
analysis.  

To analyse the microcirculation the examined area was divided into four different parts, three parts of 
the area filmed from above and one part of the area filmed from the side. The microcirculation was 
examined both on the non-irradiated side and irradiated side. Area 1-4 is on the non-irradiated side as 
can be seen in Figure 25 and area 5-8 is on the irradiated side.  

	

Figure 25. The division of the analysed area during measurement of the microcirculation. Area 
1-4 is the measurements on the non-irradiated side and area 5-8 is the measurements on the 

irradiated side. 

The values of the perfusion were obtained in these areas by using the ROI function in PIMsoft, both on 
the non-irradiated and the irradiated side and from the measurements before and after the radiation 
therapy.  
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In the measurement after the last treatment also the value of the perfusion from the three areas using 
methyl nicotinate were obtained. The areas where the GafChromicTM films had been placed during 
treatment were specifically investigated and the perfusion was measured. All values were noted in an 
excel sheet.  

3.5	TREATMENT	PLANNING	SYSTEM	
A reference point was chosen, for instance the mammilla, also called nipple, on the untreated breast or 
the scar. With the help of the reference point and the image taken with the placement of the films these 
areas were located in the treatment planning system (TPS). To obtain the calculated skin dose a dose 
map was drawn in the patients dose plan over the breast area, as can be seen in Figure 26, and the 
dose at the surface (i.e. 0 cm on the dose profile plot) was read. Three separate measurements were 
taken within the area where the film was located. The mean value of these measurements was 
calculated and compared to the film dose, Appendix G.  

	

Figure 26. The red line in a) is drawn over the investigated area and gives the dose map in b). 
To find the location of interest from the reference point the red line was moved both in z-axis, 

figure a, in y-axis, figure c, and x-axis, figure d.  
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4.	RESULTS 

4.1	CALIBRATION		
4.1.1	FILM	READOUT	TIME		

To ascertain which time the films for all measurements should be scanned, different time points were 
examined for the films used to obtain the calibration curve. The different readout times, also called 
scanning times, that was examined were 30 minutes, 2, 24 and 48 hours, 7 days and 1 month after 
irradiation. The outcome can be seen in Figure 27. 

	

Figure 27. Comparison between different scanning times.  

A scanning time of 24 hours after irradiation was chosen. How large the deviation between the different 
scanning times compared to using a scanning time of 24 hours after irradiation can be seen in Figure 
28.  
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Figure 28. The deviation in percent using different scanning times compared to using 24 hours 
as scanning time 

As can be seen in Figure 28 the deviation increased the larger the used doses were. The highest value 
of the deviation is 6.10% and is for 200 MU scanned after one month. For scanning times closer in time 
to 24 hours the greatest deviation is 2.42% for 300 MU after 30 min. A deviation between scanning time 
24 hours and 48 hours after irradiation is lower than 1% (highest deviation is for 150 MU with a 
deviation of 0.80%). 

4.1.2	PHOTON	ENERGY	
Since both energies 6 and 15 MV are used during radiation therapy for breast cancer patients, one 
calibration curve for each energy was created. The curves for both energies can be seen in Figure 29. 
A third degree polynomial was chosen which gives equation 11 for 6 MV.  

dose = -4.415*10-13MPV3 + 4.637*10-8MPV2 - 1.698*10-3MPV + 21.808 (11) 

The equation for 15 MV can be seen in equation 12.  

dose = -4.320*10-13MPV3 + 4.621*10-8MPV2 – 1.722*10-3MPV + 22.426 (12) 
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Figure 29. The calibration curve for both 6 and 15 MV in the same graph. 

The largest deviation, about 10%, between the calibration curves is observed for doses > 1Gy.  

Validation points for the calibration curves at both energies were added in Figure 29 and can be seen 
as the green and black marks. Table 4 shows the known and calculated doses obtained for the 
validations points for 6 MV and Table 5 shows the doses for 15 MV.  

Table 4. Comparison between the known dose and the dose calculated using the calibration curve for 6 
MV. 

 Film 1 Film 2 

Irradiated dose [Gy] 0.506 1.095 

Calculated dose using calibration curve [Gy] 0.535 1.090 

Difference in percent [%] 5.653 0.307 

 

Table 5. Comparison between the known dose and the dose calculated using the calibration curve for 
15 MV. 

 Film 1 Film 2 

Irradiated dose [Gy] 0.549 1.185 

Calculated dose using calibration curve [Gy] 0.554 1.196 

Difference in percent [%] 0.870 0.909 

 

To be able to use a single calibration for both 6 and 15 MV, a calibration curve including both the 
energies was created as can be seen in Figure 30.  
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Figure 30. The calibration curve for both 6 and 15 MV. 

A third degree polynomial was used to describe the calibration curve, which gives equation 13. 

dose = - 4.529*10-13MPV3 + 4.745*10-8MPV2 - 1.731*10-3MPV + 22.136 (13) 

This calibration curve was used for the rest of the analysis in the study and the films were scanned 24 
hours after irradiation.  

4.2	PMMA	PHANTOM	MEASUREMENTS		
4.2.1	INCIDENT	ANGLE	

A more perpendicular incident angle results in a smaller surface dose for both 6 and 15 MV as can be 
seen in Figure 31. However, the exit dose decreases for more oblique angles, Figure 32.  

As seen in Figure 31 the entrance dose is lower for 15 MV compared to 6 MV. Figure 32 shows the 
opposite behaviour for the exit dose when 6 MV is compared to 15 MV. 
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Figure 31. A comparison between the entrance dose for 6 and 15 MV by different incident 
angles. 

	

Figure 32. A comparison between the exit dose for 6 and 15 MV by different incident angles. 

In Table 6 the values from Figure 31 and Figure 32 can be read and a comparison in percent between 
the energies for the entrance and also exit dose are presented.  
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Table 6. The entrance and exit dose for 6 and 15 MV and the difference in percent between them. 

Incident 
angle [°] 

Entrance 
dose 6 MV 
[Gy] 

Entrance 
dose 15MV 
[Gy] 

Difference 
[%] 

Exit 
dose 6 
MV [Gy] 

Exit dose 
15 MV [Gy] 

Difference 
[%] 

10 0.61 0.50 -17.67 0.42 0.45 7.45 

30 0.45 0.33 -25.97 0.48 0.61 26.16 

50 0.35 0.25 -27.74 0.51 0.67 32.01 

70 0.31 0.22 -28.19 0.62 0.73 17.72 

90 0.27 0.20 -25.97 0.63 0.72 14.99 

 

In Table 7 and Table 8 a comparison between the values received from the films and the values 
calculated from the TPS are compared to each other for both 6 MV and 15 MV. As can bee seen in the 
tables, the lowest deviation was for the entrance and exit dose for 6 MV with an incident angle of 90°. 
The deviation for 15 MV using an incident angle of 90° was also relatively low. The highest deviation 
was for the entrance dose of 15 MV with an incident angle of 10°. However, both entrance and exit dose 
for both energies using an incident angle of 30° is relatively high compare to the other values for the 
different incident angles.  

Table 7. The difference between the measured entrance and exit dose compared to the calculated dose 
using the TPS for 6 MV. 

Incident 
angle [°] 

Entrance 
dose films 
[Gy] 

Entrance 
dose TPS 
[Gy] 

Difference 
[%] 

Exit dose 
films [Gy] 

Exit dose 
TPS [Gy] 

Difference 
[%] 

10 0.61 0.37 -39.67 0.42 0.43 3.31 

30 0.45 0.30 -34.36 0.48 0.34 -28.64 

50 0.35 0.27 -22.02 0.51 0.47 -7.22 

70 0.31 0.25 -19.33 0.62 0.57 -8.42 

90 0.27 0.27 1.52 0.63 0.64 1.60 
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Table 8. The difference between the measured entrance and exit dose compared to the calculated dose 
using the TPS for 15 MV. 

