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---------------     F     --------------- 
Fcal Calibration factor 
Fconversion Conversion factor 
FFTC  Fast-Fourier Transform Convolution 

---------------     G     --------------- 
Gy gray 

----------------     H     --------------- 
HDR High Dose Rate 

---------------     I     --------------- 
Ids Current between the source and the drain 
IDR  Initial Dose Rate 
IMRT Intensity-Modulated Radiation Therapy 

---------------     L     --------------- 
LDR Low Dose Rate 
Linac Linear electron accelerator 

---------------     M     --------------- 
MBRT Opleiding Medisch Beeldvormende en Radiotherapeutische 

Technieken 
MGS  Multi-Grid Superposition  
MLC Multileaf collimator 
MOSFET Metal-Oxide Semiconductor Field Effect Transistor 
MU Monitor unit 

---------------     O     --------------- 
OAR Organ at risk 

---------------     P     --------------- 
PDD  Percentage Depth Dose 
PMMA Polymethylmethacrylaat 

---------------     Q     --------------- 
QA Quality assurance 

Thesis_Bloemen_v07.pdf   8 23-7-2009   16:22:58



Abbreviations 
 

9 

---------------     R     --------------- 
R MOSFET reading in mV 
Rentr Entrance reading 
Rexit  Exit reading 
RTIL Radiotherapeutisch Instituut Limburg 

---------------     S     --------------- 
SD Standard deviation 
Si Silicon 
SiO2 Silicon dioxide 
SSD Source-skin-distance 

---------------     T     --------------- 
t Time interval 
t1/2 Half-life 
TBI Total Body Irradiation 
TIPPB Transperineal Interstitial Permanent Prostate Brachytherapy 
TLD Thermoluminescence detector 
TPS Treatment planning system 

---------------     V     --------------- 
V volt 
VTH  Threshold voltage 

---------------     Z     --------------- 
zmax Depth of dose maximum  

Thesis_Bloemen_v07.pdf   9 23-7-2009   16:22:58



 
 

10 

Thesis_Bloemen_v07.pdf   10 23-7-2009   16:22:58



 

 
 
 
 
 

 
 

Thesis_Bloemen_v07.pdf   11 23-7-2009   16:22:58

Jeroen
Notitie



 
 

12 

Thesis_Bloemen_v07.pdf   12 23-7-2009   16:22:58



Introduction 
 

13 

C H A P T E R     

 
 

Introduction and outline of the thesis 
Chapter 1 

Introduction  

Thesis_Bloemen_v07.pdf   13 23-7-2009   16:22:59



Chapter 1 
 

14 

Thesis_Bloemen_v07.pdf   14 23-7-2009   16:22:59



Introduction 
 

15 

1.1 INTRODUCTION 

The incidence of cancer in Europe is growing over the last decades. With an estimated 
3.2 million new cases (53% occurring in men, 47% in women) and 1.7 million deaths 
(56% in men, 44% in women) each year, cancer generates an important public health 
problem in Europe and the ageing of the European population will cause these 
numbers to continue to increase even if age-specific rates remain constant1.  
Radiotherapy is an important treatment option for a large range of cancer sites. It uses 
ionizing radiation to damage the cancer cells, and stop them from growing and dividing. 
The radiation can be administered by external beam radiotherapy, where an external 
source of radiation is pointed at a particular part of the body, or by brachytherapy, 
where a radioactive source is placed inside or next to the volume requiring treatment. 
Sometimes a combination of these two techniques is applied. 
External beam radiotherapy is delivered by an external source of radiation, for which 
generally high energy photon or electron beams are used, generated by a linear 
electron accelerator (linac). Photon beams are produced by the rapid deceleration of 
electrons in a target material. Before exiting the treatment head, the generated photons 
pass through several components, which influence the production, shaping, 
localization, and monitoring of the clinical photon beams. These clinical high energy 
photon beams penetrate within the patient’s body and are used to treat deep-seated 
target volumes. The energy deposition of a megavoltage photon beam in tissue is 
characterized by a relatively low surface (skin) dose, in the range of 10%-25% of the 
maximum dose. When the radiation further passes into tissue, dose values increase up 
to a maximum value and then gradually decrease at increasing distance beneath this 
point, because of the beam attenuation in tissue and the inverse square law. Typical 
central axis depth dose curves in water for 6 and 10 MV photon beams, are illustrated 
in figure 1a.   
A large number of techniques using photon beams have been developed for the 
treatment of tumors. Most techniques use multiple beams, all directed towards the 
tumor generally applying a fixed distance from the target (source) in the linac to the 
centre of the tumor. Field sizes range from very small fields used in radiosurgery and 
during Intensity-Modulated Radiation Therapy (IMRT) techniques, standard rectangular 
and irregular fields and very large fields used for special indications where the 
treatment volume is large. For some indications, however, the volume to be irradiated 
is too large for the field size that can be created by a linac at the standard treatment 
distance. To increase the maximum field size for these kinds of treatments, normally 
the source-skin-distance (SSD) is extended. An example of such an extended field 
technique is Total Body Irradiation (TBI). TBI involves radiation of the whole body and 
is used for a large variety of clinical situations, such as hematological malignancies and 
aplastic anemia. The dose distribution during a TBI treatment is generally assumed to 
be homogeneous and within 10% of the prescribed dose value2. Most treatment 
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planning systems (TPS) do not allow the setup of patients at a very large SSD and 
dose calculations are performed by a point-dose determination at the dose prescription 
point. As a result the dose distribution in the other parts of the body is not evaluated 
and rather large uncertainties in the relative dose distribution in the patient’s body may 
occur. To achieve dose uniformity throughout the body, the use of bolus, partial 
attenuators or compensators is necessary. For the design of these compensators, 
detailed information of dose delivery to the whole body is required and a detailed 
calculation of the absorbed dose in the whole body, obtained by a Computed 
Tomography (CT)- based treatment planning, is essential. A comprehensive quality 
assurance (QA) programme is therefore necessary to test a TPS for dose calculations 
of these special treatment techniques. 
Situations where the patient’s contour and normal tissue constraints require more than 
one beam configuration also require a special treatment technique. In these 
treatments, a junction of fields is sometimes unavoidable. A number of techniques 
have been developed to achieve dose uniformity in the area of the field junction, such 
as using split beams. This is achieved by placing a half-beam block along a plane 
through the central axis, thus removing the geometric divergence of the beams at the 
split line. In theory this technique results in an optimal dose distribution in the junction 
area. In practice however, several uncertainties affect the accuracy of this technique, 
originating from factors related to mechanical properties in combination with the QC 
procedures and the adjustments of the linear accelerator’s jaws and the variations in 
the treatment set-up. Consequently there is a risk for tumor recurrence if the target 
volume is underdosed, or for complications if healthy tissues are overdosed. Additional 
studies are therefore necessary to assess the effect of these factors on the dose 
distribution in the junction region and to validate the technique in clinical practice.  
The use of electron beams in radiotherapy treatments is less widespread compared to 
photon beam treatments. In medical linear accelerators, the primary particles used are 
electrons. If the target used to generate the X-rays by bombarding the material with 
electrons and the accompanying flattening filter are removed, a high energy electron 
beam is obtained. A scattering foil is inserted into the beam to scatter the pencil beam 
and to cover the field size required for electron treatment. The electron beam dose 
distribution in tissue is however quite different from that of a photon beam. It is 
characterized by a relatively high surface dose of about 80%-90% of the maximum 
dose, a flat region around the maximum dose followed by a rapid dose fall of beyond 
the depth of dose maximum and a low dose tail which actually represents the X-ray 
contamination of the electron beam, as illustrated in figure 1b. Because of the higher 
skin dose and rapid dose fall off at depth, electron beams are often used to treat 
superficially located tumours. In contrast to photon beams, where generally a multiple 
beam technique is used, electron beams are mostly delivered by using a single field 
technique. 

Thesis_Bloemen_v07.pdf   16 23-7-2009   16:22:59



Introduction 
 

17 

 

 
In many radiotherapy centers, electron beam treatments are frequently administered 
based on clinical setup, without formal treatment planning. The dose distribution in an 
electron beam treatment is, however, frequently very inhomogeneous due to irregular 
outer surface of a patient, air cavities in or surrounding the treatment volume, or due to 
oblique incidence of the beam. The dose distribution is, as a result of these factors, 
difficult to determine without a proper dose calculation algorithm. Even when a TPS is 
used, dose calculations may not be very accurate in areas having tissue 
inhomogeneities. To overcome random and systematic errors, additional QA during 
treatment is important, to prevent the patient from unacceptable high doses in the 
treatment area or for areas that are under-dosed with the risk for tumor recurrence.  
Of all patients treated with radiotherapy, about 5% to 10% are candidates for 
brachytherapy. Brachytherapy is a very local irradiation. The dose is delivered by one 
or several sealed radioactive sources placed in or adjacent to tumor tissue, having the 
advantage of highly conforming the dose to the tumor volume and better sparing of the 
surrounding tissues. As a consequence, higher tumor doses can be achieved. 
Permanent seed implantation and temporary source loading are important treatment 

Figure 1: Central axis depth dose curves in water for a 10x10 cm2 field size (a) 6 and 10 MV 
photon beams for an SSD of 90 cm and (b) electron beams with energies of 6, 12, 15, 18 and 21 
MeV for an SSD of 90 cm.  
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options used in brachytherapy. In permanent brachytherapy seeds with low energy 
photon emitting radionuclides, such as iodine-125 (125I) or palladium-103 (103Pd), are 
implanted in tissue using needles that are loaded with the radioactive seeds. The 
needle or implant device is then removed, leaving the radioactive seeds behind. The 
seeds remain in the patient’s body for the lifetime of the patient, and give off low doses 
of radiation for weeks or months. Radiation from the seeds travels a very short 
distance, so the seeds can deliver a very large amount of radiation to a very small 
area. This decreases the amount of damage produced in healthy tissues that are close 
to the prostate. The dose is delivered over the lifetime of the sources and the sources 
undergo complete decay. In temporary brachytherapy, sources are implanted for a 
specific time duration. The majority of temporary implants are performed with iridium-
192 (192Ir) and cesium-137 (137Cs). The sources are placed in catheters, needles, or 
other applicators for a brief period of time and then removed when the prescribed dose 
is delivered. Generally, several treatments are given, and the radioactive substance is 
removed each time. The treatments are given over a couple of days or weeks. After the 
last treatment the catheters are removed. To reduce treatment time, high dose rate 
(HDR) sources are used. The effective transmission in water of both LDR and HDR 
point sources is presented in figure 2. At points at a distance from the source, the dose 
fall off is determined by the inverse square law and attenuation, i.e. the combined 
effect of scattering and absorption of the emitted radiation. For 125I the attenuation 
plays a significant role. For 60Co, 226Ra, 137Cs, 198Au and 192Ir the scatter largely 
compensates for the absorption within the clinical range of a few cm from the source.     
Permanent seed placement is commonly used for early stage prostate cancer, where 
in addition to radical prostatectomy, Transperineal Interstitial Permanent Prostate 
Brachytherapy (TIPPB) is an important treatment option. In this treatment the urethra is 
the organ at risk (OAR). The D10 (the dose that covers 10% volume of the urethra) 
should be less than 150% of the prescription dose, the D30 less than 130% and the 
generally accepted maximum tolerable dose level of the urethra should be restricted to 
a maximum of 200 gray (Gy)3. Uncertainties in definition of the urthra on the ultrasound 
images or in seed positioning during the implantation procedure, errors in needle 
positioning or deviations in seed activity will influence the dose deposition in this organ, 
with the risk of too high doses in this organ at risk, resulting in urinary complications4. 
Additional QA, to maximize the probability that each individual treatment is 
administered consistently, accurately and safely and to evaluate the dose in the OAR, 
is therefore highly recommended. 
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1.2 IN VIVO DOSIMETRY IN RADIOTHERAPY  

Radiotherapy is a complex process involving many steps before the actual treatment 
begins. The process starts with the diagnosis and the decision to treat the patient with 
ionizing radiation. Next a complex simulation and dose calculation procedure starts to 
arrive at the optimal treatment plan for a particular patient to be given in one or an 
extended set of fractions (figure 3). Each step in this treatment chain has one or more 
sources of error and it is therefore important that each single step is executed with the 
greatest accuracy possible. The uncertainty in each step may influence the accuracy of 
subsequent steps and, therefore impact the overall treatment result. 
Patient dose verification, in vivo dosimetry, serves as an important part of a QA 
programme in radiotherapy and has been recommended for quality improvement of 
patient care in radiation therapy by several organizations such as the American 

Figure 2: Percent dose variation with distance in water for point sources of 60Co, 226Ra, 137Cs, 
198Au, 192Ir and 125I. Function (1/r2) represents inverse square fall off. 
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Association of Physicists in Medicine5, and the European Society of Therapeutic 
Radiology and Oncology6. In vivo dosimetry is a tool to measure the radiation dose 
delivered to patients during radiotherapy. The aim of in vivo dosimetry is to compare 
these dose measurements with the dose values specified by the radiation oncologist 
and the dose values calculated by the TPS, to ensure that the accuracy of the 
prescribed dose to the target volume is within acceptable limits. In addition to the use 
of in vivo dosimetry for assessing the dose delivered to an individual patient for the 
detection of various types of errors in the dose delivery process, it can also serve as a 
tool to verify new treatment techniques in the clinic, after the initial validation of the 
procedure using phantoms, or as an indicator to assess the dose in organs at risk. 
         

