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Abstract 
 
Objectives 
The goal of this study was to measure exposure profile of intervention radiologists as well as 
measuring the apron attenuation factors in clinical practise. For comparison two phantom studies 
have been conducted.  
 
Background 
Medical personnel is exposed to radiation daily. Studies have also been reported to the field profile 
of scattering radiation. Much is known about the way X-rays are attenuated in lead aprons. This 
study focusses on measuring both in clinical practise. In practise, many parameters change 
constantly, including the patient and the position of the system and radiologist. Data of profiles and 
attenuation in clinical practise is currently not available. 
 
Methods 
TLD dosimeters are attached both at the on- and underlead side of lead aprons of intervention 
radiologists, measuring the profile at multiple heights. They also wear lead caps to which dosimeters 
are attached in order to determine a dose profile over the head. A total of 21 procedures have been 
measured, divided over the ok and the angio suites. Phantom studies are conducted as reference. 
 
Results & conclusion 
The highest doses are measure at the height of the hip((7.0±3.4)E-02mGy), gradually decreasing 
towards the chest((4.5±0.8)E-02mGy). The feet show a peak in the scatter radiation profile as 
well(2.1E-01mGy). Attenuation factors in aprons are highest at chest height(18.5±7.5), decreasing 
towards the hips(9.1±2.7). Phantom studies indicate a minimum impact of lead caps to radiation 
dose in the brain. In clinical practise these profile are very sensitive to head movement. Measured 
attenuation factors are measured on the left ear(4.3±0.9), the right ear(1.5±0.6) and the 
forehead(5±2). 
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1. Introduction 
Intervention radiology is a field that offers a minimal invasive alternative to open surgery for 
patients. X-rays are used to guide a radiologist through the procedure. In the Academic Hospital 
Maastricht, intervention radiology is well developed. The hospital has two angio suites and an hybrid 
OR used for vascular surgery.  
 
During intervention, both patient and personnel are exposed to radiation. For patients there is a 
medical justification. Doctors have decided that the risk of the exposure is small compared to the 
risks of other forms of surgery or not performing the procedure. For personnel this is different. 
Personnel does not need to be exposed for their own benefit. During the procedure, it is impossible 
not to be exposed to scattered radiation though. Exposure to radiation is a risk to human health, and 
should therefore be limited as much as possible. 
 
Lead aprons are obligatory for everybody present in the room during exposure. While the patient is 
in the primary beam, staff is exposed to scattered radiation, which has a non-homogeneous 
distribution Schueler et al. [1] have conducted phantom measurements to determine the profile of 
the scattered radiation in a number of configurations. 

 
Figure 1.1, The stray radiation profile at the position of an operator during phantom measurements, measured by Schueler 
et al. [1]  

In clinical practice however, the scattered radiation distribution is not static. Research in this report is 
conducted to clinical measurements of the actual X-ray profile as well as the attenuation in aprons at 
different heights. This research takes into account the changing position of the X-ray source, 
different patient postures, changing operator positions, different exposure settings etc.. In addition, 
some phantom measurements were conducted to evaluate the parameters that are of importance to 
the radiation profile. The phantom study was done to mimic the clinical setting.  
 
During surgery, measurements have been conducted at multiple height levels of intervention 
radiologists. From bottom to top: feet, knees, hip, stomach, chest and head have been measured. For 
the measurement of the head, the radiologists wore lead attenuating caps. These were equipped 
with dosimeters at the fore head, left and right side and on top as the head may be turning regularly.   
 
Measurements were always done in pairs. At each position, TLD dosimeters were applied both on 
lead and under lead. This way both a radiation profile and attenuation coefficients have been 
determined.  
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2. Theory 
 

2.1 X-ray Equipment 
The main principle of X-ray tubes is the same for all devices. The tube (figure 2.1) consists of two 
sides, the anode and the cathode. A current through the cathode produces heat. The cathode 
consists of a filament wire and is heated glowing hot, and the heat energy causes some electrons to 
be released from the material. As a result of a high voltage between the cathode and anode, 
electrons are moving at high speeds from the cathode to the anode. The amount of electrons in the 
flow depends on the current through the cathode. The voltage determines the energy spectrum of 
the emitted X-ray beam. In the anode, the electrons are slowed down because the orbits of the 
incoming charged electrons are bent by the electrical field of local nuclei. The kinetic energy lost is 
converted into an X-ray photon. This is referred to as Bremsstrahlung. 

 
Figure 2.1, Schematic drawing of an X-ray tube. From Oak Ridge Associated Universities, found at 
https://www.orau.org/ptp/collection/xraytubescoolidge/coolidgeinformation.htm 

Vendors use slightly different settings for the tube voltage and the tube current. Legally vendors are 
forced to use internal filters of at least 2.5mm Al equivalent at a tube voltage of 70kV. The total 
inherent filter is therefore different for different systems. This changes the exact spectrum emitted 
by the tube. The main objective of the filter is to reduce the amount of low energy photons in the 
spectrum. Low energy photons will almost always be absorbed by the body, not contributing to the 
image formation. For this reason they only increase the dose to the patient without having a medical 
purpose. Additionally vendors mount extra filters to the tubes. These changed the spectrum further, 
with the objective to improve image quality. 
 

2.2 Radiation-Matter Interactions 
Incoming photons can interact with matter in several ways. The most common processes are the 
photo-electric effect, Compton scattering, pair production and Rayleigh scattering. These main 
interactions will be discussed shortly. 
 
The photo-electric effect causes the photon to transfer all of its energy to an electron. The electron is 
then released with kinetic energy equal to the energy of the photon. The electron can than interact 
with matter again. Like in the anode, it is possible for the electron to interact with other atoms. This 
cause the electron to lose part of its energy in the form of Bremsstrahlung. As a result photons with a 
lower energy will be released in many different directions. The rest of the energy of the electron is 
released to the surrounding matter through collisions, causing ionisations. When the electron 
collides with a positron, both will be annihilated, releasing a photons. Whenever an electrons is 
knocked out of its orbit. Another electron from a higher energy state will very quickly take its place. 
The energy difference is sent out as a photon. The energy of the photon is characteristic for the atom 
it is released from.  
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Compton scattering causes a photon that collides with an electron to lose part of its energy. The 
direction of the photon is changed during the interaction. Especially for photons in the lower end of 
the spectrum, a peak can also be found under an angle of 180°. This is an effect know as back 
scattering. 
 