Incident 
angle [°] 

Entrance 
dose films 
[Gy] 

Entrance 
dose TPS 
[Gy] 

Difference 
[%] 

Exit dose 
films [Gy] 

Exit dose 
TPS [Gy] 

Difference 
[%] 

10 0.50 0.30 -41.14 0.45 0.54 19.89 

30 0.33 0.25 -24.00 0.61 0.43 -29.00 

50 0.25 0.21 -18.38 0.67 0.59 -11.58 

70 0.22 0.21 -2.98 0.73 0.70 -4.60 

90 0.20 0.22 11.49 0.72 0.76 4.89 

	

4.2.2	BOLUS	MATERIAL	
As seen in Figure 33, increasing thickness of the bolus material significantly increases the surface dose 
at a perpendicular incident angle. The relation between bolus thickness and surface dose was different 
in the case of a 45° incident angle where surface dose was relatively constant for bolus thickness 
between 0.5 and 2 cm.  

	

Figure 33. The different surface doses by using no bolus and boluses with different thickness. 

For mastectomy patients at Linköpings University Hospital a bolus with a thickness of 0.5 cm was used. 
A comparison between 0.5 cm and no bolus and also thicker bolus was made. The result is presented in 
Table 9 for a perpendicular incident angle. The result using an incident angle of 45° is presented in 
Table 10. Also the calculated dose from the TPS is presented in Table 9 and Table 10. 
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Table 9. The difference of the surface dose using no bolus and thicker bolus compared to a 0.5 cm thick 
bolus with an incident angle of 0° for both measurements with GafChromic films and calculations from 
the TPS. 

Thickness of 
bolus [cm] 

Dose [Gy] Comparison to 0.5 
cm [%] 

TPS [Gy] Difference TPS to 
films [%] 

0 0.31 -63.58 0.27 -14.09 

0.5 0.86 Ref. 0.86 -0.74 

1.0 0.99 14.47 1.00 1.14 

1.5 1.00 15.79 1.03 2.84 

2.0 1.01 17.25 1.02 1.40 

	
Table 10. The difference of the surface dose using no bolus and thicker bolus compared to a 0.5 cm 
thick bolus with an incident angle of 45° for both measurements with GafChromic films and calculations 
from the TPS. 

Thickness of 
bolus [cm]	

Dose [Gy]	 Comparison to 0.5 
cm [%]	

TPS [Gy] Difference TPS to 
films [%] 

0 0.38 -62.73 0.29 -25.39 

0.5 1.03 Ref. 0.89 -13.82 

1.0 0.92 -10.31 1.01 9.44 

1.5 1.01 -1.96 1.02 1.08 

2.0 0.96 -6.43 1.00 4.29 

 

As can be seen in the tables the largest difference between film dose and the dose estimated by the 
TPS is for the case where no bolus was used, while the differences decreased for thicker bolus 
material.  
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4.2.3	FIELD	SIZE	
In Figure 34 it is shown that a smaller field size results in a smaller entrance dose. The larger the field 
size gets the more the entrance dose increases, irrespective of incident angle.  

	

Figure 34. A comparison of the entrance dose between different field sizes. 

In general the same pattern is shown for the exit dose, a larger field size results in a larger dose as can 
be seen in Figure 35.  

	

Figure 35. A comparison of the exit dose between different field sizes. * The value for field 5x5 
cm2 at 10° and 30° is an outlier probably due to measurement error.  
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Table 11 presents the entrance dose and Table 12 the exit dose for the different field sizes 
investigated. A comparison to the field size 10x10 cm2 were done and the difference in percent is also 
presented in the tables.  

Table 11. The entrance doses using different field sizes and a comparison in percent to the field size 
10x10 cm2. 

Incident 
angle [°] 

5x5 cm2 10x10 cm2 20x20 cm2 

 Entrance 
[Gy] 

Difference 
[%] 

Entrance 
[Gy] 

Difference 
[%] 

Entrance 
[Gy] 

Difference 
[%] 

10 0.53 -12.90 0.61 Ref. 0.71 16.01 

30 0.37 -17.35 0.45 Ref. 0.59 30.58 

50 0.27 -22.76 0.35 Ref. 0.46 31.96 

70 0.25 -19.19 0.31 Ref. 0.43 41.84 

90 0.22 -16.41 0.27 Ref. 0.43 60.62 

 

Table 12. The exit doses using different field sizes and a comparison in percent to the field size 10x10 
cm2. *outlier probably due to measurement error. 

Incident 
angle [°] 

5x5 cm2 10x10 cm2 20x20 cm2 

 Exit [Gy] Difference 
[%] 

Exit [Gy] Difference 
[%] 

Exit [Gy] Difference 
[%] 

10 0.58* 40.49 0.42 Ref. 0.46 11.79 

30 0.09* -82.25 0.48 Ref. 0.64 34.26 

50 0.50 -2.58 0.51 Ref. 0.57 13.09 

70 0.56 -10.75 0.62 Ref. 0.67 7.30 

90 0.59 -5.85 0.63 Ref. 0.70 12.22 

	
Table 13 and Table 14 present a comparison between the measured doses and the calculated doses 
using the TPS for the field size 5x5 cm2 respectively 20x20 cm2. In general the doses received from 
TPS were lower than the measured doses.  
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Table 13. A comparison of the measured dose using films and the calculated dose using the TPS for 
the field size 5x5 cm2. *outlier probably due to measurement error.  

Incident 
angle [°] 

Entrance 
dose films 
[Gy] 

Entrance 
dose TPS 
[Gy] 

Difference 
[%] 

Exit dose 
films [Gy] 

Exit dose 
TPS [Gy] 

Difference 
[%] 

10 0.53 0.36 -32.61 0.58* 0.37 -37.09 

30 0.37 0.20 -46.01 0.09* 0.30 254.21 

50 0.27 0.21 -22.03 0.50 0.42 -14.83 

70 0.25 0.21 -16.54 0.56 0.51 -7.54 

90 0.22 0.26 16.23 0.59 0.56 -5.03 

	

Table 14. A comparison of the measured dose using films and the calculated dose using the TPS for 
the field size 20x20 cm2. 

Incident 
angle [°] 

Entrance 
dose films 
[Gy] 

Entrance 
dose TPS 
[Gy] 

Difference 
[%] 

Exit dose 
films [Gy] 

Exit dose 
TPS [Gy] 

Difference 
[%] 

10 0.71 0.41 -42.15 0.46 0.44 -5.52 

30 0.59 0.35 -41.53 0.64 0.37 -43.19 

50 0.46 0.33 -27.89 0.57 0.51 -11.99 

70 0.43 0.34 -21.15 0.67 0.62 -7.42 

90 0.43 0.36 -14.57 0.70 0.71 0.83 
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4.3	ANTHROPOMORPHIC	PHANTOM	MEASUREMENTS	
For the measurement of the skin dose on the anthropomorphic phantom the films were read out at five 
different times. The difference in MPV for the different times showed the same pattern as in Figure 27.  

Figure 36 shows the arrangement of the films for the measurement on the phantom.  

	

Figure 36. The arrangement of the films on the anthropomorphic phantom. 