 
Figure 3: Treatment chain of a radiotherapy treatment. 
 

1.2.1 In vivo dosimetry as part of a routine QA programme 
There are a lot of control mechanisms to evaluate the accuracy of the single steps in 
the treatment procedure. These checks are based on QA of the treatment equipment, 
including the linac and treatment planning system, and on the data transfer among the 
various types of equipment, such as transfer of data from a CT-scanner to the TPS and 
from the TPS to the linear accelerator. However, also human procedures are subject to 
error and determine the accuracy of the actual patient treatment. In practice, despite 
these control mechanisms random or systematic errors still may occur7, 8. The 
dosimetric impact of these errors is unique for each case and depends on the 
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proportion of fields in error and volume mistreated7. An additional check during the 
actual treatment delivery provides information about the actual dose delivery and gives 
the ability to correct the dose before the next treatment fraction, when dose errors 
occur. 

1.2.2 In vivo dosimetry as a tool to validate a treatment technique 
Techniques in radiotherapy are improving very fast. The development of a new 
treatment technique or an improvement of the actual treatment procedure is a complex 
procedure. Several steps are required performed by a variety of staff, varying from the 
radiation therapy technologist and the physicist to the medical doctor. When 
implementing a new technique, generally phantom measurements are performed. 
Depending on the extent of the alteration, the accuracy of each single step of the new 
treatment procedure should be as high as possible and the uncertainty within 
prescribed limits. Furthermore, the uncertainty of the final dose delivery should be 
within a pre-defined level. Finally, the new procedure has to be described in a practical 
guideline in order to ensure that each worker uses the same and correct treatment 
steps in the entire treatment procedure, and to ensure that the actual treatment of each 
patient is conform predefined guideliness. Supplementary to a well-defined validation 
of the new treatment procedure, a final check in clinical practice is essential to 
determine the accuracy of the new treatment technique during the actual patient 
treatment and to link the delivered 3D dose distribution to patient related factors.  

1.2.3 In vivo dosimetry to check the dose in organs at risk 
The primary objective of radiation oncology is to make the quality of life for the patient 
during and after the radiotherapy treatment as high as reasonably achievable. For 
curative radiotherapy, it is important to deliver a high radiation dose to the tumor, to 
destroy all cancer cells, thereby limiting the dose to normal tissue, to avoid serious 
complications during and after the treatment. A high accuracy of the actual treatment is 
important to provide the desired tumor control rates and the limited dose values at the 
OARs. In practice, several uncertainties may influence the accuracy of the radiation 
dose to the target and the OAR, such as uncertainties in the delineation of the regions 
of interest, in treatment planning related factors, in accelerator performance or seed 
activity related factors, and errors in the treatment procedure. In vivo dosimetry gives 
the ability to check the dose in or close to OARs to reduce side effects of a treatment 
originating from too high doses in a specific organ. The obtained dose information 
gives the opportunity to adapt the dose or improve the treatment technique. 
Furthermore, knowing the in vivo dose in OARs is essential to link clinical side effects 
to absorbed dose values in these organs.  
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1.3 OBJECTIVES AND OUTLINE OF THE THESIS 

In 1994 the first publications concerning a new type of dosimeter, the Metal-Oxide 
Semiconductor Field Effect Transistor (MOSFET) were published, demonstrating that a 
MOSFET is a promising new detector in the area of in vivo dosimetry 9, 10. After these 
initial publications, other publications followed, mostly concerning the properties of the 
detector in radiotherapy applications11-14.  
In January 2001, MAASTRO CLINIC defined their wishes to extend the QA programme 
in treatment delivery with the goal to set-up a broad dose verification programme 
including a dosimetry check in all patient treatments. Our long term perception for 
photon beam in vivo dosimetry was based on using Electronic Portal Imaging Devices 
(EPIDs). EPIDs measure transit dose values, this 2D dose information, can be used for 
in vivo dosimetry. The use of the EPID for in vivo dosimetry was, however, very new at 
that time and the clinical use of the system could not be obtained within our defined 
deadline. To achieve our short time in vivo dosimetry goals in photon beams, combined 
with our aim to perform in vivo dose measurements at extended distance, in the 
surface region, in electron beams and for brachytherapy purposes, a point detector 
was selected. The MOSFET dosimeter, a relatively new dosimeter in the range of 
detectors suitable for in vivo dosimetry in radiotherapy, seemed a suitable detector for 
our range of applications. The selection was primarily based on the broad spectrum of 
applications where the MOSFET detector was supposed to be useful as a clinical 
dosimeter. A secondary advantage of the MOSFET system was the simple dose read-
out method and the lack of correction factors. Furthermore, the portability of the system 
with the opportunity to perform dose measurements at several linacs using one dose 
verification system, if necessary combined with an additional set of dosimeters with 
accompanying bias supply, was a major advantage in order to reduce costs. The 
simplicity of the system to implement the dose measurement and to integrate the 
measurement protocol into the work processes were other important factors.  
The MOSFET dosimeter is a miniature non-intrusive semiconductor radiation detector. 
The basic MOSFET structure is depicted in figure 4a. The MOSFET is a sandwich type 
device with a positively doped (P-type) silicon semiconductor substrate in addition to 
an insulating oxide layer separating it from the negatively doped (N-type) silicon. Prior 
to radiation a sufficiently large negative voltage is applied to the poly-silicon gate, with 
the result that a significant number of minority carriers (holes) will be attracted to the 
oxide-silicon surface from both the bulk silicon substrate and the source and drain 
regions9. Once a sufficient concentration of holes has accumulated there, a conduction 
channel is formed, allowing current to flow between the source and drain. The voltage 
necessary to initiate current flow is known as the device threshold voltage. When a 
MOSFET device is irradiated, three things happen within the silicon dioxide layer 
(sensitive region): a build-up of trapped charge in the oxide; the increase in the number 
of interface traps; and the increase in the number of bulk oxide traps. Electron-hole 
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pairs are generated within the silicon dioxide by the incident radiation. Electrons move 
out of the gate electrode while holes move in a stochastic fashion towards the Si/SiO2 
interface where they become trapped in long term sites, causing a negative threshold 
voltage shift, which can persist for years. The difference in voltage shift before and 
after exposure can be measured, and is proportional to dose (figure 4b)9.  
The aim of the studies described in this thesis is to investigate the use of MOSFET 
dosimeters in various areas of radiotherapy. The validation of the detector, the 
phantom measurements to test the measurement procedure, the results of patient 
measurements, and methods for the implementation of in vivo dosimetry in daily 
practice for both internal and external beam radiotherapy are described, with the goal 
to: (1) detect various types of errors in the dose delivery process, (2) to validate new 
treatment techniques in the clinic and (3) to assess the dose to organs at risk.  

 
In chapters 2 and 4 results are presented of in vivo dose measurements performed to 
validate new treatment techniques in clinical practice, whereas in chapter 3 the use of 
MOSFETs for verifying the existing practice of applying electron beams is elucidated.  
In chapter 2 the first goal was to describe the accuracy of the MOSFET detector for 
dose measurements in a junction field technique, using half beams. The second goal 
was to evaluate the dose across the split line. The accuracy of the detector was 
determined by an extended set of phantom measurements and the results of this 
phantom study were used for patient measurements, performed on 5 patients receiving 
loco-regional treatment for breast cancer, during 10 sequential treatment fractions. The 
influence of factors related to mechanical properties and QC procedures of the linear 
accelerator are also discussed.  
In chapter 3, we describe the use of MOSFET dosimeters for entrance in vivo dose 
verification during electron beam treatment, performed without build-up material on the 
detector to prevent the target volume from shadowing effects by the detector. A 

Figure 4a: The basic MOSFET structure, showing the oxide, SiO2, the substrate, Si, the source 
and the drain and b: gate voltage before and after exposure as a function of source/ drain 
current. 
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comprehensive set of phantom measurements was performed to determine factors to 
convert the surface readings to absolute dose values at depth of dose maximum. 
Patient measurements were performed to evaluate the detectors under clinical 
conditions and to test the in vivo procedure in daily practice. 
The first aim of the study, described in chapter 4, was to verify a new dose calculation 
technique, a 3-dimensional (3D)-dose calculation for TBI, with the goal to optimize this 
treatment by using 3D treatment planning for individual patients. A set of phantom 
measurements was performed, to check the accuracy of a commercial TPS under TBI 
conditions. The second aim of this study was to use MOSFET detectors for in vivo 
dose verification of the actual delivered dose and to compare these values with the 3D-
dose distribution calculated for our TBI technique by a commercial TPS, and with 
measured TLD results.    
In chapters 5 and 6, the application of MOSFET dosimetry for dose verification in 
organs at risk during brachytherapy is described. In chapter 5, a new linear 5-
MOSFET-array dosimeter was validated for in vivo dose verification after permanent 
prostate implantation using 125I. Patient measurements were performed in order to 
provide information about the actual dose in the urethra. The results were used to 
evaluate the implantation technique, including the accuracy of the TPS and will be 
used in the future to link dose distributions to OARs and clinical side effects.  
The goal of the study described in chapter 6 was to investigate the feasibility of a 
linear-MOSFET-array for real-time dosimetry during permanent prostate brachytherapy 
with the opportunity to adapt the treatment plan if the dose in the urethra would be too 
high. The results were used to check the treatment chain and prevent patients from 
getting urinary complications as a consequence of too high doses in this organ at risk.  
Chapter 7 discusses the results of the studies described in this thesis, their clinical 
relevance and their implementation in clinical practice. Furthermore future 
developments are presented in this chapter. 
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ABSTRACT 

Background and purpose: We report on the accuracy of MOSFET detectors to 
measure dose distributions in the region of a field junction in a split beam technique, 
compared to ionisation chamber and photographic film. We present a study on 5 
patients receiving loco-regional treatment for breast cancer.  
Materials and methods: The dose variation at the junction was measured with the 
Patient Dose Verification System Model TN-RD-50 (MOSFET system). Phantom 
measurements were performed to investigate the MOSFET accuracy in a half field 
matching method and the influence of factors related to the accelerator. The aim of the 
patient measurements was to determine the effect of patient related factors on the 
dose at the junction over a period of 10 irradiation fractions. 
Results: The MOSFET detector overestimates the dose in the junction area, therefore 
a correction factor was determined to correct the MOSFET results. Phantom 
measurements showed overdosages as well as underdosages, depending on the 
matching field direction (X or Y). Patient measurements showed dose values that 
deviated up to 133 % ± 3 % (2SD). The average values of 10 irradiation sessions 
showed a continuous, almost linear, variation of dose value across the junction.  
Conclusions: (1) Significant dose deviations in the junction area average out over 
repeated treatments; (2) One individual measurement in the junction area should not 
lead to any action; (3) A linac QA procedure to check the dose at the junction line 
should simulate the clinical situation sufficiently; (4) MOSFET dosimeters overestimate 
dose values in the penumbra region. 
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2.1 INTRODUCTION 

Adjacent treatment fields are commonly employed in external beam therapy. There are 
several reasons why a treatment volume is treated with adjacent fields; an important 
one is the extension of the treatment volume. If the treatment volume is longer than the 
maximum field size, more than one beam has to be used (e.g. irradiation of the entire 
muscle compartment in soft-tissue sarcoma). Another reason may be the anatomy of 
the patient: the patient’s contour and normal tissue constraints may require more than 
one beam configuration (e.g. irradiation of head and neck tumours when lateral neck 
fields are placed adjacent to an anterior supraclavicular field). 
A number of techniques have been developed to achieve dose uniformity in the area of 
the field junction. One technique uses split beams. With this method, the beam is split 
along the plane containing the central axis by using a half-beam block, thus removing 
the geometric divergence of the beams at the split line. The split beam technique, 
using asymmetric collimator jaws, is easy to perform and reduces the treatment time 
significantly. In theory, the split beams should match perfectly. In the clinical situation 
however, there is a possibility of introducing dose deviations across the junction. These 
can originate from factors related to mechanical properties and quality assurance (QA) 
procedures of the linear accelerator’s jaws and to the treatment set-up, e.g. patient 
movements. Consequently, this region is at risk for tumour recurrence if it is 
underdosed or for complications if it is overdosed. 
To determine the dose across the split line, in vivo dosimetry may be used. Various 
techniques have been employed, e.g. TLD10, 17, standard film1, 2, 9, 13, gafchromic film14 
and semiconductors2, 3, 5, 13. Recently there has been an increasing interest in the use 
of Metal Oxide-silicon Semiconductor Field Effect Transistors (MOSFETs) as a device 
for in vivo dosimetry7, 8. Since January 2001, our institute has applied MOSFET 
dosimetry as part of a quality assurance programme for treatment delivery. In the 
present study we investigated the use of such detectors to measure dose distributions 
in the region of a field junction in a split beam technique.  
In this paper we report on the accuracy of the MOSFET detector in such an application, 
compared to ionisation chamber and photographic film and we present a study on 5 
patients receiving loco-regional treatment for breast cancer. This loco-regional 
technique consists of three half-fields, using split beams. A dose of 50 Gy in 25 
fractions is delivered. The beams are split along the plane containing the central axis 
by closing the diaphragms or leaves, thus removing the geometric divergence (fig. 1). 
Measurements were performed at the centre of the junction between the upper 
supraclavicular and the lower breast fields. The influence of factors related to the 
mechanical properties and QA procedures of the linear accelerator, are also dicussed. 
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2.2 METHODS AND MATERIALS 

2.2.1 Linear accelerator 
Measurements were performed using an Elekta SLi15 linear accelerator with a 
multileaf collimator (MLC). The MLC consists of 40 pairs of leaves, each projecting to a 
width of 1 cm at the isocenter (100 cm source-axis- distance). The leaves are made of 
tungsten and are 7 cm thick. The leaves replace the Y- blocks, while the X- blocks are 
standard. Each leaf can travel 12.5 cm across the central beam axis (collimator rotation 
axis) and has a positional accuracy of 1 mm. The end of each leaf is rounded which 
causes a broader penumbra than with focussed collimator blocks. The entire MLC 
assembly fits inside the standard treatment head, providing shaping for the full 40 x 40 
cm2  treatment field6,11.  