For high energy photons, it is possible that the photon is converted into an electron and a positron 
near an atomic nucleus. This process is called pair production. Both particles continue moving in the 
direction of the original photon. The positron then annihilates, producing another 2 photons with an 
energy of exactly 511keV. These photons can interact with the matter again through the photo-
electric effect or through Compton scattering. In intervention radiology, the photon energy is too low 
for this process to occur. 
 
Rayleigh scattering in an interaction in which the photon interacts with the electron cloud as a whole. 
Energy is not transferred from the photon to the electron cloud. The only effect is a change in the 
direction of the electron. 
 
Except pair production, these effects cause secondary radiation or photons in different directions. 
This causes stray radiation in many directions. The stray radiation profile depends on many factors. 
Most of these factors changed rapidly in clinical practise. The profile depends on the mass of the 
patient, the angulation of the X-ray equipment and the settings of the X-ray equipment. Settings that 
influence the interactions include tube voltage, cathode current and the selected filter [1]. 
 

2.3 Dose, Air-Kerma and Dose-Area Product (DAP) 
The dose in a particular point is defined as the absorbed energy per unit of mass in the direct 
surrounding of that point. Dose is therefore measured in J kg-1. The unit used in dosimetry is 
gray(Gy). 1 Gray is the same as 1 J kg-1. In order to define the absorbed dose in a particular point, the 
differential quotient is used, 

𝐷 =
�̅�

𝑚
.       (1) 

Here, 𝐷 is the aborbed dose in Gray, 𝜀  ̅is the average energy absorbed in Joule, and 𝑚 is the mass in 
which the energy in absorbed in kilogram [2]. 
 
Kerma is short for Kinetic Energy Released per unit Mass. The Kerma is defined as the transmitted 
energy per unit of mass. Gray is the main unit used (J kg-1). The main difference with the dose is that 
the Kerma only accounts for the transmitted energy during the initial collision [3]. Some energy can 
still leave the mass as bremsstrahlung. This portion of energy adds to the kerma, but not to the dose. 
Many high tech medical devices measure the air kerma before it reaches the patient as an indication 
for the amount of radiation released.  
 
The Dose-Area Product (DAP) is a measure for the amount of radiation that passes through a patient. 
It is calculated by multiplying the dose by the area of the patients skin exposed to this dose [4]. The 
dose is measured just after the collimator. The area of the skin exposed can be calculated since the 
system knows the distance between the collimator and the patient table. The system then calculates 
the area of the projection of the beam on the skin. DAP is measured in Gym2. In clinical practise the 
most common unit of measure is mGycm2. 
 

2.4 Thermoluminescence Dosimetry 
Thermoluminescence dosimeters (TLD’s) are small volumes of semiconductor material that react to 
absorbed radiation. Semiconductors are materials with an electron band structure [5]. Typical there 
are two main functional bands, known as the conduction band and the valence band. Between the 
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bands no allowed energy levels exists. Electrons can be excited from the valence band to the 
conduction band when they get extra energy from temperature or incoming photons.  
 
The TLD’s work using the semiconductor principle [6]. Before measurements, the TLD is in 
equilibrium state. The electrons are not trapped and can be found in the valence band. Exposure to 
radiation brings electrons in the material into an excited state (figure 2.2). This allows some electrons 
to bridge the gap and enter the conduction band. Due to relaxation phenomena, electrons usually fall 
back to their ground state. The TLD material however contains electron traps (metastable states). 
The traps are built in by doping the material with other elements. Phosphor is often used in TLD 
materials to create trap states. These states can only be accessed from energy levels in or above the 
conduction band(see figure 2.2). From the metastable states, electrons do not immediately fall back 
to ground state. The amount of electrons in trapped states is proportional to the radiation dose that 
the material received.  

 
 
Figure 2.2, Sketch of the band structure in a TLD material. The drawing indicates path of an electron form the moment it 
gets to an excited state due to radiation. It also shows the electron trap, which has an energy level between the valence and 
the conduction band. from NukeWorker.com 

The TLD material is read out in a dedicated TLD-reader. During read out the TLD material is heated in 
a controlled fashion using a heating planchete equipped with a thermocouple feedback. Heating the 
material causes larger thermal fluctuations in the dosimeter. These fluctuations cause the trapped 
electrons to enter a higher energy state once again, after which they can fall back to their ground 
state. As they do, they sent out light. This process is called fluorescence. The light can be measured 
using a photomultiplier device. The TLD-reader reports the total trapped charge in nC. Calibration is 
done using a known dose of radiation. After readout, the calibration factor can be calculated in 
Gy/nC by dividing the known dose by the reported trapped charge. The value of this factor depends 
on the type of TLD material used. 
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Figure 2.3, Representative glow curve from LiF:mg,Cu,P. The sample was pre-irradiation annealed at 240°C for 10 minutes 
and cooled to room temperature at approximately 6°C.s-1 The heating rate was 1°C.s-1. The absorbed dose was 1Gy from a 
137Cs source. The sample was GR-200A. [6] 

The glow curve of MCP-N(LiF:Mg,Cu,P) type TLD’s is shown in figure 2.3. The manufacturer advises 
pre-irradiation annealing at 240°C for 10 minutes, followed by rapid cooling. From the graph it is 
clear that at this temperature almost all trapped electrons can return to ground state. Heating above 
(240±5)°C could cause a loss in sensitivity of the material [6]. Before reading out the MCP-N, the 
manufacturer advices heating the dosimeters to 100°C for 20 minutes.  
 