In Figure 37 the distribution of the skin dose for the different films is presented. The skin doses ranged 
between 0.16 (film nr 12) and 1.39 Gy (film nr 9) in the absence of bolus material. Underneath the bolus 
(film nr 16) a dose of 1.99 Gy was measured.  

	

Figure 37. The distribution of the skin dose on the phantom. 
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4.4	MEASUREMENTS	PERFORMED	ON	PATIENTS		
4.4.1	PATIENT	1	

The arrangement of the films on patient 1 is shown in Figure 38.  

	

Figure 38. The arrangement of the films on patient 1. 

As can be seen in Table 15 and Figure 39, film number 3, 4, 5, 6 and 9 received the highest dose. 
These films were placed underneath the bolus.  

The mean difference of the dose from the GafChromic films compared to the dose calculated from TPS 
was -19.21%, with a large variability between measurements (Table 15). 

Table 15. The skin dose measured using GafChromic films and the skin dose measured from the TPS 
in the area and also the difference in percent between these two. The microvascular perfusion (PU) was 
omitted in this measurement since most of the investigated areas were affected from methyl nicotinate. 

Film number  Dose GafChromic 
films [Gy] 

Dose TPS [Gy] Difference [%] 

1 1.09 0.87 -19.55 

2 1.54 0.54 -64.83 

3 1.88 1.62 -13.90 

4 1.90 1.99 4.63 

5 1.91 0.84 -55.80 

6 2.00 2.02 0.80 

7 1.39 2.05 46.87 

8 1.23 0.66 -46.37 

9 1.93 2.01 4.08 

10 1.38 0.72 -47.99 
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Figure 39. The distribution of the skin dose on patient 1. 

As can be seen in Table 16 the perfusion on the non-irradiated side (area 1-4) varies from the 
measurements before and after radiation therapy. The measurements from the irradiated side (area 5-8) 
show that there has been a significant increase of the perfusion, especially for the area on the scar and 
below the scar and also on the side.  

Table 16. The measured microvascular perfusion before and after radiation therapy and the difference 
between them. Area 1-4 presents the perfusion on the non-irradiated side and area 5-8 presents the 
perfusion on the irradiated side. 

Area  Perfusion baseline [PU] Perfusion after 25x2 Gy 
[PU] 

Difference 
[%] 

Dose [Gy] 

1 73.39 53.09 -27.66 - 

2 66.75 51.18 -23.32 - 

3 64.54 47.32 -26.68 - 

4 55.78 64.92 16.39 - 

5 (upper 
frontal) 

55.27 75.67 36.91 1.31 

6 (mid 
frontal) 

53.04 85.35 60.92 1.91 

7 (lower 
frontal) 

44.15 75.12 70.15 1.59 

8 (lateral)  60.46 102.46 69.47 1.57 
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Also the measurement using methyl nicotinate (MN) shows that there has been an increase of the 
perfusion for patient 1 on the irradiated side compared to the non-irradiated side as can be seen in 
Table 17.  

Table 17. The measurement using MN, after radiation treatment. Area 1 is on the non-irradiated side, 
area 2 on the irradiated side above the scar and area 3 underneath the scar. 

Area Perfusion [PU] Difference [%] 

1 138.43 Ref. 

2 159.93 15.53 

3 164.62 18.92 

 
4.4.2	PATIENT	2		

The arrangement of the films for patient 2 is illustrated in Figure 40.  

	

Figure 40. The arrangement of the films on patient 2. a) shows the films of the area from above 
and b) the placement of the films on the side. 

As can be seen in Table 18 and Figure 41 film number 4-10 and 16-17 received the highest dose, 
between 1.54-1.97 Gy. These films were underneath the bolus. Film number 15 received the lowest 
dose (0.47 Gy).  

In general, the doses calculated by the TPS were lower than the measured doses for patient 2 as can 
be seen in Table 18.  

The highest perfusion is in the area of film number 12 with 142.26 PU and the lowest perfusion, 53.56 
PU, is for the area of film number 16.  
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Table 18. The skin dose measured using GafChromic films, the skin dose measured from the TPS in 
the area and the perfusion in the areas where the films were placed. The difference in percent of the 
skin dose calculated by the TPS compared to the skin dose from the films. *High deviation might be due 
to measurement error when choosing the area in the TPS. 

Film number Measured dose 
[Gy] 

Calculated 
dose TPS [Gy] 

Difference [%] Perfusion [PU] 

1 1.10 0.86 -21.72 113.80 

2 1.22 0.84 -30.86 65.10 

3 1.34 1.02 -24.14 65.59 

4 1.82 1.95 7.26 112.19 

5 1.82 1.68 -7.25 56.72 

6 1.84 1.85 0.64 64.73 

7 1.74 0.14 -91.88* 55.06 

8 1.84 1.93 4.88 59.98 

9 1.95 1.84 -5.50 77.26 

10 1.54 1.26 -18.50 101.08 

11 1.22 0.09 -92.57* 100.01 

12 1.15 1.04 -9.86 142.26 

13 1.45 1.10 -23.94 134.56 

14 1.18 0.84 -29.05 88.14 

15 0.47 0.07 -85.26* 70.13 

16 1.89 1.77 -6.29 53.56 

17 1.97 1.93 -1.97 74.54 
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Figure 41. The distribution of the skin dose on patient 2. a) shows the distribution of the dose  
from above and b) the distribution of the dose on the side. 

Also for patient 2 a significant increase of the perfusion can be noticed on the irradiated side after 
radiation therapy compare to before the therapy. The largest increase of the perfusion is in the area on 
the side (area 8) as can be seen in Table 19. 

Table 19. The microcirculation before and after radiation therapy and the difference between them. 
Area 1-4 presents the perfusion on the non-irradiated side and area 5-8 presents the perfusion on the 
irradiated side. 

Area Perfusion baseline [PU] Perfusion after 25x2 Gy 
[PU] 

Difference [%] Dose [Gy] 

1 50.99 37.79 -25.89 - 

2 50.78 39.97 -21.29 - 

3 46.88 43.01 -8.26 - 

4 48.34 51.45 6.43 - 

5 (upper 
frontal) 

51.60 75.91 47.11 1.22 

6 (mid 
frontal) 

53.86 68.42 27.03 1.83 

7 (lower 
frontal) 

55.45 97.15 75.02 1.26 

8 (lateral)  41.64 89.43 114.77 1.14 

 

  

a) b)

1.10
1.22

1.34

1.82 1.82 1.84 1.74

1.84 1.95 1.54

1.221.15 1.45
1.18

0.47

1.89 1.97
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The MN measurement for patient 2 showed a decrease of the perfusion in the areas on the irradiated 
side compare to the non-irradiated side as can be seen in Table 20.  

Table 20. The measurement using MN, after radiation treatment. Area 1 is on the non-irradiated side, 
area 2 on the irradiated side above the scar and area 3 underneath the scar. 

Area  Perfusion [PU] Difference [%] 

1 215.94 Ref. 

2 207.96 -3.70 

3 193.42 -10.43 

 

4.4.3	PATIENT	3	
Figure 42 shows the arrangement of the films on patient 3. 

	

Figure 42. The arrangement of the films on patient 3. 

For this patent the target area were higher up on the fossa, which results in a higher dose (0.72-0.77 
Gy) to the films higher up, number 1-3, and nearly no dose (0.01-0.06) to film 8-11 as can be seen in 
Table 21 and Figure 43.  

The calculated doses from the TPS were typically lower than the measured values, except for the area 
where film 11 was placed.  