2.2.2 Dosimeter system 
To determine the dose across the junction, the patient Dose Verification model TN-RD-
50 (MOSFET system), produced by Thompson and Nielsen Electronics Ltd. (Ottawa, 
Canada), was used. The MOSFET dosimeter is an electronic device, which integrates 
the radiation dose. A silicon chip of 1 mm x 1 mm (active area 0.2 mm x 0.2 mm) is 

Figure 1: Loco regional radiation technique. Three matching fields are employed in the breast 
cancer treatment technique; a: anterior view of the treatment technique; b: lateral view of the 
treatment technique. 
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attached to a 1 mm layer of black epoxy at the end of a flexible cable. For high-energy 
photon beams (above 1 MV) the flat side of the dosimeter is facing the beam. The 
water equivalent depth of the MOSFET is about 0.8 mm or 1.8 mm, depending on 
which sensor side faces the beam15. In this study the detectors were placed with the 
round side of the bulb in contact with the surface of the patient, so measurements were 
performed at an equivalent depth of 0.8 mm. The MOSFET dosimeter is sensitive to 
radiation damage and one of its electrical properties (“threshold voltage”) changes 
continuously with the absorption of radiation. This voltage is a function of absorbed 
dose. The signal can be permanently stored. Variation in signal with temperature 
changes is within the detector’s reproducibility15, 16. A negligible variation of the 
dosimeter response was determined for gantry angles up to 25 degrees. For angles 
between 25 to 90 degrees, the response decreased up to 2.5%15. Dose- rate 
independency, as stated in literature7, was checked. To simulate variation in dose per 
pulse, measurements were performed with MOSFETs and an ionisation chamber at 
80, 100 and 140 cm from the focus using 6 MV photon beams. This resulted in relative 
dose per pulse values of 1.6, 1.0 and 0.5. The standard deviation for the measured 
ratios of the two signals was within 1.5 %. 
A standard bias supply (TN-RD-20), equipped with a 9V battery, provided a regulated 
bias voltage of 7.4 V to the standard dosimeters (TN502), with a sensitivity of 1 
mV/cGy. It also provided the interface from dosimeter to reader; this connection is 
necessary during “zero-ing” and “reading” the dosimeters. The total threshold voltage 
was read out in mV and converted to the corresponding dose in cGy. 
Calibration was performed under full build-up, with the 6 MV photon beam and a 
cylindrical ionisation chamber (PTW type 31002, Physikalisch Technische 
Werkstaetten, Freiburg) as a reference. The calibration factors for the individual 
dosimeters ranged from 1.05 to 1.10. The reproducibility of these factors is about ± 3 
% (2 SD) at about 100 mV voltage shift15, 16.  
The measurements were divided into two parts: phantom measurements and patient 
measurements. 

2.2.3 Phantom measurements 
All phantom measurements described below, were performed with 6 MV photon 
beams, using a rectangular polystyrene phantom (30 cm x 30 cm x 15 cm) at 100 cm 
SSD and 0º gantry angle. Five dosimeters were placed over a length of 1.4 cm, with 1 
mm distance between them. Two half-blocked, 10 cm x 10 cm, adjacent fields using 
collimator angles of 0, 90 and 270 degrees were delivered. Dosimeters 1 and 2 were 
placed at the superior border of the inferior fields, dosimeter 3 exactly on the match line 
and dosimeters 4 and 5 at the inferior border of the superior field. The detectors were 
covered with 1.5 cm of a water-equivalent build-up material. The fields were set-up 
using laser lines. The central beam axis was positioned at the centre of the phantom 
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and the automated field set-up system was used; i.e. collimator angle and jaws were 
set without moving the treatment table.  
The dose variation in the match region was evaluated in the following way; a straight 
line was fitted through a plot of the readings of dosimeter 1, 2, 4 and 5. In case of an 
ideal match the plot of the reading of dosimeter 3 was expected to coincide with this 
line (within 1 SD). Over- and underdosage were defined as the ratio of the dosimeter 3 
reading and the mean value of dosimeter 1, 2, 4 and 5 readings.  
The aim of the phantom measurements was to investigate the MOSFET accuracy in a 
half field matching method (2.3.1), the influence of factors related to the accelerator 
(2.3.2) and the effect of contaminant electrons on the patient measurements (2.3.3). 
The results of these phantom measurements were used to determine the matching 
characteristics under optimal conditions, without deviations caused by patient 
movements.  

2.2.3.1 MOSFET accuracy in a half field matching method 
To determine the accuracy of the MOSFET detector in the junction area, comparisons 
with film and ionisation chamber were made. Kodak-Xomat V films were positioned 
under 1.5 cm of tissue equivalent build-up material on a polystyrene phantom and 
densities were readout with a Multidata model 9710 densitometer (MultiData, St-Louis).  
A PTW type 31002 cylindrical ionisation chamber was scanned across the junction at 
1.5 cm depth in water, with the chamber’s axis positioned parallel to the junction. The 
Semi Flex Tube Chamber has a diameter of 0.7 cm and a volume of 0.125 cm3. Five 
repeated sets of measurements were performed and the results were averaged.  

2.2.3.2 The influence of accelerator related factors  
The measurements to investigate the accelerator related factors were divided in two 
parts; measurements to investigate the accuracy of collimator angle and X- and Y- 
block setting and measurements to determine the reproducibility of block positioning.  
 The accuracy of collimator angle and block settings was investigated for three 
situations. In the first situation the X1- and X2- blocks were matched. The same 
MOSFET set up was then used matching the X2- block with the Y1-leaves (situation 2) 
and matching the X2- block with the Y2- leaves (situation 3). The three situations are 
described in table 1. For each situation, three sets of measurements were performed 
and the results were averaged. 
The reproducibility of block positioning matching the X1- and X2- blocks, was 
determined with the ionisation chamber. Five repeated measurements were performed 
and for each measurement the blocks were positioned using the automated set- up 
system.  
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2.2.3.3 The effect of contaminant electrons on the junction dose 
The MOSFET measurements on the patients were performed without any build-up 
material (see below); therefore the effect of contaminant electrons on the determined 
over- or underdosage values was investigated. The MOSFETs were covered with 0, 
0.5, 1.0 and 1.5 cm build-up material, respectively. For all depths five repeated sets of 
measurements were performed, the results were averaged and the ratios of the 
dosimeter 3 reading and the mean value of dosimeter 1, 2, 4 and 5 readings were 
computed. The same measurements were performed with the ionisation chamber in 
water and the average ratios were compared to those of the MOSFETS.  

2.2.4 Patient measurements 
The aim of the patient measurements was to determine the effect of patient related 
factors, such as patient movement, on the dose at the junction over a period of 10 
irradiation fractions. Measurements were performed on 5 patients. Three of them had 
received a complete mastectomy. Two patients had received breast-conserving 
surgery. Two half-blocked adjacent fields using 6 MV photon beams were delivered. In 
one patient a 10 MV beam for the upper supraclavicular field was used (the correction 
for energy dependence when measuring in a 10 MV beam instead of in a 6 MV beam 
is less than 1%). For all patients, the X2- block of the cranial field matched the Y1- and 
Y2- leaves of the caudal fields. The details of field parameters are described in table 2. 
Five dosimeters were taped on the skin, at the same location during all measurements. 
The fields were set up in an isocentric technique, using laser lines, and the automated 
set-up system, without moving the treatment table. Five MOSFETs were placed as 
described in the first paragraph of 2.3. To determine the precise location of the 
MOSFET dosimeters during the 10 irradiation fractions, the MOSFET location was 
indicated on the patient’s skin. One person performed all measurements. 

Table 1: Field set-up of phantom measurements investigating the influence of collimator, block 
and leaf setting. 

 
Field AP inferior AP superior AP inferior AP superior AP inferior AP superior

Field size
X1 0.0 10.0 5.0 10.0 5.0 10.0
X2 10.0 0.0 5.0 0.0 5.0 0.0
Y1 5.0 5.0 0.0 5.0 10.0 5.0
Y2 5.0 5.0 10.0 5.0 0.0 5.0

Gantry  0 0 0 0 0 0
Collimator 0 0 90 0 270 0

situation 1 situation 2 situation 3
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Build-up material on the patient’s skin during 10 irradiation fractions would significantly 
increase the skin dose under the detector and would reduce the dose at depth. This 
effect is unacceptable over 10 irradiation fractions. Therefore measurements were 
performed without build-up. The purpose was to compare the readings of the five 
dosimeters, in order to assess the dose variation over the junction during 10 radiation 
fractions. Since the conversion to dose is uncertain when no build-up is used, the 
results are stated as relative readings.   

 Table 2: Field set-up of patient measurements. 

 
Field breast breast supraclav . breast breast supraclav . breast breast supraclav .

Fieldsize
X1 8.0 8.0 6.9 0.0 0.0 6.3 0.0 0.0 8.9
X2 15.0 15.0 0.0 12.2 12.2 0.0 12.0 12.0 0.0
Y1 15.6 0.0 8.7 18.0 0.0 9.0 18.7 0.0 10.1
Y2 0.0 19.1 -1.8 0.0 16.7 1.1 0.0 17.6 -2.0

Gantry 32 212 10 56 236 10 47 227 5

Collimator 270 90 0 270 90 0 270 90 0

patient 1 patient 2 patient 3

 
Field breast breast supraclav . breast breast supraclav .

Fieldsize
X1 0.0 0.0 8.0 0.0 0.0 7.7
X2 9.8 9.9 0.0 9.5 9.5 0.0
Y1 0.0 16.1 0.0 0.0 13.7 0.8
Y2 15.9 0.0 6.8 14.9 0.0 7.6

Gantry 309 129 350 308 128 350
Collimator 90 270 0 90 270 0

patient 3 patient 4
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2.3 RESULTS  

2.3.1 Phantom measurements 

2.3.1.1 MOSFET accuracy in a half field matching method 
Matching X1- and X2- blocks, the MOSFET measurements showed an overdosage of 
111 % ± 1.7 % (1 SD). For film measurements this value was 106 % ± 2.0 % (1 SD) 
and for ionisation chamber measurements 105 % ± 0.7 % (1 SD). It appears that the 
MOSFET detector gives higher readings in the penumbra region. Therefore a 
correction factor was determined to correct the MOSFET results. This factor is equal to 
the ratio of the ionisation chamber and MOSFET overdose values and has the value of 
0.95 ± 0.02 (1 SD). Matching X2- blocks and Y1- leaves, the MOSFETs showed a 
relative dose value of 100 % ± 2.0 % at the junction area. Film measurements showed 
an underdose of 95 % ± 1.5 % (1 SD). The correction factor matching X2- blocks and 
Y1- leaves has the value of  0.95 ± 0.02 (1 SD), equal to the factor matching X1- and 
X2- blocks. All measurement results described below are corrected with this factor. 

2.3.1.2 The influence of factors related to the accelerator 
The measurement results of the three test situations, investigating the accuracy of 
collimator angle and block and leaf setting, are shown in table 3. Matching X1- and X2- 
blocks  (situation 1) gives an overdose of 105 % ± 1.7 % (1 SD). Matching X2- block 
and the Y1- leaves (situation 2) gives an underdose of 95 % ± 1.4 % (1 SD) and 
matching the X2- block and the Y2- leaves (situation 3) an underdose of 91 % ± 1.7 % 
(1 SD) at the match line.  
The test to investigate the reproducibility of block positioning showed for the X1- and 
X2- blocks a mean overdose value of 106.7 %. The standard deviation was  0.53 % (1 
SD). The overdose value ranges between  106.1 % and  107.4 %. 