The diagram shows three peaks in the glow curves. The first two peaks are caused by electrons 
trapped in states of energy levels reachable by thermal fluctuations in the material. The third peak is 
the one used in dosimetry. MCP-N reading procedures are designed in such a way to read out this 
specific peak. 
 

2.5 Effects of radiation doses on humans 
It is assumed that most damage on humans is caused by damage to DNA molecules. Radiation can 
cause damage in these molecules both directly and indirectly. In can do so directly by ionising a 
molecule within the DNA. This can change the chemical structure of the molecule. It can also produce 
OH radicals within the watery environment of the molecules. These OH radicals are very reactive. 
The reactive molecules may then react with DNA and change the chemical composition of the 
molecules. 
 
Some of these changes in the DNA molecules cause mutations. In these cases it is possible that the 
DNA cannot be read correctly anymore. Is other cases proteins produced using the DNA code 
malfunction. Cells are especially vulnerable to these effects if they divide a lot. In fast dividing tissue, 
the mutation will quickly be in multiple new cells. The chance that another mutation occurs in a cell 
that is already mutated therefore increases. 
 
In some cases the cell can repair the damage. Other situations force the cells to commit apoptosis, 
programmed cell death. When the code for the apoptosis system is mutated however, a cell will 
continue dividing. This is one of the reasons a disease such as cancer occurs. Radiation causes 
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mutations in cells, and is thus a risk to induce cancer. The law limits the dose humans are allowed to 
be exposed to in order to safeguard personnel. 
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3. Experimental Setup and Experiments 
In Maastricht, three interventional systems have been used in clinical tests. Two were Angio suites 
located at the radiology department, the third is located at the operation complex. The incorporated 
additional  filters of the systems are listed in Table 3.1. The mentioned Fluo prefilters are always used 
by the system during fluorescence mode. The Exposure prefilter is always used when contrast images 
are made. 
 
Table 3.1, Filter settings of the used X-ray systems 

Location Device Type Exposure prefilter Fluo prefilter 

Angio Suite Toshiba Model CAS-830A 0.03mm Tantalum 0.06mm Tantalum 

Angio Suite Phillips ALLURA XPER FD 20 0.10mm Cu + 1.00mm Al 0.40mm Cu + 1.00mm Al 

Operation Room Phillips ALLURA XPER FD 20 0.10mm Cu + 1.00mm Al 0.40mm Cu + 1.00mm Al 

 

3.1 Measurement Procedure 
For the experiments in this report, dosimeters of the type MCP-N are used (LiF:MG,Cu,P). This 
specific type of dosimeter was chosen because it is very accurate for small doses. Its detection 
threshold is 50nGy and the TLD is linear between 10-6 and 10 Gy. All measurements clinical angio 
procedures fit this range. The dosimeters can be reused unlimitedly. The full specifications of the 
MCP-N’s as given by the manufacturer can be found in Appendix A. 
 

 
Figure 3.1, The Nabertherm B180 oven used for annealing(left) and the Memmert oven used to preheat the MCP-N 
dosimeters before readout (right) 

Before the surgical procedure, all MCP-N’s are annealed in a Nabertherm B180 oven (figure 3.1 left). 
This process takes 10 minutes at 240°C. After the 10 minutes, the dosimeters are rapidly cooled 
between two large aluminium plates(figure 3.2 left). At this point the dosimeters are ready for the 
measurement. They are packed in sets of three(figure 3.2 right) and labelled. The background sets 
are left at the table to ensure that they don’t receive any additional radiation. The others sets are 
used in the clinical measurements. 
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Figure 3.2, Aluminium plates together with sets of MCP-N dosimeters (left). A packed triplet of MCP-N dosimeters, ready for 
use in clinical practise (right) 

After the procedure, all sets are recovered. For 20 minutes, they are heated in a Memmert oven 
(figure 3.1 right) at 100°C. All dosimeters are cooled rapidly again. 
 
In order to readout the stored charge, all dosimeters are inserted in the Harshaw TLD 3500 reader 
one by one. The Harshaw measures the charge stored in the MCP-N in nano coulombs. All 
dosimeters are read out twice using the reader. The second signal gives the dark current of the 
meter. During analysis this is subtracted from the first signal. In order to convert the signal to a dose 
in Gray, the calibration factor (mGy/nC) has to be determined. 
 

3.2 TLD Calibration 
Calibration is done in order to determine the calibration factor in units of mGy/nC. All dosimeters are 
first annealed at 240°C for 10 minutes and rapidly cooled. Next a CII CAPINTEC MODEL 192 exposure 
meter (figure 3.3) is used together with an X-ray system. The X-ray system is set to 75kV and 50mAs. 
The CAPENTEC is used to measure the dose of a single pulse. This is repeated four times, to ensure 
that the dose is the same every pulse. The MCP-N dosimeters are then hung in the beam. For this a 
tape construction is used, so that the TLD’s are almost completely free in air. This setup ensures the 
calibration procedure is free of backscattering. After exposure, the dosimeters read out using the 
standard procedure (see section 3.1). The calibration factor is determined by dividing the radiated 
dose by the average amount of nanocoulombs measured. The standard deviation in the measured 
signals is used as the uncertainty in the average signal reading. The uncertainty in the calibration 
factor can be calculated using the uncertainty formula for 68% intervals, 

𝑑𝑥
2 = ∑ |

𝜕𝑓

𝜕𝑥[𝑖]
|
2

𝑑𝑥[𝑖]
2

𝑖 .     (3.1) 

With 𝑑𝑥  the variable in which the uncertainty should be calculated and 𝑑𝑥[𝑖] the variables it depends on. 

The actual uncertainty in the group calibration factor depends on the standard error of the mean 
signal. This is calculated using 

𝜎𝑥 =
𝑑𝑥

√𝑁
,      (3.2) 

where 𝜎𝑥 is the standard error of the mean and N the amount of signals measured. Two groups of 
MCP-N’s were used, sorted based on sensitivity. The calibrations factors were (1.9±0.03)10-3 mGy/nC 
for group A and (2.2±0.04)10-3 mGy/nC for group B. The relative uncertainties in the values are in the 
order of 3%. These can be neglected to the standard deviation in 3 TLD’s, which is in the order of 
10%. 