For patient 3 the perfusion varied between 51.06 and 72.47 PU in the investigated areas.  
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Table 21. The skin dose measured using GafChromic films, the skin dose measured from the TPS in 
the area and the perfusion in the areas where the films were placed. The difference in percent of the 
given skin dose from the TPS compared to the skin dose from the films. 

Film number  Dose [Gy] Dose TPS 
[Gy] 

Difference [%] Perfusion [PU] 

1 0.72 0.10 -85.96 55.10 

2 0.75 0.64 -15.40 61.72 

3 0.77 0.57 -26.84 61.30 

4 0.12 0.06 -53.62 61.35 

5 0.23 0.07 -68.87 72.47 

6 0.59 0.25 -57.81 60.04 

7 0.35 0.12 -67.19 58.27 

8 0.06 0.009 -84.30 51.06 

9 0.05 0.02 -62.38 51.82 

10 0.04 0.02 -48.47 53.64 

11 0.01 0.03 192.13 51.39 

 

	

Figure 43. The distribution of the skin dose on patient 3. 
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Area 5 shows the largest increase in perfusion (Table 22), which also was the target area for the 
irradiation.  

Table 22. The microcirculation before and after radiation therapy and the difference between them. 
Area 1-4 presents the perfusion on the non-irradiated side and area 5-8 presents the perfusion on the 
irradiated side. 

Area Perfusion baseline [PU] Perfusion after 25x2 Gy 
[PU] 

Difference [%] Dose [Gy] 

1 37.13 43.69 17.67 - 

2 40.32 48.28 19.74 - 

3 51.14 48.71 -4.75 - 

4 61.16 59.25 -3.12 - 

5 (upper 
frontal) 

47.32 63.76 34.74 0.75 

6 (mid 
frontal) 

58.97 66.30 12.43 0.32 

7 (lower 
frontal) 

49.48 56.66 14.51 0.05 

8 (lateral)  61.00 65.40 7.21 0.18 

 

4.4.4	PATIENT	4	
The arrangement of the films for patient 4 is illustrated in Figure 44.  

	

Figure 44. The arrangement of the films on patient 4. 
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The highest doses for patient 4 was from film 16 with 2.10 Gy, which were placed underneath the bolus, 
see Table 23 and Figure 45. This area also indicates the highest perfusion 361.84 PU. The lowest dose 
was for film 12, 0.65 Gy, which also had the lowest perfusion, 79.71 PU.  

Table 23. The skin dose measured using GafChromic films, the skin dose measured from the TPS in 
the area and the perfusion in the areas where the films were placed. The difference in percent of the 
given skin dose from the TPS compared to the skin dose from the films. *High deviation might be due to 
measurement error when choosing the area in the TPS. 

Film number Dose [Gy] Dose TPS [Gy] Difference [%] Perfusion [PU] 

1 1.37 1.02 -25.92 110.51 

2 1.18 1.02 -13.40 114.61 

3 1.03 0.96 -7.61 156.13 

4 1.26 0.96 -23.86 111.18 

5 1.86 1.70 -8.62 155.09 

6 1.41 1.42 0.35 211.12 

7 1.45 1.50 3.74 340.69 

8 1.05 0.85 -18.74 86.54 

9 1.51 1.47 -2.22 278.52 

10 1.55 1.26 -18.72 310.78 

11 1.10 0.42 -61.71 170.65 

12 0.65 0.05 -92.72* 79.71 

13 1.44 0.78 -46.07 136.21 

14 1.51 0.47 -69.13 139.99 

15 0.98 0.08 -92.09* 126.10 

16 2.10 2.05 -2.13 361.84 
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Figure 45. The distribution of the skin dose on patient 4. 

Patient 4 also showed a significant increase of the perfusion on the irradiated side after the radiation 
therapy. The highest perfusion was in the area of the scar (area 6) with 367.14 PU, which also was the 
area with the highest dose, 2.10 Gy, as can be seen in Table 24. 

Table 24. The microcirculation before and after radiation therapy and the difference between them. 
Area 1-4 presents the perfusion on the non-irradiated side and area 5-8 presents the perfusion on the 
irradiated side. 

Area Perfusion baseline [PU] Perfusion after 25x2 Gy 
[PU] 

Difference [%] Dose [Gy] 

1 54.28 42.57 -21.57 - 

2 65.88 55.35 -15.98 - 

3 66.67 56.49 -15.27 - 

4 79.64 71.30 -10.47 - 

5 (upper 
frontal) 

46.45 169.42 264.74 1.38 

6 (mid 
frontal) 

60.51 367.14 506.74 2.10 

7 (lower 
frontal) 

61.01 211.41 246.52 1.35 

8 (lateral)  73.17 84.43 15.39 0.98 
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Also the measurement using MN shows an increase of perfusion for the irradiated side compare to the 
non-irradiated side as can be seen in Table 25.  

Table 25. The measurement using MN, after radiation treatment. Area 1 is on the non-irradiated side, 
area 2 on the irradiated side above the scar and area 3 underneath the scar. 

Area  Perfusion [PU] Difference [%] 

1 226.11 Ref. 

2 274.60 21.45 

3 236.40 4.55 

 

4.4.5.	PATIENT	5	
Due to time constraint, only the dose measurement was done on patient 5. The placement of the films 
are illustrated in Figure 46. 

	

Figure 46. The placement of the films for patient 5. 

As can be seen in Table 26 the highest doses were for film number 5, 9, 10 and 16 with a value 
between 1.71 and 1.96 Gy. These films were placed underneath the bolus. Also the values from the 
TPS were the highest for these areas but with a value between 1.69 and 1.99 Gy. The difference 
between the TPS and the film measurements varied between -35.32 to 16.32% and most of the values 
from the TPS were lower than the one from the films.  
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Table 26. The skin dose measured using GafChromic films and the skin dose measured from the TPS 
in the same area. The difference in percent of the given skin dose from the TPS compared to the skin 
dose from the films. *No perfusion measurements due to time constraint. 

Film number Dose [Gy] Dose TPS [Gy] Difference [%] 

1 1.27 1.06 -16.66 

2 1.18 0.96 -18.66 

3 1.06 0.85 -19.43 

4 1.14 0.95 -16.48 

5 1.71 1.99 16.32 

6 1.36 1.10 -19.31 

7 1.11 0.91 -18.65 

8 1.26 0.97 -23.54 

9 1.66 1.69 1.93 

10 1.88 1.90 1.15 

11 1.23 1.31 6.46 

12 1.23 0.90 -27.00 

13 1.44 1.02 -29.55 

14 1.50 1.03 -31.25 

15 1.31 0.85 -35.32 

16 1.96 1.92 -1.78 
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Figure 47	shows the distribution of the dose for patient 5.  

	

Figure 47. The distribution of the skin dose on patient 5. 

For patient 5 the highest dose was on the mid fontal with a value of 1.68 Gy and the lowest were on the 
side, 1.21 Gy as can be seen in Table 27. 

Table 27. The mean dose on the irradiated side in the different investigated areas. *No perfusion 
measurements due to time constraint. 

Area Dose [Gy] 

5 (upper frontal) 1.28 

6 (mid frontal) 1.68 

7 (lower frontal) 1.42 

8 (lateral)  1.21 

 

	 	



	51	

4.4.6	SUMMARY	OF	THE	PATIENT	DATA		
The data from patient 3 was excluded in this summary since the target area was on the fossa.  

The different areas that were investigated are presented in Figure 48. 

	

Figure 48. The different areas for comparison. 