 
Table 3: Results of phantom measurements. For all situations three measurements were 
performed and the results were averaged. 

 
dosimeter mean reading S.D. mean reading S.D. mean reading S.D.

1 103.6 2.12 111.2 0.00 103.5 2.12
2 107.0 2.83 107.2 0.71 101.3 0.71
3 117.6 1.41 109.6 1.41 98.0 1.41
4 106.0 0.71 109.2 0.71 99.0 0.00
5 107.4 2.12 109.2 2.12 102.5 3.54

situation 1 situation 2 situation 3
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2.3.1.3 The effect of contaminant electrons on the junction dose 
The ratio of the readings performed at various depths, gives an almost horizontal line 
over the measuring depths for both MOSFET and ionisation chamber. No 
demonstrable influence of contaminating electrons on the MOSFET reading at the 
surface was found. 

2.3.2 Patient measurements 
Fifty measurements were performed, during 10 different irradiation sessions of 5 
patients. For all patients, the X2- block of the cranial field matched the Y1- and Y2- 
leaves of the caudal fields. The phantom measurements in these situations (3.1.1) 
showed that a correction factor of 0.95 has to be applied. The average of the 10 
measurements, corrected for overestimation of the detector, is given in figure 2a-e. A 
point depicts the mean value for each single detector. The error bars indicate the 
standard deviation of the measurements. An ideal field match will show a smooth line 
through the data points.  
For patient 2 build-up was used in the inferior tangential breast fields, required for 
adequate treatment of skin involvement. This caused the relatively high readings of 
dosimeter 1 and 2 in the caudal region. The build-up influenced the reading of 
dosimeter 3 up in this caudal region. As expected, the reading of this dosimeter was 
higher than the reading of dosimeter 3 for the other patients, but was still in a line with 
the reading of dosimeter 2 and 4 for this patient. We can conclude that there is a 
smooth dose variation in the measurement area, in spite of the partial build-up in the 
junction area. Measurements on patient 4 showed low readings of dosimeter 4 and 5 in 
the superior supraclavicular region. In this region, a 10 MV beam was used. Due to this 
higher energy (10 MV instead of 6 MV) there are less contaminating and secondary 
electrons in the surface region. This explains the lower skin dose, measured with the 
MOSFET dosimeters in this superior supraclavicular area. The reading of dosimeter 3 
was influenced by the use of this 10 MV beam, but was still in a line with the reading of 
dosimeter 2 and 4. There was a homogeneous dose in the whole junction area, in spite 
of the use of two different energies.  
The mean results for all patients showed no significant deviations, because of the 
relative high SD of the measurements in the central junction area. The individual 
irradiation session measurements showed, in contrast to the mean results, large dose 
errors across the junction. Errors of up to 133 % ± 3.0 % (2SD) were measured. These 
matching errors, caused by patient movement during radiation, are responsible for the 
high SD. 
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Figure 2a-e: Patient measurements. Average readings of 10 patient measurements for 5 
patients. A point depicts the average value for each single detector. The vertical lines indicate 
the standard deviations of the 10 measurements. 
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The standard deviation for the individual MOSFET-dosimeters, during 50 
measurements, is illustrated in figure 3. The dosimeter on the junction (3) presents the 
highest SD. Movements mostly affects the dose at the junction. The smallest standard 
deviations are seen for dosimeter 1 and 5. 

 

 

2.4 DISCUSSION  

Significant dose variation at the junction can be caused by a minimal positioning 
inaccuracy of the jaws at the position of the central axis (offset). A 10 % deviation of 
the dose value around the 50 % point on a beam profile is related to a misalignment of 
1 mm at a SSD of 100 cm for one block or 0.5 mm per block when the deviation for 
both blocks is in opposite position. Our QA programme is performed using film 
dosimetry and a deviation less then 10 % at the junction line is accepted, even if the 
penumbral shapes are unequal (junction between a collimator and MLC). In practice 
this means that an offset, or disagreement between light field and radiation field edge 
(50 %) at the central axis, of 0.5 mm or less will be accepted.   
Patient measurements showed evident over- and underdosages across the junction, 
up to 133 % ± 3 % (2SD). A 140 % overdose at the junction equates to an overlap of 
approximately 2 mm at the junction line. The region of overdose around the match line 

Figure 3: Patient measurements. Standard deviations of the 5 MOSFET readings during 50 
patient measurements. Dosimeter 1 and 2 were placed at the border of the inferior tangential 
breast fields, dosimeter 3 exactly on the match line and dosimeter 4 and 5 at the border of the 
superior supraclavicular field.  
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is 3-4 mm wide13. The most likely cause of these over- and underdosages across the 
junction is patient movement during treatment. Patient movements can originate from 
muscle tension and breathing during positioning. Relaxing during the treatment affects 
the position of the patient in relation to the irradiation beam. Also variations in head 
position can affect the dose in the junction area.  
 
Using MOSFET dosimeters appears to be a suitable method to measure the dose 
across a junction. The detectors are small; thus many detectors can be placed together 
in a relatively small area. However, the effect of overestimating the dose in the 
penumbra region has to be taken in account.   

2.5 CONCLUSIONS 

Based on the presented results, our recommendations for an adjacent field method, 
using a split beam technique with Multi Leaf Collimators are:  
1. For individual fractions of a treatment significant deviations may be present at the 

junction. These deviations average out over repeated treatments to give relatively 
smooth dose distributions over the junction area; 

2. One individual measurement in the junction area should not lead to any action, 
because random errors greatly affect the measurement; 

3. The QA procedure to check the dose at the junction line should simulate the 
clinical situation as accurately as possible, in order to recognise deviations that 
occur in clinical situations. This means that the field size, collimator- and gantry 
angles used in the QA procedure must be similar to the clinical situation. 

4. If using MOSFET detectors in a match line region, a correction has to be made to 
the measurement results, to correct for the overestimation of the detector in the 
penumbra region. 
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ABSTRACT 

Background and purpose: To determine the factors converting the reading of a 
MOSFET detector placed on the patient’s skin without additional build-up to the dose at 
the depth of dose maximum (Dmax) and investigate their feasibility for in vivo dose 
measurements in electron beams.   
Materials and methods: Factors were determined to relate the reading of a MOSFET 
detector to Dmax for 4 to 15 MeV electron beams in reference conditions. The influence 
of variation in field size, SSD, angle and field shape on the MOSFET reading, obtained 
without additional buid-up, was evaluated using 4, 8 and 15 MeV beams and compared 
to ionization chamber data at the depth of dose maximum (zmax). Patient entrance in 
vivo measurements included 40 patients, mostly treated for breast tumours. The 
MOSFET reading, converted to Dmax, was compared to the dose prescribed at this 
depth.  
Results: The factors to convert MOSFET reading to Dmax vary between 1.33 and 1.20 
for the 4 MeV and 15 MeV beam, respectively. The SSD correction factor is 
approximately 8 % for a change in SSD from 95 cm to 100 cm, and 2 % for each 5-cm 
increment above 100 cm SSD. A correction for fields having sides smaller than 6 cm 
and for irregular field shape is also recommended. For fields up to 20 cm x 20 cm and 
for oblique incidence up to 45º, a correction is not necessary. Patient measurements 
demonstrated deviations from the prescribed dose with a mean difference of -0.7 % 
and a standard deviation of 2.9 %.  
Conclusion:  Performing dose measurements with MOSFET detectors placed on the 
patient’s skin without additional build-up is a well suited technique for routine dose 
verification in electron beams, when applying the appropriate conversion and 
correction factors. 
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3.1 INTRODUCTION 

Patient dose verification has been recommended for quality improvement of patient 
care in radiation therapy by several organisations such as the American Association of 
Physics in Medicine11, and the European Society of Therapeutic Radiology and 
Oncology8, 23. In vivo dosimetry has become an important part of a quality assurance 
(QA) programme in a radiotherapy department and has proven to be very useful in 
assessing the dose delivered to an individual patient, as well as in the detection of 
various types of errors in the dose delivery process7,13. Several dosimetry systems are 
available for use in radiotherapy. The most commonly used detector types for patient 
dose verification are diodes7, 12, 17, 23 and thermo-luminescence dosimeters (TLDs)7,15,23. 
Recently there has been an increased interest in the use of the metal oxide-silicon 
semiconductor field effect transistor (MOSFET) for in vivo dosimetry purposes1, 2, 3, 4, 5, 6, 

9, 14, 18, 19, 20, 21, 22. The system uses miniature non-intrusive MOSFET semiconductor 
radiation dosimeters (size less than 4 mm2). Other characteristics of MOSFET devices 
are the direct and simple dose readout, the portability of the system and the recording 
of the accumulated dose of each detector. The output can be converted from mV to 
cGy by entering a calibration factor in the reader for each single dosimeter. MOSFETs 
exhibit in addition a good linearity of their response5, 9, 22. 
Only limited information is available about the use of MOSFET detectors for dosimetric 
verification of radiotherapeutic treatments. After the initial evaluation of Soubra et al.22 
showing that the characteristics of MOSFET detectors make them very promising for 
clinical dosimetry, only a few publications described their actual use in the clinic. 
Ramani et al.18 determined important physical characteristics of the detectors to 
demonstrate the usefulness of MOSFETs as clinical dosimeters. Measurements were 
performed at different sites of the patients’ body, with both photon and electron beams 
of various energies. MOSFET and TLD measured dose values were compared and 
related to the expected dose. However, not many details (number of patients, the use 
of build-up, the presence of an insert or air gap, and the angular dependence during 
the electron beam measurements) are provided. Scalchi and Francescon21 calibrated 
MOSFET detectors to perform in vivo dosimetry during 6-MV treatments, both in 
normal set-up and during total body irradiation conditions. However, these authors did 
not present results of clinical studies. More recently the use of MOSFETs for clinical 
IMRT dosimetric verification has been reported5, but that study also concerned only 
phantom measurements.  
Since January 2001, our department uses MOSFET dosimeters as part of a quality 
assurance programme of treatment delivery1. Since July 2002, in vivo dosimetry has 
been performed to check the entrance dose for all curative and elective treatments 
applying photon beams. In December 2002, we also implemented MOSFET dosimetry 
for QA of electron beams.  
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In this paper we present the results of a systematic study of MOSFETs for 
measurements in electron beams. The goal of the study was to perform entrance in 
vivo measurements without additional build-up on the detector to prevent the target 
volume from shadowing by the build-up material of the detector. However, in most 
cases we are not interested in the dose at the surface. For this reason we converted 
the readings obtained with MOSFET dosimeters, placed on the patient’s skin/ phantom 
without build-up, to absolute dose values of zmax under reference conditions. A 
comprehensive set of phantom measurements was performed to determine these 
conversion factors. Measurements in the surface region are, however, sensitive to 
differences in energy and spatial distribution of electrons in clinical conditions 
compared to reference conditions. Supplementary measurements were performed to 
investigate the influence of these non-reference conditions, such as SSD, gantry angle, 
field size and shape on a MOSFET measurement, yielding an additional set of 
correction factors. Patient measurements were analysed with the aim to evaluate the 
use of MOSFET detectors under clinical conditions. 

3.2 MATERIALS AND METHODS 

3.2.1 MOSFET dosimeters 
All measurements were performed using TN-502RD MOSFET dosimeters, produced 
by Thomson and Nielsen Electronics Ltd (Ottawa, Canada). For phantom 
measurements the MOSFET AutoSense system (TN-RD-60), developed for on-line 
radiotherapy applications, was used. The standard TN-RD-50 patient verification 
system, which does not allow on-line dose reading, was used for patient 
measurements. The two systems are virtually identical; the only difference is that the 
AutoSense system can be used for repetitive measurements as the control box of the 
MOSFET system can be read out without entering the treatment room.  
The sensitivity of the MOSFET detector depends on the oxide thickness and on the 
gate voltage provided by the bias supply. Thomson and Nielsen have two types of 
MOSFET detectors, standard/ high sensitivity and two voltages on the bias supply, 
standard sensitivity (1 mV cGy-1) and high sensitivity (3 mV cGy-1). At lower dose level 
(<1 Gy) the high sensitivity bias and/ or the high sensitivity MOSFETs are 
recommended in order to cover this low dose range with an optimal reproducibility. 
However, the lower sensitivity dosimeters associated with the lower gate bias, enable 
the MOSFETs to be irradiated to a higher accumulated dose.  
The TN502RD MOSFET dosimeter is a dual-bias dual-MOSFET detector. This kind of 
detector consists of two identical MOSFETs, fabricated on the same silicon chip and 
operating at two different gate biases (1V and 15V). During irradiation each sensor will 
produce a threshold voltage shift, the gate voltage necessary to allow charge 
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conduction through the MOSFET. The reader measures and records the threshold 
voltages by passing current through the cable to the MOSFET chips. The difference 
between the two threshold voltage shifts is a function of absorbed dose and will be 
displayed on the reader. The bias supply provides a constant bias voltage on the 
MOSFET during irradiation. Details of the process involved in the use of a MOSFET as 
a dosimeter can be found elsewhere5, 18, 21, 22. The silicon chip (1 mm square, active 
area 0.2 mm x 0.2 mm) is covered with an epoxy bulb on top of the MOSFET gate 
oxide. The water equivalent thickness of the MOSFET is about 0.8 mm (flat side) and 
1.8 mm (epoxy bulb side), under normal beam incidence in a 10 x 10 cm2 field of a 6 
MV X-ray beam at 100 cm SSD21.    
For this study, a set of standard MOSFETs with the bias supply set at standard 
sensitivity was used. The MOSFETs were taped on the surface of the phantom, or skin 
of the patient, with the flat side of the detector facing the beam. After each irradiation 
the dose was read out by connecting the bias supply to the readout device. Before use, 
the MOSFETs were calibrated in a 6 MV photon beam, as will be described below.  