11 
 

 
Figure 3.3, a CII CAPINTEC MODEL 192 exposure meter 

3.3 TLD Placement 
In order to measure the radiation profile and the attenuation of the aprons, 66 MCP-N’s were used. 
The MCP-N’s are always grouped in sets of 3 since each dosimeter will always give a slightly different 
reading. From the three results, the standard deviation can be derived. This serves as an uncertainty 
in the measurement. Using three rather than two also makes it possible to eliminate possible false 
readings. In practise a dosimeter may sometimes give a very high or very low reading.  
 
During measurements sets are attached to the intervention radiologist as follows: 

 On the cap, 7 sets are present. On the front of the head, one set both on- and underlead. On 
the left ear, one set both on- and underlead. On the right ear, one set both on- and 
underlead. The seventh set is on top of the head (see figure 3.4 right). 

 At the radiologists legal dosimeter level, i.e. chest level, one set on lead and one set 
underlead. 

 At the level of the radiologists stomach, one set on lead and one set underlead. 

 At the level of the radiologists hip, one set on lead and one set underlead. 

 At the level of the radiologists knees, one set on lead and one set underlead. 

 On the radiologists left foot, one set. 
The intervention radiologist is always a member of the team standing at the operating table. They 
are not always the first surgeon. 
Figure 3.4(left) shows a visual representation of the location of the MCP-N sets. As indicated, all sets 
are implemented on the vertical line over the left chest. The line is chosen because it is the same line 
as the legally obligatory dosimeter and in general most close to the scatter source, i.e. the patient. Of 
each set of MCP-N’s, 9 dosimeters are stored to measure the background radiation. Using 9 lowers 
the standard deviation in the average background signal. The detection limit of the measurement is 
twice the standard deviation in the background signal [6]. 
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Figure 3.4, Sketch of the setup positions of the dosimeters on the intervention radiologist (left) and a surgical cap containing 
lead, equipped with MCP-N dosimeters (right). 

3.4 Phantom Measurement 
A phantom study was conducted to mimic the clinical setting. For the experiment a Alderson 
anthropomorphic phantom is used. The phantom was set up as shown in figure 3.5.  

 
Figure 3.5, The setup of the phantom measurement. The phantom is fully equipped with surgical cap, lead apron and 
dosimeters. 
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On the left arm of the phantom, a Piranha dosimeter has been placed. This device very accurately 
measures the air kerma. It was used before the MCP-N dosimeters were applied. The Piranha was 
used to confirm that sufficient scattered radiation reached the phantom and the TLD’s will be 
sufficiently irradiated. Once the Piranha confirmed sufficient scatter radiation reaches the phantom, 
all MCP-N dosimeters are attached to the phantom as described in section 3.3 and the measurement 
can be performed. For this experiment the Toshiba Model CAS-830A is used. To simulate the patient, 
20cm of PMMA was used. 
 
The X-ray system is set up making a straight angle with the PMMA. Both the tilt and the pan angle are 
set 0°. The height of the table is 87cm. The distance between the X-ray source and the image 
detector is set 120cm. The distance from the floor to the top of the surgical cap is 187cm. The 
distance from the PMMA used as patient to the phantom is 42cm.  
 
A second phantom study was done in exactly the same setup. The dosimeters are now set in the 
head of the phantom at the same height as the dosimeters in the lead cap. The second study only 
focusses on the dose profile in the head of the phantom. The phantom wore the lead cap with 
dosimeters as described in section 3.3. Other dosimeters are placed as shown in figure 3.6. The 
dosimeters are applied on a sheet of paper, then inserted between two slides of the head of the 
phantom. 
 

 
Figure 3.6, Indication of the dosimeter locations inside the head of the phantom. 

1 2 3 4 5 

8 
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Front of the head 
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3.5 Clinical Practise Measurement 
During the study 21 measurements were conducted. Before each procedure, dosimeters were 
prepared as stated in section 3.1. The procedures of measurement were chosen because they were 
expected to require relatively high amounts of exposure. The selection was based on the area of 
surgery and the expected time the surgery takes. Surgery in a leg usually requires a lower dose than 
surgery in the abdominal or thoracic region. EVAR, Vascular Recanalization and Vena Porta 
embolization procedures are very favourable procedures for this reason. In each case, the dosimeters 
are worn by the intervention radiologist performing the surgery. The lead apron through which the 
attenuation is measured is 0.25mm lead equivalent. Figure 3.7 shows both sides of the apron and 
figure 3.8 shows a fully equipped radiologist. 

 
Figure 3.7, A 0.25mm Pb equivalent lead apron with MCP-N dosimeters on- and underlead. 
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Figure 3.8, A fully equiped Intervention Radiologist, ready to start an EVAR procedure. 

  
During the intervention several parameters were recorded. For every procedure, the cumulative air 
kerma and the cumulative DAP are noted. The radiation precautions and the position of the medical 
staff is also recorded. A blank registration form can be found in Appendix B. 
 

3.6 Data analysis 
After surgical procedure, all dosimeters are read out twice in the Harshaw. The second measurement 
signal is subtracted from the first to correct for the dark noise. In all sets, the average and the 
standard deviation are calculated. In order to localise outliers as false measurements, each readout is 
checked. This is done by checking that every number is within the range twice the standard deviation 
from the set average. Outliers are excluded from the data processing. The readings of the considered 
dosimeters is considered false. 
 
The average signal of the background NCP-N’s is then subtracted from the average in every other set. 
These numbers now represent a reading that is corrected for the background radiation. The numbers 
are finally converted from nC to mGy by multiplying both the average and the standard deviation by 
the calibration factor(section 3.2). For a quicker inside, the relative error is also calculated(divide the 
error by the set average). 
 