Table 28 and Figure 49 presents the mean dose for the patients (patient 1, 2, 4 and 5) in the different 
areas including the standard deviation (SD). In the table also the amount of the prescribed dose 2 
Gy/fraction, that actually are aimed to the target area i.e. where it still could be cancer cells left but also 
affects the skin dose, in percent is presented and also the coefficient of variation. As can be seen the 
highest mean dose is in area 6 with 1.88 Gy. Also this area gives the highest amount of the prescribed 
dose (94.00%). The lowest dose, 1.23 Gy, is in area 8, on the side. This area also has the largest 
coefficient of variation with 17.63%.  

Table 28. The mean dose for the patients in the different areas including the standard deviation and 
coefficient of variation for these areas and also the amount of the prescribed dose used in respective 
area. 

Area Mean dose 
[Gy] 

Standard 
deviation [Gy] 

Coefficient of 
variation [%] 

Amount of 
prescribed dose [%] 

5 (upper frontal) 1.30 0.06 4.44 64.88 

6 (mid frontal) 1.88 0.15 8.06 94.00 

7 (lower frontal) 1.41 0.12 8.61 70.25 

8 (lateral)  1.23 0.22 17.63 61.25 
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Figure 49. The mean (±SD) of the skin dose for the different areas. 

An ANOVA test was done which showed that there is a significant difference between the doses in the 
different areas (p = 0.021).  

Table 29 and Figure 50 shows the mean perfusion before and after irradiation for both the irradiated 
and non-irradiated side and also the standard deviations for these values for patient 1, 2 and 4. Also the 
coefficient of variation is presented and shows that deviation between the patients on the irradiated side 
after the treatment was large.  

Table 29. The mean perfusion before and after irradiation and also the standard deviation and 
coefficient of variation for these. 

Area Mean 
perfusion 
before 
irradiation 
[PU] 

Standard 
deviation 
[PU] 

Coefficient 
of 
variation 
[%] 

Mean 
perfusion 
after 
irradiation 
[PU] 

Standard 
deviation 
[PU] 

Coefficient 
of 
variation 
[%] 

1 61.22 8.63 14.10 44.48 6.39 14.37 

2 61.14 7.33 11.99 48.83 6.49 13.30 

3 59.36 8.87 14.94 48.94 5.62 11.49 

4 61.25 13.35 21.80 62.56 8.27 13.23 

5 (upper 
frontal) 

51.11 3.62 7.08 107.00 44.14 41.25 

6 (mid 
frontal) 

55.80 3.34 5.99 173.64 137.00 78.90 

7 (lower 
frontal) 

53.54 7.01 13.10 127.89 59.74 46.71 

8 (lateral)  58.42 12.95 22.17 92.11 7.60 8.25 
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Figure 50. The mean (±SD) perfusion before and after irradiation in the different areas for the 
non-irradiated side and the irradiated side. 

An ANOVA test was also done on these measurements. For the non-irradiated side a p-value of 0.0007 
was calculated and for the irradiated side the p-value was 0.031. This means that there is a significant 
difference of the perfusion before and after the treatment on both the non-irradiated side and the 
irradiated side using a significance of 0.05. As can be seen in Figure 50 there is a significant decrease 
of the perfusion for the non-irradiated side and a significant increase of the perfusion on the irradiated 
side.  

The correlation between the given dose and the perfusion after irradiation for all patients pooled 
together was very good (Pearson’s r=0.98). For individual patients, a fairly good correlation (r = 0.46) 
was found between the skin dose and perfusion after irradiation.  
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5.	DISCUSSION	

5.1	CALIBRATION	CURVE		
As can be seen in Figure 27 the density of the films increased the longer the time went after irradiation. 
The increase in density was more significant for the films irradiated using a higher dose. According to 
Niroomand-Rad et al. [53] during the first 24 hours the density of the films increases up to 16%	 [53]. 
Between 24 hours and 2 weeks after irradiation the increase of darkening is 4%. From this information 
the conclusion can be made that it seems like the films need some time to stabilize before being 
scanned.  

In a study from Devic et al. [54] the importance of the film readout time were studied. When using a 
scanning time of 30 minutes after irradiation gives a time window of ±5 minutes to stay within an error 
margin of 1%. Using a scanning time of 24 hours increases that time window to ±2 hours for the same 
error margin [54]. This also indicates the need of stabilization for the film.  

For most of the studies that used EBT films a scanning time of 24 hours after irradiation was used. This 
study also used this scanning time for two main reasons; to decrease the sensitivity for the time of 
scanning after treatment, and for practical reasons as 24 hours after treatment was mostly during office 
hours.  

Different fitting curves have been attempted for the calibration curve. In a study by Marrazzo et al. [55] a 
rational function was used. In the study by Shiau et al. [56] forth degree polynomial was used and in 
several studies a third degree polynomial was used or recommended [25] [51] [57]. According to Lewis 
et al. [58] using a polynomial, either a second or third grade is common while investigating doses up to 
4-5 Gy [58].  

To investigate the goodness-of-fit of the different curves the R-square value and sum of squared errors 
(SSE) were compared as can be seen in Table 30. The R-square value is preferred to be as close as 
possible to 1 to indicate a good fit and the SSE number is wished to be as close as possible to 0.  

Table 30. The R-square and SSE value for the different calibration curves.  

 Rational function  Third degree 
polynomial  

Fourth degree 
polynomial  

R2- value  0.9942 0.9978 0.9983 

SSE 0.07222 0.02225 0.02155 

 

As can be seen in Table 27 all functions had a high fit. However, the third degree polynomial was 
chosen due to the fact that a simpler equation is a better choice since the higher the grade of the 
polynomial, the larger the degree of freedom, which increases the sensitivity to noise.  

The calibration curve used in this study only takes the different energies used in to account. For future 
investigation it would be interesting to construct a calibration curve that also takes the scanning time as 
an input, so that the films could be scanned at any time. Since the calibration curve in this study was 
constructed from data acquired from scanning films after 24 hours, all film measurements had to be 
scanned 24 hours after irradiation. 
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5.2	INCIDENT	ANGLE		
As expected, the surface dose for 15 MV is lower than for 6 MV, since more of the photons with a higher 
energy just pass through the tissue without any interaction, which contributes to a higher exit dose for 
higher energies.  

Independent of the energy a more oblique incident angle results in a higher entrance dose. This is 
probably due to the fact that a more oblique angle results in a longer way for the photons to travel. From 
the shape of the dose curve (Figure 5) it could be noticed that the dose increases rapidly in the build up 
region. When the beam has a longer way to travel when entering the skin, the build up effect results in a 
much higher dose to the skin as can be seen in Figure 5. A more oblique incident angle probably also 
results in more backscattering due to the longer way for the beam to travel, which results in more 
electrons that also contributes to higher surface doses. When the photon beam is perpendicular to the 
material, in general it will only be photons that contribute to the surface dose and no electrons.  

For the exit dose a more oblique incident angle results in lower dose, which is a result from the beam 
traveling longer in the material and more interactions can occur and less photons will leave the material.  

From these measurements the conclusion could be drawn that patients that are exposed to irradiation 
using a more oblique angle probably have a larger risk for skin injury due to a higher skin dose. For 
larger patients in general beams using a larger amount of energy are needed to achieve the same 
results as for thinner patients. That results in a smaller entrance dose compared to a beam using less 
energy but the exit dose will be higher, which also will contribute to the skin dose.  

In the measurement of the entrance and exit dose on the PMMA phantom a few films were used for 
each measurement. This was done to minimize the risk of sources of errors, especially for the exit dose. 
The mean value from the films with the highest does were calculated since the films with lower doses 
were concluded to have been outside the beam field.  