3.2.2 Calibration procedure 
Calibration is performed to convert the dose-induced dosimeter voltage shift to cGy. It 
has to be executed prior to the first measurement with a new dosimeter and after any 
lengthy period of not being used. After applying the appropriate calibration factor (Fcal), 
the system may yield dose values at specific sites18, including organs at risk and in 
junction areas1. Although the goal of the study was to perform entrance in vivo 
measurements in electron beams without build-up material on the detector, Fcal is 
obtained in photon beams under full build-up, to obtain maximum accuracy and 
repeatability. In our hospital the MOSFETs are first calibrated at depth in a photon 
beam, and the same detectors are then used for entrance in vivo dose measurements 
in both photon beams (with build-up) and electron beams (without build-up).  
MOSFET calibration was performed using a 6 MV photon beam, 10 cm x 10 cm field 
size and 100 cm SSD. Five detectors were placed in a circle in a PMMA home-made 
calibration phantom at depth of Dmax, at minimal distance from the central axis of the 
beam. Ten measurements were performed and the results were averaged. We 
compensated for actual accelerator output by measuring this output with a calibrated 
cylindrical ionisation chamber (PTW type 31002, Physikalisch-Technische 
Werkstaetten, Freiburg, Germany), following the Dutch code of practice for the 
dosimetry of high-energy photon beams. Fcal was determined as the ratio of the 
measured output voltage of the dosimeter and the actual Dmax. Fcal was entered into the 
MOSFET reader to obtain a reading in cGy. For entrance in vivo measurements in 
electron beams without build-up, conversion factors were established.  
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ionisation chamber placed at zmax, when changing the reference conditions (SSD, 
angle of incidence, field size and field shape).  
To investigate the influence of variation in SSD on the MOSFET reading, 
measurements were performed using an SSD varying from 95 to 110 cm for a 10 cm x 
10 cm insert. Distances of 95, 100, 105 and 110 cm SSD were used in an 8 MeV 
electron beam, while measurements at 95 and 110 cm SSD were performed for 4 and 
15 MeV electron beams. Three MOSFETs were taped at the centre of the field, on the 
surface of the phantom. Ten measurements were performed, and the results were 
averaged and related to the Markus chamber measurements performed at zmax.  
Older studies reported a large angular dependence for MOSFETs in photon beams18, 

21, although a more recent study showed a much smaller angular dependence, within 
2.5 % for gantry angles varying between 0 and 180 degrees5. No information is 
available about the angular dependence of MOSFET detectors in electron beams. The 
angular dependence of the MOSFET detectors was therefore investigated by placing 
three MOSFETs at the centre of a PMMA cylindrical mini-phantom with 1.5 cm radius 
(Fig.1a). The mini-phantom was placed on a small Styrofoam block, which is almost air 
equivalent material, to approach free air geometry. The centre of the phantom was 
positioned in the middle of a 10 cm x 10 cm electron field at 100 cm SDD, with the flat 
side of the detector facing the beam at 0º gantry angle. Gantry angles were varied 
between 0 and 90º in steps of 150 for measurements in the 8 MeV beam, and from 0º, 
45º to 90º degrees using the 4 and 15 MeV beams. Measurements were repeated 10 
times for each gantry angle and the readings were related to the readings at 0º. The 
output variation of the linear accelerator as a function of gantry angle was determined 
to be less than 1 % for the three beam energies.  
Beside the earlier described non-isotropic response of the MOSFET, in the clinical 
situation the effect of gantry angle rotation on the MOSFET reading (performed without 
build-up) is due to two factors: the ratio MOSFET reading at the surface/ ionisation 
chamber at zmax and differences in the contribution of electron scatter from the surface 
of the phantom when changing the angle of incidence of the beam. To approach this 
situation and to investigate the influence of this scatter component, measurements 
were performed with the detector fixed on the flat surface of a rectangular PMMA 
phantom (Fig 1b.). Three MOSFET dosimeters were positioned at the centre of a 10 
cm x 10 cm field at 100 cm SSD. Gantry angles were varied between 0 and 90º in 
steps of 150 for measurements in the 8 MeV beam, and from 0º, 45º to 90º degrees 
using the 4 and 15 MeV beams. Measurements were repeated 10 times for each 
gantry angle and the readings were related to the readings at 0º. 
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The influence of field size was investigated using 4 cm x 4 cm and  6 cm x 6 cm inserts 
(6 cm x 6 cm applicator), 10 cm x 10 cm insert (10 cm x 10 cm applicator) and 20 cm x 
20 cm insert (20 cm x 20 cm applicator) and the detectors were positioned at the 
surface of the phantom placed at 95 cm SSD in a 8 MeV electron beam. For the 4 cm x 
4 cm and 20 cm x 20 cm field sizes with corresponding applicators also the 4 MeV and 
15 MeV electron beams were investigated. Three MOSFET dosimeters were irradiated 
with a dose of 100 cGy and for each situation 10 measurements were performed. 
Ionization chamber measurements were performed at zmax, determined for each field 
size and energy. The MOSFET measurements were averaged and related to the 
ionization chamber results. 
 

 

Figure 2: A shaped insert, made of Cerrobend, used to investifgate the influence of shape, size 
and position of the opening in the insert on the MOSFET reading. Numbers 1, 2 and 3 are the 
cut-outs and A, B, C and D are the measuring locations. 

Figure 1: Experimental set-up for the determination of the angular dependence of the MOSFETs,
using a cylindrical PMMA (a) and a flat phantom (b). 
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To investigate the influence of field position and field shape on the MOSFET response, 
a limited set of measurements was performed using a home-made insert for the 20 cm 
x 20 cm applicator with three openings (Fig. 2). Measurements at the centre of opening 
1 (location A) and 2 (location B) (both 6 cm x 6 cm) were performed to investigate the 
influence of field position in the applicator. Measurements close to the upper (location 
C) and lower edge (location D) of opening 3 (5 cm x 18 cm) were performed to 
investigate the influence of field shape. Three MOSFET dosimeters were placed at the 
surface of the phantom for each location, using beam energies of 4, 8 and 15 MeV. 
Measurements were repeated 10 times, the results were averaged and related to 
ionization chamber measurements performed at zmax at the same distance from the 
field axis. The value of zmax was determined for a 6 cm x 6 cm field size and 4, 8 and 15 
MeV electron beams. Based on data available in the literature, it was assumed that 
zmax for a 6 cm x 6 cm field size is almost identical to that of a 5 cm x 18 cm field size16.  

3.2.4 Patient measurements 
Forty patients were included in the clinical study. The patients were irradiated at 
several locations; 31 on the breast/ thorax wall, 6 on the internal mammary lymph node 
region, 2 on the skull and one at the testis. The radiation dose per fraction ranged 
between 1.8 to 2.0 Gy and 6, 8, 10, 12 and 15 MeV electron beams were used. Field 
sizes varied between 6 cm and 20 cm diameter (round or square). For 9 patient 
treatments a customised insert was used, while for 14 patients an air gap between the 
insert and the skin, ranging between 0.5 and 4 cm, was present (SSD 95.5 up to 99 
cm).  
Patient entrance in vivo measurements were performed during the first fraction of the 
treatment. The detectors were located at the centre of the insert, with the round epoxy 
side of the detector in contact with the skin, for every beam given to the patient. The 
SSD at the centre of the field was measured for each beam. After the application of the 
MOSFET and the measurement of the SSD, the patient was irradiated and after the 
completion of the beam the MOSFET was read out. The MOSFET reading at the 
surface was converted to Dmax, using Fconversion obtained as described earlier. This dose 
obtained from the MOSFET measurement, recalculated to zmax and corrected for non-
reference conditions (Dentrance), was compared to the prescribed dose (Dplan). The 
deviation is presented as (Dentrance - Dplan)/Dplan*100. In 8 patients the electron beam was 
given in combination with one or more photon beams within a fraction and the number 
of monitor units (MUs) was calculated using the FOCUS treatment planning system 
version 3.0 (CMS Inc., Saint Louis, MO, USA). FOCUS applies a modified version of 
the Hogstrom dose calculation algorithm. For the other patient irradiations, where the 
electron beam was given alone, a home-made interpolation program based on 
measurements was used to calculate the radiation dose. A maximum deviation of 
about 3 %, based on experimental verification, can be attributed to these calculations 
due to limitations of this algorithm.  
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3.3 RESULTS 

3.3.1 Phantom measurements 
Fcal for the individual dosimeters ranged from 1.05 to 1.10. The mean reproducibility of 
Fcal and CFs is about 2.0 % (1 SD) in photon beams with full equilibrium, 10 successive 
measurements at about 100 mV and standard sensitivity.  

3.3.1.1 Conversion factors (Fconversion) 
The results of the measurements shown in Fig. 3 demonstrate that the ratio of the 
MOSFET reading at the surface (in cGy) and the ionisation chamber dose at zmax 
increases with increasing beam energy. The result varies between 0.75 ± 0.02 and 
0.83 ± 0.02 (1 SD) for an energy range of 4 - 15 MeV. This means that Fconversion, 
necessary to convert the MOSFET reading to Dmax, decreases with increasing energy 
of the beam. Fconversion is 1.33 for the 4 and 6 MeV beam and 1.30, 1.26, 1.24 and 1.20 
for the 8, 10, 12 and 15 MeV beams, respectively, at 95 cm SSD for a 10 cm x 10 cm 
field size. The reproducibility of the MOSFET detector measurements varied between 
1.1 % and 2.5 % (1 SD). 

3.3.1.2 Influence of varying SSD, beam angle, field size and shape (CFi) 
The ratio of the MOSFET reading at the surface/ ionisation chamber dose (zmax), 
decreases with increasing SSD, which would result in an underestimate of the entrance 
dose by the MOSFET. The results are shown in Fig. 4a. The decrease of the ratio 
MOSFET reading at the surface /ionisation chamber dose (zmax) is 8.3 % for the 8 MeV 
beam, for an SSD variation from 95 cm to 100 cm SSD (ratio 0.92 ± 0.03). Further 
increase to 110 cm SSD gives a smooth underestimation of (1.7 %), up to a ratio of 
0.90 ± 0.03 (1 SD). The 4 MeV beam gives a 10.4 % underestimation in dose for an 
SSD variation from 95 cm to 110 cm SSD (ratio 0.90 ± 0.03). For the 15 MeV beam an 
underestimation of 7.4 % is observed (0.93 ± 0.03). These measurements prove that a 
correction for SSD is necessary, especially for SSD up to 100 cm.  
The results of the measurements performed using a cylindrical mini-phantom, 
demonstrate that the angular dependence of the MOSFET detector in electron beams 
is small. For the 4 MeV beam the reading decreases 3.2 % with increasing gantry 
angle: from 61.6 ± 1.3 cGy at 0º to 60.3 ± 1.4 cGy at 45º, and 59.6 ± 1.1 cGy at 90º. 
For the 8 MeV beam, the variation in detector response with gantry angle is negligible 
(within 1.0 %). Also for the 15 MeV beam, the angular dependence of the detector is 
small, within 2.9 %: from 88.5 ± 1.4 cGy  at 0º to 89.7 ± 1.7 cGy at 45º and 87.1 ± 2.0 
cGy at 90º.   
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The results of the measurements investigating the MOSFET reading at the surface 
/ionisation chamber dose (Dmax) and the contribution of electron scatter during gantry 
rotation are shown in Fig. 4b. The variation in dose caused by a variation in angle 
towards 45º, the range of angles that is clinically most important for electron beams, is 
within 3 % for 4, 8 and 15 MeV beams. The ratio of the readings at 45-degree gantry 
angle and at 0 degrees are for both MOSFET 1 and 3, 1.03 ± 0.03, 0.99 ± 0.02 and 
1.00 ± 0.03 (1 SD), for the 4, 8 and 15 MeV beams, respectively. The ratio of the 
readings for MOSFET 2 is 1.14 ± 0.02, 1.06 ± 0.02, 1.04 ± 0.01 (1 SD), for the same 
energies. For larger angles towards 75º, an increase of reading was detected for all 
MOSFETs. The average ratio of the reading at 750 compared to that at zero degrees is 
for the three MOSFETs at 8 MeV 1.24 ± 0.03 (1 SD). The results of MOSFET 2 were 
kept out of this analysis, because of its abnormal behaviour compared to the other 
detectors. For gantry angles up to 45º, a correction is not necessary. For gantry angles 
larger than 45º, a significant deviation was demonstrated; however these angles are 
not very relevant in clinical situations.  
The ratios of the MOSFET reading at the surface/ ionisation chamber dose (Dmax) for 
changes in field size are shown in Fig. 4c. The value of Fconversion does not depend on 
field size, for field sizes larger than 6 cm x 6 cm. For fields smaller than 6 cm x 6 cm, 
the MOSFET overestimates the entrance dose by about 5% depending on the electron 
beam energy. Using 4 MeV beams, the ratio is almost independent of field size, while 
for a field size of 4 cm x 4 cm for the 8 MeV and 15 MeV beam the ratio is 1.05 and 
1.06, respectively.  