From these numbers, the attenuation factor can be determined by dividing the on lead dose by the 
under lead dose. The error in this value is calculated using formula 3.1. For insight, the relative error 
is calculated again by dividing the error by the attenuation factor. The results are presented in a table 
as shown in Appendix C. Additionally a short visual is made. An example is figure 4.1. 
 
The detection limit is calculated by multiplying the standard deviation in the background dosimeters 
by 2. Measured values under the detection limit are marked yellow. They are excluded from 
calculating averages over multiple measurements. 
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Over all measurements, the average attenuation factors are calculated. Factors that depend on 
measurements under the detection limit are excluded from the calculation. The error in the average 
is calculated using formula 3.1. For the head, the dosimeters on the fore head are used in this 
calculation. 
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4. Results and discussion 
 

4.1 Phantom measurements 
The cumulative Air Kerma acquired during the phantom experiment is 982.89mGy. The Cumulative 
DAP is 31.835 cGycm2. These values are recorded by the Toshiba X-ray system. Table 4.1 contains the 
results of the measurements. The given values are average and deviations in the reading values of 3 
dosimeters. 
 
Table 4.1, Dose measurements of the phantom profile measurement. The table shows the dose, the deviation and the 
attenuation factor with deviation. The dose at the knees is the highest, decreasing towards the chest. 

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 6.7E-01 1.1E-01 16%       

Left ear under lead 1.6E-01 1.3E-02 8% 4.2E+00 7.5E-01 18% 

Right ear on lead 2.2E-02 4.9E-03 22%       

Right ear under lead 2.8E-02 4.5E-03 16% 7.8E-01 2.1E-01 27% 

Front of cap under 
lead 

1.5E-01 6.2E-02 42%       

Front of cap on lead 6.8E-01 9.4E-02 14% 4.5E+00 2.0E+00 44% 

On top of the cap 1.9E-02 3.3E-03 18%       

Chest on lead 1.8E+00 3.7E-01 20%       

Chest under lead 4.5E-02 1.3E-02 28% 4.1E+01 1.4E+01 34% 

Stomach on lead 4.5E+00 2.9E-01 7%       

Stomach under lead 2.7E-01 1.7E-02 6% 1.6E+01 1.5E+00 9% 

Hip on lead 5.6E+00 1.0E+00 19%       

Hip under lead 2.6E-01 3.9E-02 15% 2.2E+01 5.2E+00 24% 

Knee on lead 6.2E+00 3.9E-01 6%       

Knee under lead 2.0E-01 8.8E-02 45% 3.2E+01 1.4E+01 45% 

Foot 2.1E+00 7.1E-02 3%       

 
The numbers are processed further into figure 4.1. The figure shows the doses and attenuation 
factors of table 4.1 in a more insightful way. 
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Figure 4.1, Measured on- and underlead doses and attenuation factors drawn in a sketch of the intervention radiologist. The 
full data can be found in table 4.1. The dose is highest at the knees. Attenuation is highest at the chest. 

To gain more insight, the ratio’s in both to dose and the attenuation factors were calculated with 
respect to chest height, as this is where legal dosimeters are worn. The results are in table 4.2. 
 
Table 4.2, Ratios of the dose and attenuation with respect to chest height. The table shows that the dose at the knees is 
highest (3.4 times that the chest), decreasing towards the chest. 

Ratio Dose Attenuation 

Head to chest 0.37±0.01 0.1±0.03 

Stomach to chest 2.4±5 0.4±5 

Hip to chest 3.0±12 0.5±16 

Knee to chest 3.4±18 0.8±70 

Foot to chest 1.2±0.2 n/a 

 
The second phantom measurement which focussed on the profile through the head was done with a 
total air kerma of 921.59mGy and a DAP of 30578cGycm2. The results of the measure dosimeters are 
in table 4.3. The attenuation factors in the cap are measured on the left ear(2.0±0.4), the right 
ear(0.5±0.1) and the forehead(9±2). 
 
Table 4.3, Results of the second phantom study. The numbers indicate the corresponding dosimeters as shown in figure3.6. 
The dose is highest on the forehead and the left side of the head. The dose is attenuated inside the head towards the right. 

Dosimeter location Dose(mGy) 

Left ear on lead (5.2±0.7)E-01 

Left ear under lead (2.6±0.3)E-01 

Right ear on lead (1.4±0.3)E-02 

Right ear under lead (2.9±0.5)E-02 

Front of cap under lead (5.8±0.6)E-02 

Dose on lead (mGy) Attenuation factor Dose Under lead (mGy)

6,8E-01 →→→→→→→ 4,5 →→→→ 1,5E-01

1,8E+00 →→→→→→→ 41 →→→→ 4,5E-02

4,5E+00 →→→→→→→ 16 →→→→ 2,7E-01

5,6E+00 →→→→→→→ 22 →→→→ 2,6E-01

6,2E+00 →→→→→→→ 32 →→→→ 2,0E-01

2,1E+00 →→→→→→→ n/a →→→→ 2,1E+00
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Front of cap on lead (5.3±1.3)E-01 

1 (3.3±0.3)E-01 

2 (1.45±0.08)E-01 

3 (5.7±0.6)E-02 

4 (3.7±0.4)E-02 

5 (2.5±0.2)E-02 

6 (3.1±2.0)E-01 

7 (1.1±0.3)E-01 

8 (8.7±1.7)E-02 

9 (4.5±0.8)E-02 

10 (3.1±0.7)E-02 
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Using a gradient in the colour red, the results are also presented in figure 4.2. The gradient is also 
present in the first phantom study, as can be seen in table 4.1. 

 
Figure 4.2 Schematic drawing of the lead cap. The number show the dose in units of 0.1mGy. The blue shape represents the 
phantom head. The green shape represents the lead cap. Numbers that cross the lead cap represent the dose measured on 
the inside of the lead cap. The more red a number, the higher the dose relative to the rest of the head. The blackest doses 
are the lowest. The figure shows that the dose is highest on the front and the left. The dose decreases towards the back and 
towards the right. The measurement shows relative numbers as this is a phantom measurement. Just behind the lead cap, 
the dose is slightly higher than on the inside of the cap itself. 