For further investigation it would be interesting to see how homogenous the field is. It is suspected that 
the field is weaker close to the edges. A fairly easy way to test this would be to irradiate an array of films 
placed in an area as large as the field size and compare the difference in dose between the films in the 
middle of the field and the films on the edge of the field or to use a peace of film that covers the whole 
area and control the dose in the different areas.  

5.3	BOLUS	MATERIAL	
The intended effect of using bolus material is to increase the dose to the skin. Both the measurements 
using a PMMA-phantom and the measurement from the anthropomorphic phantom and patients confirm 
that the skin dose underneath the bolus is higher than for the other films without a bolus. The 
measurement on the PMMA-phantom showed an increase of the dose of about 63% for both irradiation 
using a perpendicular angle and an incident angle of 45° when adding a bolus with a thickness of 0.5 
cm. Using a perpendicular angle the increase of the dose between 0.5 cm bolus and 1.0 cm bolus is 
about 14% but from 1.0-2.0 cm the increase is only 2%. The stabilization of the doses when using a 
perpendicular angle for a bolus between 1.0-2.0 cm probably depends on the fact that the dose max for 
6 MV when using a SSD of 100 cm and a field size of 10x10 cm2

 is at 1.5 cm. When examining the dose 
curve (Figure 5) it can be observed that around the dose max the changes in doses are not that rapidly.  

When using a beam with an incident angle of 45°, the dose decreased for thicker boluses than 0.5 cm. 
The reason for that can be the design of the experiment. When placing the films next to each other with 
different thickness some of the beam that contribute for the measurement of for instance a thicker bolus 
might have been passing trough or scatter from a thinner part and vice versa. An other reason could 
been a mix up between the films for bolus thickness of 0.5 cm and 1.0 cm due to stress during the 
measurement.  
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The bolus material used both in the measurements performed on phantoms and on patients has a 
thickness tolerance of a few millimetres. As discussed above, as long as the bolus thickness is about 
0.5 cm, the exact thickness of the bolus is not that important for the skin dose, as the difference in 
measured skin dose between a nominal bolus thickness value of 0.5 cm and a thickness of 1 cm is only 
14%, and even less for higher thicknesses. 

5.4	FIELD	SIZES	
From the measurement of different field sizes a larger entrance dose can be noticed for larger field 
sizes for all incident angles. One of the reasons might be due to backscattering. On a larger area more 
backscattering can occur and result in larger surface doses.  

The same pattern is noticed for the exit dose except the exit dose for an incident angle of 10° and 30° 
for the field size of 5x5 cm2. As these values are the only ones deviating from the overall pattern, the 
most likely reason is an error in the placement of the films in these measurements. Probably, the films 
where placed outside the field, which led to a much lower registered dose than what was to be 
expected.  

Another factor for the difference of dose depending on the size of the field is the construction and 
placement of the filters and the ion chamber in the gantry of the linear accelerator. As can be seen in 
Figure 4 the ion chamber that controls the amount of the dose is placed above the collimators adjusting 
the field size. When using a smaller field size the collimators will be closer together and contribute to 
back scatter that is perceived by the ion chamber as a given dose, which will result in the ion chamber 
singling to stop the irradiation to early. For a larger field size this problem is smaller since the collimators 
is moved further away. When dose planning for patients the TPS will compensate for this.  

From this measurements the conclusion can be drawn that larger patient that needs a larger irradiation 
area are more likely to gain skin injury as a result of higher skin doses due to more back scattering.  

5.5	ANTHROPOMORPHIC	PHANTOM	MEASUREMENTS		
Due to miscommunication the dose planning on the phantom was for a breast preservation treatment 
and not a mastectomy treatment, but the total dose was still 50 Gy divided into 25 fractions 2 
Gy/fraction. Giving a breast preservation dose plan means that the phantom did not had a radiation field 
on the fossa. As can be seen in the result, the skin dose was in general lower for the phantom 
compared to the skin dose for the patients. A reason for that can be that for breast preservation 
treatment fewer radiation fields are needed to reach the right amount of dose. Fewer fields probably 
leads to less skin doses.  

Since film number 3, 7, 11-15 shows a very low dose there is a possibility that these films were outside 
or on the edge of the irradiated area. Film number 3 might have got a higher dose if the dose planning 
had been done for a mastectomy patient. However, for the other films this indicates that they needed to 
be taped closer together in a smaller area to be within the irradiated area.  

5.6	MEASUREMENTS	PERFORMED	ON	PATIENTS		
5.6.1	MEASUREMENT	METHOD		

The measurements and the placement of the films to the skin were well tolerated by the patients. 
However, for the fourth patient the skin in the treated area was very sensitive, so the removing of the 
tape after the treatment was painful. Therefore it is suggested that the measurements in the future are 
to be performed during week 2 of the treatment instead and not during the last treatment as it was done 
in this study. At week 2 the patients have had some time to get used to the treatment, but the skin 
injuries contracted from the radiation therapy should not yet have started. 
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5.6.2	MICROCIRCULATION		
From the measurement of the perfusion it is shown that there is a significant decrease of the perfusion 
on the non-irradiated breast comparing the measurement before the treatment to the measurement 
after. This change can be due to the daily fitness of the patient such as if the patients were more 
relaxed then during the first measurement. However, all patients showed a significant increase in 
perfusion on the irradiated side after the treatment compared to before. 

However, no specific pattern within the irradiated area can be found. For some patients the increase of 
the perfusion was highest in the area of the scar (area 6) and for some in the area of the side (area 8). 
Patient 3 was only irradiated on the fossa and that can be noticed from the perfusion since the increase 
was the highest in area 5 for her.  

For the measurement using MN it would have been optimal to also use MN before the treatment starts 
as a base line. Since the first measurement was done directly before the first treatment it did not feel 
good to add a substance in the area of treatment if that would have had some affect of the irradiation. 
The beast solution was to use the non-irradiated breast as a reference when using MN after last 
irradiation.  

All patients except patient 2 showed an increased perfusion in the irradiated area when using MN. 
However, the increase was not that large, between 5-21%.  

Due to time constrain no microcirculation measurements were done on patient 5 and no measurement 
using MN was done on patient 3. 

When performing the microcirculation measurements using the LSCI, motion artefacts is a problem. By 
motion artefacts the perfusion acquire a higher value than the true value	 [9]. To minimize the risk of 
motion artefacts from breathing the patient was prompted to hold the breath. The lowest value from the 
measurements was chosen as demonstrated in Figure 51. Still though, motion artefacts can have 
affected the measurements.  

	

Figure 51. The lowest values were chosen from the different measurements. 

 

The investigation of the microcirculation is a start for a longer study to investigate if it is possible to 
decide the best method of a breast reconstruction in an early phase. For that a follow up on this study is 
needed since some injuries on the skin appear after a longer time of period (months and years).  
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5.6.3	SKIN	DOSE		
As already mention patient 3 was only irradiated on the fossa, and for that reason she did not had a 
bolus since the target area for her was higher up. This can be seen in the measured doses of this 
patient that the higher doses are in the area higher up.  

Examine the dose distribution for the other patient it is shown that there is a significant difference of the 
dose in the different areas. As can be seen in the measurements, the dose is highest in area 6 where 
the bolus was placed, which was expected since that is the reason for using the bolus. 