Figure 3: Fconversion , expressed as MOSFET reading in cGy at the surface/ ionisation chamber 
dose at the depth of dose maximum (Dmax) in cGy, for 4, 6, 8, 10, 12 and 15 MeV beams at 95 
cm SSD cm and a 10 cm x 10 cm applicator.  The mean result of 10 measurements using three 
MOSFETs and the standard deviation are given. 
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Figure 4a: MOSFET reading at the surface/ ionisation chamber dose (zmax), as a function of 
SSD and normalized to 95 cm SSD for 8 MeV electron beams. b: Angular dependence of 
MOSFET reading at the surface, normalized to 0 degrees using 8 MeV electron beams. c: 
MOSFET reading at the surface/ ionisation chamber dose (zmax) as a function of field size and 
normalized to a 10 cm x10 cm field size, for 4, 8 and 15 MeV electron beams. The mean result 
of 10 measurements using three MOSFETs and the standard deviation are given in these three 
figures. 
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The shape of the insert and the position of the dosimeter in the radiation field, affect a 
MOSFET measurement without additional build-up. The magnitude of this effect 
depends on the energy of the beam. The influence of field position and field shape on 
the MOSFET response is within 4.0 % for the 4 MeV beam. The ratios of the relative 
readings for locations B, C and D, compared to location A for the 4 MeV beam are: 
0.99 ± 0.01, 1.02 ± 0.02 and 1.04 ± 0.02 (1 SD), respectively. For the 8 MeV beam the 
ratios of the readings are 1.01 ± 0.01, 0.95 ± 0.03 and 1.04 ± 0.02 (1 SD) and for the 
15 MeV beam 0.94 ± 0.04, 0.95 ± 0.03 and 0.95 ± 0.03 (1 SD). These results 
demonstrate that for the lower energies (4 and 8 MeV) there is no significant deviation 
in MOSFET reading during variation in field position (B) and shape (C and D).  For 
higher energies (15 MeV) however, the reading decreases in these situations with 5.9 
%.  

3.3.2 Patient measurements 
MOSFET entrance in vivo measurements were performed during the first treatment 
session of 40 patients. The MOSFET reading at the surface was converted to dose at 
the depth of dose maximum using Fconversion, as determined during the phantom 
measurements. Field sizes varied between 6 cm and 20 cm diameter (round or square) 
and therefore a field size correction was not necessary. For 14 patients a correction for 
SSD was applied for distances between the insert and the skin ranging between 0.5 
and 4 cm. The patient measurements (Dentrance), first converted to Dmax and then 
corrected for SSD, were compared with the prescribed dose (Dplan).  
   

 

Figure 5: The distribution of dose deviations for 40 patients irradiated with electron beams, 
calculated as the MOSFET reading converted to Dmax and corrected for SSD, compared with the 
prescribed Dmax.  
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The deviations between the prescribed dose values and the MOSFET results ranged 
between   -8.1 % and 4.7 %. The mean result of all measurements was -0.7 % with a 
standard deviation of 2.9 %. The data for all 40 patients are presented in Fig. 5.  

3.4 DISCUSSION AND CONCLUSION 

The ratio of the MOSFET reading at the surface and the ionisation chamber dose at 
the depth of Dmax increases with increasing beam energy. This variation may be 
caused, in part, by the lower surface dose in lower energy electron beams. However 
part of it could also be caused by an energy dependence. 
This study shows that the mean MOSFET reproducibility is 2.0 % (1 SD) for readings 
of 100 mV, 10 successive measurements and standard sensitivity of the bias supply. 
This is of the same order of magnitude as observed by other groups. Jornet et al. 
determined an intrinsic precision of MOSFETs working in the standard sensitivity mode 
of 2.5 % (1 SD) for doses of approximately 1 Gy9. At higher doses the precision of the 
detector increases. Ramani et al. performed measurements with a MOSFET at 
standard sensitivity and readings of 2 Gy, measuring a standard deviation of the 
readings of 1 %18.  The overall uncertainty in dose determination using the above 
described calibration methodology is about 4% (1SD). This uncertainty is determined 
as the root-sum-square of the individual errors of CF, Fconversion, Fcal and R, which are all 
estimated  to be about 2%, given as 1 SD.   
By using the MOSFETs without any build-up, less shadowing by the detector of the 
target volume occurs. The price to be paid for this advantage is that the detector 
becomes more sensitive for electrons scattered by the collimating system and the 
insert. This is reflected in a rather strong dependence of the MOSFET response on 
SSD. As a consequence, for each patient measurement, the SSD has to be measured 
to perform a correction. This absence of build-up led also to the insert- shape 
dependence and higher readings for fields smaller than 6 cm x 6 cm, which is probably 
caused by the electrons scattered from the edge of the insert. 
The angular dependence of the MOSFET response as measured inside a mini-
phantom is small. Up to 45 degrees the angular dependence can be ignored, whilst at 
larger angles the effect is about 3 % at maximum and seems to be somewhat energy 
dependent. This small angular dependence was also observed by Chuang et al.5, and 
was explained by these authors as a result of improvement in detector design 
compared to previous detectors18,21. The increment in dose, measured with the 
MOSFET detector at the surface of the phantom without additional build-up, may be 
caused by an increase in the contribution of electrons scattered from the phantom into 
the detector, leading to a reading that increases with the angle of irradiation.  

Thesis_Bloemen_v07.pdf   58 23-7-2009   16:23:02



Electron beams 
 

59 

The importance of the role of quality assurance in radiotherapy is generally accepted, 
due to the complexity and many steps involved in the radiotherapeutic process. 
However, the workload involved in developing and assessing an in vivo dosimetry 
programme, is often a problem for a radiotherapy department. In our institution we 
developed an in vivo dosimetry protocol, using MOSFETs, for all curative and elective 
photon and electron beam treatments, and for special indications such as the 
determination of the dose in organs at risk, or for junction measurements1. Due to the 
intensive use of MOSFETs for in vivo dosimetry purposes in our institution, special 
attention is therefore paid to making it an easy to use technique with acceptable 
accuracy.  
The use of the detector is simple and in vivo dosimetry using MOSFETs is easy to 
integrate into the work processes. In our institution the radiation technologists perform 
the patient measurements. We developed a user interface in which the radiation 
technologists have to type in some specific treatment data. This program automatically 
converts the reading to Dmax and corrects for the influence of SSD. The deviation of the 
measurement is given as a percentage of the prescribed dose. Action levels of ± 7-10 
%, depending on the treatment site, are applied. These action levels are based on our 
experience with entrance dose measurements in photon beams and defined as the 
level were 85 % of the measurements are within the action level during the first 
measurement. The result of this study demonstrates that the overall uncertainty in dose 
determination for entrance in vivo dosimetry in electron beams is about 4%, 1SD. 
Action levels of 7% for all treatment sites, treated with electron beams using the 
described methodology, are therefore adequate. If deviations exceed the action level, 
all treatment data are checked, a physicist will evaluate the measurement result, and 
the measurement has to be repeated. 
In this study we performed a comprehensive set of phantom measurements to 
determine CFs with a reproducibility of about 2 % (1 SD), using standard bias voltage, 
standard MOSFETs and a radiation dose corresponding to 100 MUs. These CFs can 
be taken the same for all MOSFETs of a certain batch. However, some MOSFET 
detectors may show a deviating behaviour, in non-reference conditions. In our 
situation, one MOSFET responded differently to gantry angle rotation during the 
phantom measurements. For estimating generally applicable CFs, this is a practical 
difficulty. We decided not to take individual CFs into account, which may introduce 
some additional uncertainty. The inaccuracy that is introduced using such a procedure 
is accepted in order to keep the workload adequate and is taken into account in our 
tolerance levels. To evaluate the inter-batch variation and variation in MOSFET design 
we recommend to repeat part of the phantom measurements periodically. 
When performing entrance in vivo measurements without build-up, Fconversion is 
necessary to convert the MOSFET reading at the skin to Dmax, whilst a correction for 
SSD and small fields (< 6 cm) also has to be applied. To estimate accurate conversion 
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and CFs, an extensive set of phantom measurements has to be performed, for which 
an on-line system is recommended10, 19.  
The results of this study demonstrate that the characteristics of MOSFETs in electron 
beams (reproducibility, field size and angular dependence) make them well suited for in 
vivo dosimetry. Under these circumstances, in vivo dosimetry measurements can give 
supplementary information about the actual absorbed dose at a specified point. In 
addition, due to the current lack of electronic data transfer in our department, this 
method has become an essential part of our quality assurance programme. 
As a result of this study, protocols for in vivo entrance dose measurements of electron 
treatments are developed and all patients treated with curative intent will undergo 
these measurements. 
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ABSTRACT 

Background and purpose: Predicting the 3-dimensional (3D)-dose distribution of our 
Total Body Irradiation (TBI) technique, using a commercial Treatment Planning System 
(TPS). In vivo dosimetry, using MOSFETs and thermoluminescence detectors (TLDs), 
was used to verify the calculated dose distributions.  
Materials and methods:  A total body CT scan was performed, loaded into our TPS 
and a 3D-dose distribution was generated. In vivo dosimetry was performed at five 
locations on the patient. Entrance and exit dose values were converted to midline 
doses using conversion factors, previously determined with phantom measurements. 
TPS predicated dose values were compared with MOSFET and TLD in vivo dose 
values.  
Results: MOSFET and TLD dose values agreed within 3.0 %; MOSFET and TPS data 
within 0.5 %. The convolution algorithm of the TPS, which is routinely applied in the 
clinic, overestimated the dose in the lung region. Using a superposition algorithm 
reduced the calculated lung dose with approximately 3 %. The dose inhomogeneity as 
predicted by the TPS, can be reduced by using a simple IMRT technique.  
Conclusions: The use of a TPS for calculating dose distributions in individual patients 
during TBI treatments is strongly recommended. Using a TPS gives good insight in 
over- and under-dosage in the patient and the influence of patient positioning on dose 
homogeneity. MOSFETs are suitable for in vivo dosimetry purposes during TBI, when 
using appropriate conversion factors. MOSFET, TLD and TPS results agree within 
acceptable margins. 
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4.1 INTRODUCTION 