4.2 Clinical Measurements 
 
During the clinical studies, 21 procedures are measured. As mentioned in section 3.5, some 
important study parameters are administrated. These parameters for the measured studies are 
summarised in tables 4.4 and 4.5. Table 4.4 shows the type of procedure, the X-ray system used and 
the cumulative dose parameters as measured by the X-ray system. Table 4.5 contains the 
information of the radiation precautions taken. The asterisk in table 4.2 indicates studies in which the 
radiologist walked to the other side of the table, exposing both sides of the lead cap to side of the X-
ray source. During the procedures, tube potentials usually ranged between 80-110kV. Air kerma 

Lead cap 

3,3 1,5 0,6 0,4 0,3 

0,9 

3,1 

1,1 

0,5 

0,3 

Front of the head 

2,6 5,2 

0,6 

5,3 

0,3 0,1 
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during measurement varied between 18.69mGy and 2341.15mGy. The DAP ranges from 
569.69mGycm2 to 307112mGycm2. 
Table 4.4, the type of procedure measured, used X-ray system and cumulative dose parameters given by the system.  

Study Number Procedure X-ray system Cumulative Air 
Kerma (mGy) 

Cumulative DAP 
(mGycm2) 

1 EVAR Phillips ALLURA 
XPER FD 20 

823.06 77721 

2 Venous 
recanalization  

Phillips ALLURA 
XPER FD 20 

120.38 34778 

3 EVAR Phillips ALLURA 
XPER FD 20 

1731.54 250074 

4 EVAR Phillips ALLURA 
XPER FD 20 

2341.15 243512 

5 Contrast imaging 
leg 

Toshiba 18.69 563.69 

6 EVAR Phillips ALLURA 
XPER FD 20 

1026.98 174167 

7 EVAR Phillips ALLURA 
XPER FD 20 

421.19 67207 

8 EVAR Phillips ALLURA 
XPER FD 20 

1465.87 21979 

9 Venous 
recanalization 

Phillips ALLURA 
XPER FD 20 

180.99 32462 

10 EVAR Thoracic Phillips ALLURA 
XPER FD 20 

86.35 13908 

11 PTA/Stent ATC 
both sides 

Toshiba 236.22 53485.5 

12 Embolization 
Vena Porta 

Phillips ALLURA 
XPER FD 20 

357.54 66888 

13 EVAR Phillips ALLURA 
XPER FD 20 

463.82 99297 

14 Dotter + Stent 
Veins 

Phillips ALLURA 
XPER FD 20 

1925.11 177821 

15 EVAR Phillips ALLURA 
XPER FD 20 

638.77 60297 

16 Embolization 
Vena Porta 

Phillips ALLURA 
XPER FD 20 

379.70 62521 

17 Dotter + Stent 
Veins 

Phillips ALLURA 
XPER FD 20 

136.69 35572 

18 EVAR Phillips ALLURA 
XPER FD 20 

859.32 177482 

19 Neurocoiling Phillips ALLURA 
XPER FD 20 

520.35 25854 

20 Venous 
recanalization 

Phillips ALLURA 
XPER FD 20 

145.58 39797 

21 EVAR Phillips ALLURA 
XPER FD 20 

1984.96 307112 
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Table 4.5 shows that the precautions taken vary a lot over procedures. In the OK, lead sheets are not 
often used. Whether or not lead glasses are used usually depends on the radiologist doing the 
procedure. 
Table 4.5, Radiation precautions taken during the measured procedures. * During these procedures the radiologist was 
positioned 

Study 
Number 

Radiologist 
Wore Lead 
glasses? 

Lead sheet 
under table 
used? 

Standing up 
lead sheet 
used? 

Lead screen 
from ceiling 
used? 

Radiologist 
wore Lead 
cap? 

1 No No No No Yes 

2 No No No No Yes 

3 Yes No No No Yes 

4 Yes No No No Yes* 

5 No Yes Yes Yes No 

6 No No No No Yes* 

7 Yes No No No Yes* 

8 Yes No No No Yes 

9 Yes No No No Yes 

10 Yes No No No Yes* 

11 Yes Yes Yes Yes Yes 

12 Yes Yes Yes Yes No 

13 Yes Yes No No Yes 

14 No No No No Partially 

15 Yes No No No Yes 

16 Yes Yes Yes Yes No 

17 Yes Yes Yes No Yes* 

18 Yes No No No Yes 

19 No Yes Yes Yes Yes 

20 No No No No No 

21 Yes No No No Yes 

 
The full data acquired during the study can be found in Appendix C. The dose and the attenuation 
factor have been plotted over the measurements. The lines give an impression of the relative dose. 
The graphs are in figure 4.3 and 4.4. Figure 4.3 shows that the absolute dose is often highest on the 
feet, followed by the knees, hip, stomach and chest. The on lead doses varies a lot between 
procedures. The doses are usually in the order of 0.2mGy. In figure 4.4 the chest attenuation is 
usually the highest, decreasing towards the hips. The attenuation factor on the knees varies a lot in 
relative value. 
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Figure 4.3, On lead dose at different intervention radiologist heights, plotted against the number of the corresponding 
measurement. 

 
Figure 4.4, Attenuation factors at different intervention radiologist heights, plotted against the number of the corresponding 
measurement. 
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As described in section 3.6, the average dose and attenuation factors are determined. The results are 
reported in table 4.6. The pattern of decreasing attenuation from the chest to the hip is confirmed in 
this table. 
Table 4.6, The average dose and attenuation factors measured in the clinical study. 