From Table 28 the mean value of the prescribed dose can be calculated to 72.60%. It was hard to find 
any study measuring the skin dose on mastectomy patients to compare these values with. In the study 
found by Fischbach et al. [59] a 6 MV beam was used and 60% of the treatments was done using a 
bolus and 40% of the treatment was without a bolus. In that study the mean dose was 81.6% of the 
prescribed dose. This value is a bit larger then the one received in this study, but that can be due to the 
set up of the measurement.  

For the patients participated in this study 5-8 fields were used for the treatment (that excludes patient 3 
that only had 2 fields due to the treatment only on the fossa). All patient had both fields using 6 and 15 
MV beams except patient 3 that only hade fields using 15 MV. Other than that the set up of the fields 
were different for each patient. The incident angles and the amount of monitor units for each field were 
different for all the patients. This is due to the difference in the anatomy between humans. Difference 
set ups are needed to be able to avoid too much irradiation to risk organs such as lungs and heart for 
left sided mastectomy patients.  

The reaction in the skin has been different for the patients. That is more likely due to the anatomical 
differences between humans then to the set up of the treatment.  

When examine the correlation between the given skin dose and the perfusion after irradiation for all 
patients pooled together the correlation coefficient is 0.98, which indicate that there is a linear 
connection between these factors. As can be seen in Table 29 the standard deviation is high for the 
measurement in perfusion after irradiation, which affect the value off the correlation and gives a 
misleading value. When investigate the correlation between the perfusion after the treatment and the 
skin dose for the patients one by one it is only patient 4 that show a high correlation value. From this 
investigation the resulting correlation coefficient is lower; 0.46. 

In this study the test group was small. To get more reliable statistical values a larger test group are 
needed. When doing statistics on a few test persons, as already been discussing, one value with a large 
deviation can affect the results a lot and to even perform some statistics more data are required.  

5.7	TREATMENT	PLANNING	SYSTEM		
In the beginning of every treatment a kilo-volt image was taken of the patient to be able to match the 
position of the patient with the images from the dose plan. These does will have an impact, even if it is 
small, on the dose measured by the film. The TPS does not include this dose in the calculation of the 
skin dose. However, the difference between the calculated dose from the TPS and the measured dose 
using the film is larger than the impact from the kilo-volt beam should be.  

In general it seems like the calculations from the TPS results in a lower value then the measured dose 
from the films. When measuring the dose for different incident angles the largest deviations are for 
larger incident angles, both for the entrance and exit doses and for the different field sizes and also for 
the different energies used. Other studies also show that the TPS gives unreliable values when 
measuring the dose at the skin surface [60] [61]. In some of these studies it have been shown that the 
TPS overestimates the surface dose. However, the study by Akino et al. [62] is in agreement to this 
study by showing that the TPS underestimates the skin does.  
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As can be noticed from the measurements using bolus, the TPS gives more accurate values when 
measure further in to the material (the effect of using a bolus) compare to measure direct on the 
surface, which corresponds to other studies. When using a perpendicular angle and wary the bolus 
between 0.5-2.0 cm the deviation between the measurement from the films and the calculated dose 
from the TPS is less than 2.9%, which more or less agrees to what Siebers [18] suggest. 

In general there is a larger deviation between the calculated doses in the TPS and measured doses for 
larger incident angles. However, the variations between the different parameters used for radiation 
treatment varies too much without a pattern to follow to be able to find a model to achieve the right skin 
dose with the help of the parameters and the calculated values using the TPS. This can be noticed from 
the measurements on the patients. The deviations when comparing the values form the TPS and the 
films have a large variation since there are a lot of parameters involved. Even if the angle of the gantry 
is known the incident angle on the beam reaching the patient will be different in different points on the 
patient due to the shape of the irradiated tissue. The angle in these different points will be hard to find 
out.  

In general it was really hard to find the right area where the film was placed in the TPS from just 
measuring on an image and as can be seen in Figure 52 a in some cases it was also hard to find the 
edge of the skin. In Figure 52 the measurement is done underneath the bolus, where it was even 
harder to distinguish the edge of the skin. As can be seen in Figure 52 b in the area close to the 
surface the dose increases rapidly, so a value taken with a few millimetres difference will result in a 
large difference of the outcome. The mean from three different values was taken to try to compensate 
for errors. However, due to already mentioned problems the method is still unreliable.  

	

Figure 52. a) shows how hard it is to find the edge of the skin when doing measurements 
underneath the bolus. b) shows how a few millimetres difference of the measurement will have 

a large impact of the value. 

5.8	LIMITATIONS	
Nowadays, in most cases breast saving surgery can be performed for many patients, which explains the 
low number of patients in this study. To be able to obtain statistic trustfully data more patients are 
needed.  

Even if the handbook for the film indicates that the film compensates for scratches, dust and fingerprints 
on the scanner, both the film and the scanner were handled carefully. However, it was noticeable that 
some films got scratches anyway. Homogenous areas were checked out and tried to be chosen, but 
sometimes it was not possible to exclude the scratches completely, which might have had an influence 
on the value.  
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Since the availability of the linear accelerators for measurement was limited it was hard to redo 
measurements or do a lot of measurements. Because of that the type of measurement were thoroughly 
chosen and well prepared.  

5.9	FUTURE	INVESTIGATIONS		
In the future it would be interesting to do the same measurement, but including more patients. It would 
also be interesting to find a method to mark where the films on the patient been placed to be able to get 
more accurate measurement from the TPS. 

It would also be interesting to do similar measurements on head/neck patients and see how the skin is 
affected and what influence the mask has on the skin dose for this patient group. It would also be 
interesting to compare the affect on the skin using proton treatment compare to photon treatment. 
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6.	CONCLUSION	
From the measurements done in this study a useful method of measuring skin dose using GafChromic 
films has been developed. Also the effect of radiation therapy on skin microvascular perfusion was 
studied.  

The main findings were that the distribution of the skin dose is heterogeneous within the irradiated area 
with the highest dose in the area containing the bolus. It was found that there is a correlation between 
skin dose and the measured changes in microvascular perfusion that result in an increase of the 
microvascular perfusion, although variations between patients were relatively large.  

The findings of this study further suggest that knowledge of the treatment parameters together with the 
data from the treatment planning system is likely not enough to obtain an accurate estimate of the skin 
dose. This is because the skin doses calculated using the TPS show large deviations from the 
measured doses and important treatment parameters such as incident angle and source-skin distance 
are difficult to determine for specific patients.  
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APPENDIX	A	
Protocol of measurements on a PMMA phantom 

Measurement of the entrance and exit dose for different incident angles using 6 MV and 15 MV 

1. A total amount of 30 film pieces were cut in the size of 2x1 cm2 for both measurements using 

energy of 6 MV and for the measurement using energy of 15 MV. The films were marked with 

numbers. 6 films were used for each measurement, 2 pieces placed on top of the PMMA 

phantom to measure the entrance dose and 4 pieces placed where the exit dose was expected. 

2. The films were irradiated from the angles 10°, 30°, 50°, 70° and 90° as can be seen in Figure 1. 

The arrangement for the different measurement can be seen in Figure 2. 

 

Figure 1. The set up for the different incident angles. 

 

Figure 2. The arrangement of irradiation using different angles. a) shows 10° where the exit 
dose is expected on the side of the phantom. b) shows 30°, exit dose still on the side of the 

phantom. c) is an angle of 50° and the films for the exit dose is put underneath the phantom. d) 
shows 70° and e) shows 90° where the exit dose is straight underneath.  

 
3. For the first measurement the films were irradiated using a 6 MV beam, 100 MU, SSD of 100 

cm and field size 10x10 cm2. For the second measurement the energy was changed to 15 MV 

but the rest of the setup was the same.  