Total Body Irradiation (TBI) is a complex radiotherapeutic technique, used for the 
treatment of certain haematological, oncologic, and immunologic diseases. The role of 
TBI is to destroy the recipient’s bone marrow and tumour cells and to immunosuppress 
the patient sufficiently to avoid rejection of the donor bone marrow transplant. The dose 
in a TBI treatment is often prescribed to a point inside the body in the pelvic region at 
the height of the umbilicus, referred to as the dose prescription point1. It is generally 
assumed that the dose in the rest of the body should be within 10 % of this prescribed 
dose1. Mostly, Monitor Unit (MU) calculation is done by point-dose determination at the 
dose prescription point. Computed Tomography (CT)-based treatment planning, 
however, can provide a much more detailed calculation of dose delivery to the whole 
body of the patient. This is important because of the special irradiation technique, the 
uncertainties in patient positioning and the fact that the quality of life and long term side 
effects become more and more important with the increasing survival rates2, 3. Most 
treatment planning systems do not allow the set up of patients at a very large SSD, 
because the system is not designed for these techniques and has to be validated 
under these circumstances. A set of phantom measurements has therefore to be 
performed, to check the accuracy under TBI conditions. Several authors described the 
use of a TPS for TBI treatments, based on home-made CT-aided PC-based planning 
systems4 and conventional CT-based treatment planning systems5-9. These groups 
demonstrated that a commercially available TPS is in principle suitable for predicting 
the dose distribution in a patient under TBI conditions. However, the use of a TPS for 
the calculation of a 3D-dose distribution in the patient’s total body, correlated to 
individual patient treatment data and patient positioning procedures, has not been 
described. Abraham et al.9 evaluated the positioning of the arms related to the lung 
dose, however, the influence of position on other structures was not investigated.  
It was the first aim of this study to investigate whether TBI treatments could be 
optimized by using 3D treatment planning of individual patients. 
In vivo dosimetry during TBI gives the opportunity to check the dose in the patient and 
to verify whether predicted and measured dose values correspond within certain levels, 
but is difficult to perform due to the complexity of the irradiation technique. To obtain 
meaningful results, a TBI in vivo dosimetry method must first be validated with 
phantom experiments before it can be implemented clinically. TLDs have been proven 
to be useful detectors for measurements under TBI circumstances due to their small 
dependence on direction, dose rate, temperature, and energy in the therapeutic range, 
and their wide applicable dose range6, 10-14. Accuracies within 3-4 % (1SD) can be 
reached10-14. Compared to TLDs, the Metal Oxide Field Effect Transistor (MOSFET), a 
relatively new kind of detector, has the advantage of direct dose readout. Earlier 
publications described important physical characteristics of these detectors to 
demonstrate the usefulness of MOSFETs as a clinical dosimeter of radiotherapeutic 
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treatments with photon15-24, electron25 and proton26 beams, junction of fields27, IMRT 
fields19, 28, 29 brachytherapy30-32 and intra-operative irradiation33, 34. The system uses 
miniature non-intrusive MOSFET semiconductor radiation dosimeters (size less than 
4mm2) and shows a good linearity of the response with no sensitivity variation with 
temperature and accumulated dose in the therapeutic high-energy range15, 28, 35, 36. 
Reports about the clinical use of MOSFET dosimeters for in vivo measurements during 
TBI treatments are, to the best of our knowledge, not available. Scalchi and 
Francescon37 calibrated MOSFET detectors to perform in vivo dosimetry during 6-MV 
treatments, both in normal set-up and during TBI conditions. However, these authors 
did not present results of clinical studies.  
The second aim of this paper was to use both MOSFETs and TLDs for the in vivo 
verification of the actual delivered dose and to compare these values with the 3D-dose 
distribution calculated for our TBI technique by a commercial TPS.    

4.2 MATERIALS AND METHODS 

4.2.1 Treatment planning system 
For this study, our clinically applied TPS was used (XiO 4.3.0, CMS Inc., Saint Louis, 
MO, USA), to evaluate the dose distribution in the full patient’s body. In our institution 
we apply routinely the so-called Fast-Fourier Transform Convolution (FFTC) dose 
calculation algorithm present in the TPS, a relatively simple algorithm that does not 
account for electron transport. XiO has another algorithm available, the Multi-Grid 
Superposition (MGS) algorithm, which takes electron transport into account and is 
therefore more accurate in areas with large inhomogeneities such as the lung region38, 

39, but is more time consuming. For this study we used the FFTC algorithm for 3D-dose 
prediction, as routinely applied in our clinic. The MGS algorithm was also used for a 
better prediction of the dose in the lung region. CT slices were loaded into the TPS, the 
dose was calculated using inhomogeneity corrections and a 3D-dose view was 
generated to evaluate the dose distribution over the patient’s body.  

4.2.2 MOSFET detector 
MOSFET dosimeters, semiconductor transistors with dimensions of 0.2 mm by 0.2 mm 
by 1 mm produced by Thomson and Nielsen Electronics Ltd (Ottawa, Canada), were 
used. For all measurements standard MOSFETs (TN-502RD) were applied, with the 
bias supply set at standard sensitivity (1 mVcGy-1). The TN-RD-50 patient verification 
system was used for patient measurements. For phantom measurements, which 
required a lot of repetitive measurements, the MOSFET AutoSense system (TN-RD-
60) developed for on-line radiotherapy was applied in order to shorten measurement 
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times, as the control box of the MOSFET system can be read out without entering the 
treatment room.  
Calibration was performed to convert the radiation-induced dosimeter voltage shift to 
cGy and the calibration coefficient was defined as the ratio of the measured voltage 
shift of the dosimeter and the actual dose measured with the ionization chamber at the 
depth of dose maximum (Dmax). A homemade polystyrene phantom, full build-up and 
reference conditions (6-MV photon beam, 10 x 10 cm2 field size and 100 cm SSD) 
were used, to obtain maximum accuracy and repeatability. The accelerator output was 
measured with a calibrated cylindrical ionization chamber (PTW type 31002, 
Physikalisch-Technische Werkstaetten, Freiburg, Germany), following the Dutch code 
of practice for the dosimetry of high-energy photon beams40. Once calibrated, the 
dosimeter may be used with or without build-up material when applying appropriate 
conversion factors.  

4.2.3 Tl detector  
For this study, LiF chips type TLD-100 (Harshaw, Solon, USA) were used. Each 
detector consists of three TLD rods (1 mm x 1 mm x 6 mm) packaged together in a 
plastic pouch. For all measurements, the readings of the three detectors were 
averaged.  
Before irradiation, the standard annealing procedure was carried out using a Victoreen 
oven (Model 2600-62, Victoreen Inc., Cleveland, USA). During this process the TLDs 
were positioned on an aluminum planchet and heated at a temperature of 400 ºC for 1 
hour, followed by a lower temperature phase of 105 ºC for 1.5 hours. After annealing, 
the TLDs were packaged and for each patient twelve packages from the same batch 
were used, seven for calibration and five for patient measurements. 
In order to establish the dose as a function of TLD reading, a calibration was performed 
using reference conditions. The relationship between TLD response and absorbed 
dose was expressed by a linear fit for a dose range between 0.2 and 3.0 Gy. One TLD 
package was read out without receiving radiation to determine the background signal. 
The detectors were read out with a commercial semiautomatic TLD reader (Harshaw 
4000, Solon, USA).  The heating cycle of this oven has two parts, a 5-second pre-heat 
zone heating the tray to a temperature of 150ºC and a reading-phase of 10-seconds 
using a linear heating rate of 25ºC/s followed by a constant temperature plateau of 
235ºC. One person performed both the annealing and heating, following strict 
procedures.   

4.2.4 Phantom measurements  
The accuracy of the central axis Percentage Depth Dose (PDD) data, beam profiles 
and absolute dose values calculated by the TPS were checked under TBI 
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phantom ratio varying linearly with depth, which is a valid assumption at this extended 
SSD and relevant depths of 10 to 15 cm. In this equation, 20 is the diameter of the OF 
phantom in cm. MOSFET and TLD detectors were taped to the patient, with the round 
epoxy side of the detector towards the skin, at the entrance and exit point at five 
locations on the patient’s body, previously determined during CT scanning. The 
measured entrance and exit MOSFET and TLD readings were converted to midline 
dose, using Fconversion, as described earlier. MOSFET and TLD midline dose values 
were compared to midline dose values calculated by the XiO treatment planning 
system, at these five locations.  
For a sub-group of patients an additional CT scan was made to investigate the 
influence of patient positioning on the 3D-dose prediction.  Two sets of CT scans were 
made, one with the patient having the arms crossed before the thorax and the other 
with one or two arms along the body, depending on the ability of the patient to lay 
comfortably in such a position. The CT scans were loaded in the TPS and a 3D-dose 
calculation was made for both positions.  

4.3 RESULTS 

4.3.1 Phantom measurements 
The accuracy of the TPS along the central axis of the beam at a depth of 10 cm using 
TBI conditions was excellent. The output of the accelerator and the absolute dose 
calculated by the TPS under these circumstances agreed within 1.7 %, the calculated 
value being lower. The PDD calculated by the TPS up to a depth of 28 cm, was within 
2.0 % of the actual dose measured with the ionization chamber. The dose profile of the 
linear accelerator is almost flat; the off-axis dose values were within 2.0 % of the dose 
on the central axis. These measured dose values, compared to the dose values 
calculated by the TPS for these positions, agreed within 1.2 %, as can be seen in 
figure 1.   
Fconversion, as determined for the MOSFET dosimeters, is 1.12 ±0.01, 1.08 ±0.01 
and 1.06 ±0.01, for phantom diameters of 10 cm, 20 cm and 30 cm, respectively. We 
interpolated this data using the equation 0.000069x2 - 0.00565x + 1.1675 (R2=1) to 
determine the factor for other diameters. The conversion factors to convert TLD 
entrance and exit values to midline dose values are 1.15 ±0.02, 1.10 ±0.01 and 1.07 
±0.01, using the equation 0.000112x2 - 0.00858x + 1.2248 (R2=1) to interpolate the 
data. Fconversion is independent of dose rate. The results are shown in figure 2. 
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The ratio of the entrance dose values measured with a MOSFET dosimeter in the 
surface region (water-equivalent thickness of the MOSFET is 0.8 mm, flat sided), with 
and without the PMMA screen, was 1.51. The dose in the surface region decreases 
with increasing phantom-to-screen distance. For distances of 5, 10, 20 and 40 cm the 
ratios, normalized to the dose value with the screen at 0 cm distance, are 0.97, 0.94, 
0.92 and 0.83 respectively (figure 3). 
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Figure 2: Fconversion, determined in a 10-MV photon beam using a dose rate of 100 MU/min. 
Phantom diameters ranged between 10 cm and 30 cm.  
 

Figure 1: Dose profile of the TBI beam of the linear accelerator at a depth of 10 cm, 40 x 40 
cm field size and 400 cm SSD, measured with an ionization chamber and calculated by the 
Treatment Planning System (TPS). 
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4.3.2 Patient measurements   
Ten patients were included in the clinical study and fifty entrance- and exit- 
measurements were performed. A radiation dose of 200 cGy prescribed at the dose 
prescription point, was given in one single fraction. The PDU, used to calculate the 
number of MUs, ranged from 24 cm to 36 cm. MOSFET and TLD measured entrance 
and exit readings were converted to midline dose using Fconversion and the relevant 
radiological diameters of the patient taken from the CT-data. The mean difference 
between the MOSFET and TLD results was -3.0± 0.2 % (1SD), where the mean 
MOSFET reading was lower compared to the TLD reading. The maximum deviation 
was found in the upper leg and the ankles, where a deviation of -4.2 % and -4.0 %, 
respectively, was found. The reason might be that the MOSFET and TL detector were 
taped next to each other at these smaller parts of the body where relatively large dose 
gradients exist. The mean MOSFET dose values were 0.5 ±0.1 % (1SD) lower 
compared to the TPS dose values, while the TLD results were 2.4 ±0.1 % (1SD) higher 
compared to the TPS data. Part of the observed differences may be due to the 
somewhat lower dose calculated by the TPS, as observed during the phantom 
measurements. Mean MOSFET, TLD and TPS results for the five measurement 
locations are given in table 1.  

Figure 3:  Entrance and exit dose measurements as a function of phantom-screen distance, 
normalized to 0 cm. Average results of ten measurements are shown for each distance.  
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Several authors have shown that the rather simple tissue inhomogeneity correction in 
the FFTC dose calculation algorithm overestimates the dose in lung dose regions. To 
quantify the influence of the FFTC algorithm, which is applied routinely in our clinic, on 
the 3D dose distribution, calculations were also performed using the MGS algorithm 
present in the TPS38, 39. Using this algorithm reduced the calculated lung dose by 
approximately 3 %, yielding better agreement between the measured and TPS 
calculated dose values. For the other, relative homogeneous areas, using the MGS 
algorithm has no significant advantage, however extends the calculation times 
significantly. The data, using the MGS algorithm for the lung dose points and the FFTC 
algorithm for the other locations, are presented in figure 4.  

 

Table 1: Mean MOSFET, TLD and TPS dose values for the five measurement locations. The 
TPS data were calculated using the MGS algorithm at the position of the lung and the FFTC 
algorithm for the other locations. 
 

Method

dose S.D. dose S.D. dose S.D. dose S.D. dose S.D.

MOSFET 223.6 16.7 209.9 13.6 199.6 15.2 213.8 16.9 220.5 19.4

TLD 230.4 11.1 216.9 13.3 203.5 14.6 223.4 17.0 229.7 23.7

TPS 212.7 11.2 220.0 12.1 199.8 0.7 212.4 20.4 218.2 16.2

Jugular Ankle Upper leg Umbiculus Lung 

(cGy)(cGy) (cGy) (cGy) (cGy)

Figure 4: Midline patient dose values measured with MOSFET and thermoluminescence 
detectors (TLD), and calculated with theTreatment Planning System (TPS). The mean result of 8 
patients and the standard deviation are given. The locations 1 to 5 are positioned at the jugulum, 
right lung, umbilicus, upper leg and ankle, respectively.  
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Individual patient measurements demonstrated high dose values, particularly in the 
extremities, where deviations of 24 %, compared to the prescribed dose, were found. 
The 3D-dose distributions, calculated by the TPS, showed even higher local dose 
values.  To get an impression of the high dose regions in one patient during a TBI 
treatment, a 3D view is presented in figure 5a, illustrating the areas having 110 % or 
higher dose values and a local dose of 246.3 cGy. Figure 5b shows isodoselines in a 
transversal plane in the pelvic region and figure 5c isodoselines in a transversal plane 
in the thoracic region. 