 
Average Dose or 
Attenuation factor Unit 

Forehead on lead (2.6±0.6)E-02 mGy 

Forehead under lead (4.7±2.4)E-03 mGy 

Attenuation factor head 5.4±1.8   

Chest on lead (4.5±0.8)E-02 mGy 

Chest under lead (3.0±1.5)E-03 mGy 

Attenuation factor chest 18.5±7.5   

Stomach on lead (7.5±1.5)E-02 mGy 

Stomach under lead (8.1±3.1)E-03 mGy 

Attenuation factor stomach 12.2±3.2   

Hip on lead (7.0±3.4)E-02 mGy 

Hip under lead (9.4±2.4)E-03 mGy 

Attenuation factor hip 9.1±2.7   

Knee on lead (2.1±0.3)E-01 mGy 

Knee under lead (2.6±0.2)E-02 mGy 

Attenuation factor knee 12.7±3.6   

Foot 2.1E-01 mGy 

 
This data was transferred into figure 4.5. The figure shows a sketch of the intervention radiologist. 
Indicated are the on- and underlead doses with corresponding attenuation factors. 

 
Figure 4.5, Average on- and underlead doses and attenuation factors drawn in a sketch of the intervention radiologist. The 
full data can be found in table 4.6. An increasing pattern in absolute dose from the feet to the chest is once again visible. The 
attenuation is highest at chest height, decreasing towards the hips. 

Dose on lead (mGy) Attenuation factor Dose Under lead (mGy)

2,6E-02 →→→→→→→ 5,4 →→→→ 4,7E-03

4,5E-02 →→→→→→→ 19 →→→→ 3,0E-03

7,5E-02 →→→→→→→ 12 →→→→ 8,4E-03

7,0E-02 →→→→→→→ 9,1 →→→→ 9,4E-03

2,1E-01 →→→→→→→ 13 →→→→ 2,6E-02

2,1E-01 →→→→→→→ n/a →→→→ 2,1E-01
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To gain more insight, the ratio’s in both to dose and the attenuation factors were calculated. All 
ratios are calculated with respect to chest height, as this is where legal dosimeters are worn. The 
results are in table 4.7. For calculations, measurements with doses under the detection limit are 
excluded. Two dosimeter measurements were also excluded due to very high relative errors. The 
average values are calculated by first calculating the ratio’s for each separate measurement and 
subsequently taking the average. 
Table 4.7, Ratios of the dose and attenuation with respect to chest height. The calculated ratios are in line with earlier 
observations. The dose is relatively highest at the feet, decreasing with increasing height. The attenuation factors with 
respect to chest height have very large uncertainties. The uncertainty in the attenuation ratio at knee height is very large. 

Ratio Dose Attenuation 

Head to chest 0.63±0.02 0.3±2 

Stomach to chest 1.5±0.1 0.6±6.8 

Hip to chest 1.9±0.7 0.4±6.2 

Knee to chest 3.5±0.2 0.6±22.1 

Foot to chest 5.0±2.8 n/a 

 
On the lead caps, the dose was measured on 3 sides, as well as on the top. The average on- and 
underlead doses, as well as the average attenuation factors are shown in table 4.8. 
 
Table 4.8, Average dose on different sides of the lead cap, measured in clinical practise. 

Dosimeter location Average dose (mGy) 

Left ear on lead (2.6±0.4)E-02 

Left ear under lead (7.1±2.8)E-03 

Right ear on lead (6.6±2.2)E-03 

Right ear under lead (5.2±1.9)E-03 

Front of cap under lead (4.7±2.4)E-03 

Front of cap on lead (2.5±0.6)E-02 

On top of the cap (4.9±0.8)E-03 

 
During some procedures, the intervention radiologist moved around, working part time with both 
sides of the cap towards the X-ray system. Table 4.9 contains the average data for which these 
studies were filtered out, i.e. only procedures were the scattered radiation originated from one side 
(either left or right) were included (n=12). The differences between the tables are only minor. 
 
Table 4.9, Average dose on different sides of the lead cap, measured in clinical practise. The procedures in which the 
radiologist exposed both sides of his head towards the X-ray system are excluded. 

Dosimeter location Average dose (mGy) 

Ear towards the X-ray system on lead (2.4±0.3)E-02 

Ear towards the X-ray system under lead (5.8±1.4)E-03 

Ear away from the X-ray system on lead (6.0±1.2)E-03 

Ear away from the X-ray system under lead (3.9±1.7)E-03 

Front of cap under lead (4.6±2.9)E-03 

Front of cap on lead (2.3±0.7)E-02 

On top of the cap (5.1±0.8)E-03 

 
The data of the lead caps is also presented in figures 4.6 and 4.7. The image give a graphical insight of 
the way the lead cap changes the radiation profile. 
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Figure 4.6, X-ray doses on different places of the lead cap. 

 
Figure 4.7,  X-ray doses on different places of the lead cap during procedures when the left side always represents the side of 
the source of the radiation. 
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The attenuation factors have also been calculated for both groups. The attenuation factors for all 
procedures are in table 4.10. The attenuation factors where only procedures were the scattered 
radiation originated from one side (either left or right) were included (n=12) are in table 4.11. No 
significant difference are observed between the two groups. 
 
Table 4.10, Attenuation factors measured in lead caps in clinical practise.  

 Attenuation factor 

Left ear 4,3±0,9 

Right ear 1,5±0,6 

Forehead 5±2 

 
Table 4.11, Attenuation factors measured in lead caps in clinical practise. The procedures in which the radiologist exposed 
both sides of his head towards the X-ray system are excluded. 

 Attenuation factor 

Left ear 4,6±0,9 

Right ear 1,5±0,6 

Forehead 6±2 

 
 

4.3 Discussion 
Comparing the doses at different radiologist heights, both the phantom measurement and the 
measurements in clinical practise agree in general. The head of the intervention radiologist receives 
the least radiation, followed by the chest, then the stomach. The peak dose is at the hip. For the feet, 
the clinical and phantom measurements do not agree. In clinical practise the feet receive a relatively 
high dose of radiation, comparable with the knee, while in the phantom measurement the feet 
receive an approximately three time lower dose than the knee. The difference might be related to 
the static nature of the phantom experiment. In clinical practise, radiologists can move closer 
towards the table and often control the X-ray system with a pedal situated under the table. The 
reduction of the distance between patient and the radiologists feet could be a possible explanation 
for the higher dose in comparison with the phantom experiment. Artschan et al. [7] showed the 
effect of moving the foot during a procedure significantly influenced the dose rate. 
 