4. The films were scanned 24 hours after irradiation. 

 



	68	

Different thickness of the bolus  

1. In total 10 films were cut in the size of 2x1 cm2 for two measurements and marked with 

numbers.  

2. Four pieces of size 10x3 cm2 and 2 pieces of size 5x3 cm2 were cut from the bolus material. 

The pieces of the bolus were arranged as in Figure 3 to create different layers of 0.5, 1.0, 1.5 

and 2.0 cm.  

 

Figure 3. The position of the boluses to create different layers.  

3. One film was placed on the PMMA phantom without a bolus and the other underneath the 

boluses as in Figure 4.  

 

Figure 4. The placement of the boluses on the PMMA phantom with the films underneath.  

4. The films were irradiated using a 6 MV beam, 100 MU, SSD of 100 cm, field size 10x10 cm2 

and an incident angle of 90º and 45º (see Figure 5). 
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Figure 5. The incident angles used for the measurements with bolus.  

5. The films were scanned 24 hours after irradiation.  

 

Measurement using a smaller and larger field size 

1. Thirty pieces of films were cut in the size of 2x1 cm2 for both the measurement using a smaller 

field size and for the measurement using a larger field size. The films were marked with 

numbers. 6 pieces were used in each measurement with 2 pieces placed on top of the PMMA 

phantom to measure the entrance dose and 4 pieces placed where the exit dose was expected. 

2. The films were irradiated in different angles 10°, 30°, 50°, 70° and 90°. 

3. The energy used for irradiation was 6 MV with 100 MU and the SSD was 100 cm. In the first 

measurement the field size was set to 5x5 cm2 and in the second measurement it was set to 

20x20 cm2.  

4. The films were scanned 24 hours after irradiation. 
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APPENDIX	B	
TPS measurement on PMMA-phantom 

1. A model of the PMMA-phantom was created in the TPS. 

2. All the measurements of entrance and exit dose using different incident angles with different 

field sizes and energies were done in the TPS by adding a dose curve. One of the 

measurements can be seen in Figure 1.  

 

Figure 1. a) measurement of the entrance and exit dose on the PMMA-phantom. b) the dose map. 

3. A bolus was added (Figure 2) and the measurement of the entrance dose using an incident 

angle of 0° and 45° was done in the TPS with different thickness of the bolus.  

 

Figure 2. a) measurement of the entrance dose using a bolus. b) the dose map. 
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APPENDIX	C	
Protocol of measurement of the skin dose on patients 

1. Sixteen pieces of film were cut in the size of 2x1 cm2 and marked with numbers. The films were 

taped on a piece of paper or plastic so they were easy to transfer to the patient. Also the tape 

was marked with numbers. The films were stored in an envelope and in room temperature.  

2. Fifteen pieces of films were placed as in Figure 1 on the patient and a photograph was taken. 

(Taping the films on the patient can be done in another room before the radiation to minimize 

the extra time in the radiation room.) 

 

Figure 1. The placement of 15 of the films. 

3. The 16th film was placed on the scar underneath the bolus (see Figure 2) and a new photo with 

the bolus added was taken.  
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Figure 2. Place the 16th film on the scar underneath the bolus.  

 
4. After irradiation the patient moved to another room to get the films removed. Before removing 

the films, the positions where the films had been placed were marked with dots using a pen to 

be able to measure the microcirculation in these areas.	

5. The films were scanned 24 hours after irradiation. 
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APPENDIX	D	
Questions to the Patient 

Name: 

Date of birth: 

Length: 

Weight: 

Bra- size:  

Blood-pressure: 

Tobacco (smoking or snuff): 

Last intake of caffeine: 

Earlier treatment for cancer: 

Other illnesses  

Diabetes: 

Cardiovascular disease: 

Skin disease: 

Other medicines: 
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APPENDIX	E	
Protocol of measurement of microcirculation before radiation 

therapy 

1. The patient was informed about the study and signed a paper of consent to participate in the 

study.  

2. The patient lay down in a supine position and the questions from the formula: “Questions to 

the patient” were asked.  

3. The blood pressure was taken. 

4. Four recordings were made using the LSCI camera. Each recording was about 20 seconds and 

at a distance of 23-28 cm between the LSCI camera and the skin.  

Recording 1: Of the non-irradiated side from above. The patient was asked to hold the 

breath for about 10 seconds. 

Recording 2: Of side on the non-irradiated side, the patient was breathing normally.  

Recording 3: Of the irradiated side from above. The patient was asked to hold the 

breath for about 10 seconds. 

Recording 4: Of side on the irradiated side, the patient was breathing normally.  

5. Four images were taken using the canon camera: 

Image 1: Of the non-irradiated side from above. 

Image 2: Of the side on the non-irradiated side. 

Image 3: Of the irradiated side from above. 

Image 4: Of the side on the irradiated side.  
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APPENDIX	F	
Protocol of measurement of microcirculation after radiation therapy 

1. Four recordings were done using the LSCI camera. Each recording were about 20 seconds and 

at a distance of 23-28 cm between the LSCI camera and the skin. 

Recording 1: Of the non-irradiated side from above. The patient was asked to hold the 

breath for about 10 seconds. 

Recording 2: Of side on the non-irradiated side, the patient was breathing normally. 

Recording 3: Of the irradiated side from above. The patient was asked to hold the 

breath for about 10 seconds. 

Recording 4: Of side on the irradiated side, the patient was breathing normally.  

2. Methyl nicotinate was applied as two dots with a diameter of about 2.5 cm above and 

underneath the scar on the irradiated side. A dot with methyl nicotinate over the nipple on the 

non-irradiated side was applied as a reference point. The application of methyl nicotinate can 

be seen in Figure 1.  

 

Figure 1. Application of methyl nicotinate.  

3. Directly after applying the methyl nicotinate two photos were taken of the mastectomy side. One 

from above and one on the side.  

4. The blood pressure was measured. 

5. After 15 minutes, two recordings were done with the LSCI camera. One on the irradiated side 

from above and one on the non-irradiated side. The recording was done for 20 seconds and the 
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patient was asked to hold the breath for about 10 seconds. The distance between the camera 

and the skin was between 23-28 cm. 

6. Two photos were taken using the Canon camera over the recorded areas. 

7. The values of the perfusion from area 1-8 (Figure 2) were obtained from the measurements 

before and after the treatment. Also the values where the films been placed were obtained 

(Figure 3) and where the MN been applied (Figure 1).  

 

Figure 2. Area 1-8. Area 1-4 is for the non-irradiated side and area 5-8 for the irradiated side. 

 

 

Figure 3. Measurements in the areas where the films have been placed (except the areas on the 

side).a) shows a normal image and b) shows the perfusion image. 
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APPENDIX	G	
TPS measurement on patient data 

1. The dose plan for the patient was opened in the TPS. A reference point in the image taken with 

the cannon camera was chosen and the point was found in the dose plan.  

2. The distance between the films was measured in the image using the reference point as starting 

point. By moving the same distance in x-, y- and z-axis in the TPS the same area was found 

there, see Figure 1 a, c and d.  

 

Figure 1. The red line in a) is drawn over the investigated area and gives the dose map in b). 

To find the location of interest from the reference point the red line was moved both in z-axis, 

figure a, in y-axis, figure c, and x-axis, figure d. 

 

3. When the area was found a dose map was drawn over the skin Figure 1 b.  

4. Three values were taken by moving 2 mm at a time in z-axis. The mean values from these were 

calculated and compared to the measured skin doses from the GafChromic films.  
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