 
 

Figure 5a: 3-dimensional (3D)-dose distribution of an individual patient, indicating areas having 
a dose higher than 110 % (grey area). b: 110% (white line), 100% (black line) and 90% (white 
line) isodoselines in a transverse plane, in the pelvic region. c: 110% (white line), 100% (black 
line) and 90% (white line) isodoselines in the thoracic region. 
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(IMRT) treatment techniques of TBI may therefore be a good alternative to treat these 
patients with an optimal dose distribution, as described by Hui et al42. Patient data 
resulting from the use of IMRT in TBI treatments using conventional linear 
accelerators, however, has not been described and is subject of further study in our 
department. 

 
The influence of patient positioning on the dose values in the patient was also 
investigated by CT-based treatment planning. The position of the patient, resulting in 
the most homogeneous dose distribution, depends on the treatment technique that is 
used (lung blocks, compensators) and on the performance status of the patient. 
Caution must be used when crossing the arms before the lower thorax/belly, because 
the dose in the areas underneath decreases and an under-dosage is introduced. The 
arms along the body resulted in higher dose areas in the arms caused by the smaller 
diameter, however, this problem can be solved when using an MLC as a compensator 
to reduce the dose in this area.  
To receive an acceptable dose in the surface region of the patient, it is important that 
there is a short patient-to-screen distance. Increasing the screen-to-phantom distance 
from 0 cm to 40 cm, which is the clinical situation for the smaller parts of the body, 
reduces the dose in the surface region by 17 %. This causes an under-dose in the 
superficial areas because patient immobilization makes it almost impossible to position 
the patient in close contact with the screen along the body axis.  
This study demonstrated that both TLDs and MOSFETs are suitable for in vivo 
dosimetry under TBI circumstances. The detectors, calibrated under reference 
conditions, were used for in vivo dose measurements under TBI circumstances and 
their readings were converted to the midline dose, using a conversion factor. In the 

Figure 6: a: A Total Body Irradiation (TBI) beam shaped with a Multi Leaf Collimator (MLC), to 
reduce the high dose regions in the patient, for the same patient as presented in figure 4a. b: 
The high dose regions visible in figure 4a, reduced as a result of using the MLC as compensator.  
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lung region deviations between in vivo dose values and TPS data were observed. The 
rather simple tissue inhomogeneity correction algorithm (FFTC algorithm) in our TPS 
was the main reason for this deviation. The deviation decreased when using a MGS 
algorithm. The use of the same conversion factor for both the homogeneous and 
inhomogeneous situation also influenced the accuracy. The radiological diameter was 
used to convert the measurements and account for the lung inhomogeneity assuming 
the patient is homogeneous. However, if the dose specification point lies inside the 
lung, our simple conversion method using equation 2, is no longer valid and may 
underestimate the dose by about 3 %43.  
The overall uncertainty in dose determination using MOSFETs and the calibration 
methodology as applied in this study, is about 3.5 % (1SD). This uncertainty is 
determined as the root-sum-square of the individual errors of Fconversion, Fcal and R, 
which are all estimated to be about 2.0 %, given as 1 SD.  The mean MOSFET 
reproducibility is 1.8 % (1SD) for readings of 200 mV, 10 successive measurements 
and standard sensitivity of the bias supply. The mean reproducibility of our TLD dose 
determinations was 3.7 % (1SD) under the same circumstances. In this study we 
placed three TLDs together and averaged the results, to improve the accuracy.  
This study demonstrated that CT-based 3D treatment planning of TBI is not only 
mandatory for evaluating the complete total body dose distribution, but could also 
indicate areas to position dosimeters for in vivo dose verification. Points along the 
central part of the beam are not representative of the high or low dose regions in a 
patient. For the evaluation of new TBI techniques such as the use of IMRT, in vivo 
dosimetry, for instance by using MOSFETs, is strongly recommended. 
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ABSTRACT 

Purpose: In vivo dosimetry during brachytherapy of the prostate applying 125I seeds is 
quite challenging, due to the high dose gradients and low photon energies involved. 
We present the results of a study using MOSFET-dosimeters to evaluate the dose in 
the urethra after a permanent prostate implantation procedure.  
Methods and materials: Phantom measurements were carried out to validate the 
measurement technique, to determine the measurement accuracy and to define action 
levels for clinical measurements. Patient measurements were performed with a 
MOSFET-array in the urinary catheter directly after the implantation procedure. A CT-
scan was made and dose values, calculated by the treatment planning system, were 
compared to in vivo dose values measured with MOSFET-dosimeters. 
Results: Corrections for temperature dependence of the MOSFET-array response and 
photon attenuation in the catheter on the in vivo dose values are necessary. The 
overall uncertainty in the measurement procedure, determined in a simulation 
experiment, is 8.0 % (1SD). In vivo dose values were obtained for 17 patients. In the 
high dose region (>100 Gy) calculated and measured dose values agreed within 1.7 % 
±10.7 % (1SD). In the low dose region outside the prostate (<100 Gy) larger deviations 
occurred.  
Conclusions: MOSFET-detectors are suitable for in vivo dosimetry during 125I 
brachytherapy of prostate cancer. An action level of ±16 % (2 SD) for detection of 
errors in the implantation procedure is achievable after validation of the detector 
system and measurement conditions. 
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5.1 INTRODUCTION 

Brachytherapy using transperineal interstitial permanent prostate implants (TIPPB) 
addresses a highly conformal dose to the tumor volume. Uncertainties in seed 
positioning during the implantation procedure, errors in needle positioning, migration of 
seeds or deviations in seed activity, however, may cause deviations from the 
prescribed dose. Several studies evaluated the dose in the prostate and organs at risk 
(OARs) after TIPPB, using a post-implant CT-scan and the treatment planning system 
(TPS) to calculate the absorbed dose1. Using this method, errors in dose calculation, 
such as inter-seed attenuation, compensation for tissue inhomogeneities and errors in 
seed activity are not easy to detect2-4. In addition, seeds with a short inter-seed 
distance are difficult to recognize on the CT-image. Inaccuracies in seed registration 
will result in inaccurate dose information. In vivo dosimetry may provide useful 
information about the actual dose in the urethra5. It will be useful to evaluate the 
implantation technique, including the accuracy of the TPS and will give us the ability to 
link dose distributions in OARs to clinical side effects. Nevertheless, in vivo dosimetry 
during brachytherapy is quite a challenge, due to the high dose gradients and the low 
energy of the photons emitted by the seeds.  
The aim of this study is to validate the new linear 5-MOSFET-array dosimeter for dose 
verification after permanent 125I prostate implants, in order to evaluate the dose in the 
urethra.  

5.2 MATERIALS AND METHODS 
125I brachytherapy sources (Intersource125, International Brachytherapy Inc) with a 
mean nominal activity of 0.6 U (0.5 mCi) were used. The activity of each seed in a 
batch is stated to be within ±4 % of the mean nominal activity provided by the 
manufacturer.  
Our clinically applied TPS (PSID 4.1, International Brachytherapy), designed for real-
time dynamic ultrasound-guided radiation therapy of prostate cancer, was used for 
dose calculation. This system complies with the AAPM TG-43 recommendations6. 
Patient planning is based on the criteria that the 145 Gy isodose line covers the 
prostate volume, the urethra dose does not exceed 200 Gy and the medium rectum 
volume exceeding 100 Gy should be less than 8 cc7.  
For dose measurements, a high-sensitivity MOSFET-array (Linear-5ive-array 
TN502LA5, Best Medical, Canada) at high-sensitivity bias setting was used. The array 
contains five MOSFET dosimeters, which are 4 mm long, 1.8 mm wide and 1.3 mm 
thick, all fixated on a 46 cm flexible cable, with 2 cm inter-MOSFET-spacing. The 
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Mobile MOSFET Dose Verification System (TN-RD-70W) of the same company was 
used for on-line dose readout on a remote-PC.  

5.2.1 Phantom measurements 

5.2.1.1 Angular dependence of the MOSFET-array response 
Studies performed with single dosimeters5, 8 and with the linear-array at 60Co energies9, 
demonstrated a small angular dependence. To test the angular response of the linear-
MOSFET array for 125I sources, the detector was placed at the center of an in-house 
made PMMA phantom (figure 1a). Three strengths, each containing of three seeds, 
were placed at 0.5 cm, 1 cm and 1.5 cm distance from the detector, in order to obtain 
higher dose-rates and more accurate measurements. The direction from the MOSFET 
to the top of the black epoxy bulb of the detector was defined as 0 degrees. The angle 
of the detector was varied in steps of 30° from 0° to 330°. For each angle 5 
measurements were obtained and the results were averaged. The result of each angle 
was related to the mean result of all angles. 

5.2.1.2 Calibration of the detector 
A calibration coefficient was determined for each MOSFET of the linear-array as the 
ratio of the measured voltage shift and the actual dose. An in-house made PMMA 
calibration phantom (8cm x 8cm x 15cm) was used, where the MOSFET-array was 
placed at the center and 12 seeds were positioned circularly around the detector 
(figure 1b). Each MOSFET was placed in the plane of the seeds, 5 measurements 
were performed for each MOSFET and the results were averaged and compared to the 
calculated dose values.  

5.2.1.3 Absorption of the catheter material   
The in vivo measurements are performed with the MOSFET-array placed in a catheter. 
The TPS assumes all material surrounding the seeds is water i.e. the influence of 
catheter absorption on the dose distribution is not included. To test the difference in 
absorption between water and the catheter material, we performed a set of phantom 
measurements.  An in-house made PMMA phantom, similar to the calibration phantom 
was used, however with a larger hole in the center of the phantom allowing for catheter 
placement, and a second ring containing 12 holes for seed placement at 2 cm distance 
from the detector in order to approach clinical dose-rates. A Foley-catheter, a silicone 
2-way catheter with an outside diameter of 6 mm (18 french) and a length of 40 cm 
(Ref 170605, Teleflex Medical B.V) was positioned in the center of the phantom. The 
MOSFET-array was placed in the catheter and 24 strands, each containing 3 seeds, 
were placed around the detector. The phantom was placed in a water tank, in order to 
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fill the space between the MOSFET and catheter material with water (figure 1c). The 
position of the array was determined accurately (±0.5 mm), having MOSFET 2 
positioned in the plane of the center of the strands. The MOSFET-position was related 
to the marks on the flexible cable of the array, relative to the top of the phantom, and 
defined as MOSFET-position 1 (MP1). Five measurements were performed. To 
investigate the absorption of the catheter material in case the radiation passes the 
catheter under an oblique angle, the MOSFET-array was pulled down along the 
catheter with a distance of 8.8 mm (MP2), 17.6 mm (MP3), 25.1 mm (MP4), 33.9 mm 
(MP5) and 42.7 mm (MP6), again by using the marks on the flexible cable in relation to 
the top of the phantom. For each position 5 measurements were performed.  
The results were related to an equal set of measurements in the same phantom 
positioned in a water tank, however with water occupying the space where the catheter 
material was previously. The results are presented as the ratio of the MOSFET-reading 
attenuated by catheter material compared to the attenuation of the same layer of water.   

5.2.1.4 Temperature dependence of the MOSFET-array response 
Ramaseshan et al.13 described the temperature response of micro-MOSFETs, 
demonstrating a 0.5 % variation when increasing the temperature from 20° to 40 °C. 
The temperature dependence of the new MOSFET-array was not yet described. To 
test the variation in MOSFET-array sensitivity due to temperature changes, the large-
hole phantom (without the catheter material) and 12 single seeds were used. The 
temperature sensor was placed inside the hole close to the MOSFET-array without 
shielding the detector from the radiation. The phantom was positioned into a water tank 
and the water temperature was varied between 19°C and 40°C. MOSFET 3 was 
positioned in the plane of the seeds. Measurement times of 10 minutes were used. The 
temperature was determined at the start and the end of the measurement, and the 
mean temperature was used for the results. The results were related to initial 
calibration conditions at room temperature (20°C).  
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Figure 1: Phantoms used to investigate the response of the linear-MOSFET array. a: Phantom 
to test the angular response. Seeds were placed at 0.5 cm, 1 cm and 1.5 cm distance from the 
detector. The black epoxy bulb of the detector was defined as 0°, the angle of the detector was 
varied in steps of 30° from 0° to 330°. b: Phantom for calibration of the MOSFET-array to 
convert the radiation induced voltage shift into dose. The linear MOSFET-array is inserted in the 
central hole, in the plane of the seeds. c: Set-up to investigate the absorption by the catheter 
material. The phantom (8 cm x 8 cm x 15 cm) is placed in a water tank, a catheter placed at the 
centre of the phantom. The results of the 5 MOSFETs (M1-M5) and six MOSFET-array positions 
(MP1-MP6) were related to an equivalent set of measurements without the catheter material. 
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