The overall profile can be explained by the relative distances of the points of measurement to the 
source. As the flux of radiation decreases with the square of the distance, points further away from 
the source will receive a lower dose. The scattered radiation field originates from the patient. The hip 
is therefore usually the point of the radiologist that is closest to the patient. This measured profile is 
in accordance with the profile measured by the group of Schueler [1] (figure 1.1). 
 
The profile measurement can be influenced by protective precautions available at the table. In some 
procedures protective lead equipment was used, shielding a part of the radiologist. Use of such 
equipment will decrease the relative dose on the shielded parts. Data in this report is based on 
averages over multiple procedures. In most cases the equipment was not used. 
 
Figure 4.5 shows the attenuation coefficients at the different heights for each clinical measurement. 
The graph shows that the highest attenuation factor is usually at the chest, then the stomach, then 
the hip. The value for the knee fluctuates heavily. A possible explanation for this effect is the 
effective distance the X-rays have to travel through the apron. As the main source of the scattered 
field is the patient, this is the exact order of the size of the angle between the table and the 
dosimeter. The effective distance through the apron is therefore larger at the chest compared to the 
hip. Attenuation in lead is an exponential process. A slightly larger effective distance can therefore 
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cause big effects in attenuation factors. The chest of most aprons also have pockets mounted to 
them. 
 
The larger fluctuations at knee height could be an effect of the same principle. Radiologists do not 
always take the same position during procedures. The dosimeters were mounted to the bottom of 
the skirt (see figure 3.8). This makes them very sensitive to the position of the legs. If the radiologist 
puts his left leg forward for example, he slightly raises the skirt. The small changes cause changes in 
the angle between the skirt and the patient, resulting in fluctuations in the effective distance of the 
rays through the skirt. This could be the effect measured in this report. 
 
In the measurements there are often large uncertainties in the dose ratios and attenuation ratios. 
This is an effect of a very low underlead dose which has a relatively high relative uncertainty. In 
particular the uncertainty in the underlead dose at chest height causes large uncertainties in the 
determined ratios. 
 
Striking in figure 4.2 of the phantom study measuring the profile of the head is that the dose 
measured in the head is higher than on the inside of the cap. This is an indication that the cap does 
not fully protect the brain against scattered radiation reaching the head. The source of the scatter 
radiation, in this case 20cm PMMA, is below the head of the studied phantom. Part of the radiation 
enter the phantom’s head through the face, without passing the lead cap. This may lead to more 
radiation inside the brain than directly under the cap as observed in the measurements. The effect 
can be seen both on the left side as on the front of the head. The profile within the head shows a 
slow decrease in dose. This was to be expected, a part of the radiation is absorbed by the brain, 
which causes attenuation. 
 
In clinical measurement, TLD’s are attached to the inside and the outside of the lead cap. Just as with 
the phantom study, a decreasing pattern is seen from left to right. This is possible due to attenuation 
in the head. It should immediately be noted that the head is one of the most mobile parts of the 
intervention radiologist. Thereby, the position of the dosimeters in the scattered radiation field 
constantly changes. For this reason the profile is much more uniform than found in the phantom 
study. A subanalysis including only the studies in which the radiologist stays on the same side of the 
table shows this same pattern, indicating that these measurements are very sensitive to head 
movement.  
 
The dose on the fore head was (2.5±0.6)E-02mGy. In order to reach the dose limit of 20mSv. 
Calculating from the top border (3.1mGy), a radiologist could to do 645 procedures before reaching 
the legal yearly dose limit. This value is even larger when corrected for the attenuation in the head 
itself. It should also be noted that for the purpose of this research, procedures with high doses were 
selected. 
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5. Conclusion 
In this study, the highest dose is found in both phantom and clinical measurements at the height of 
the hip((7.0±3.4)E-02mGy), decreasing towards the chest((4.5±0.8)E-02mGy). In clinical practise 
another high peak is measured at the feet(2.1E-01mGy). This peak was not seen during phantom 
measurement. In general, measured doses are highest the closer the body part is to the patient, in 
line with the work of Schueler [1]. 
 
Attenuation factors were measured the highest at the chest (18.5±7.5). The factors decreased 
towards the hip(9.1±2.7). Attenuation factors calculated contain large relative uncertainties, mainly 
due to low doses below the lead apron. 
 
Phantom measurement of the profile through the head shows an attenuation of dose through the 
head, further away from the scattering source. The dose just behind the lead cap is still higher than 
on the inside of the cap, indicating that the cap has a doubtable effect. The attenuation factors in the 
cap are measured on the left ear(4.2±0.8), the right ear(0.8±0.2) and the forehead(4±2) (table 4.1). 
 
In clinical practise, attenuation factors are also measured on the left ear(4.3±0.9), the right 
ear(1.5±0.6) and the forehead(5±2). These factors are more uniform compared to the phantom 
study. The dose measured on the left and right side are also more uniform. During surgery, 
radiologists look in many different directions, thus constantly changing the orientation of the 
dosimeters. The average absolute dose per procedure on the forehead was (2.5±0.6)E-02mGy. This is 
relatively low.   
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Appendix A: Specifications of the MCP-N dosimeters 
Table B.1, Specifications of the used MCP-N dosimeters as given by the manufacturer, from http://radcard.pl/det/MCP-
N.html 

Feature 

Form Solid disc 4.5 mm diameter, of selected 
thickness 

Effective atomic number Z 8.2 

Density [g.cm-3] 2.5 

TL emission spectrum [nm] 385 

Relative sensitivity to TLD-100 15 

Main peak temperature [oC] 210 

Zero dose reading [nGy] 100 

Detection threshold [nGy] 50 

Linearity range [Gy] 10-6 ÷ 10 

Repeatability < 2% 

Photon energy dependence 30 keV - 1.3 MeV < 20 % 

Batch homogeneity [1 SD] < 5 % 

Thermal fading [% at room temperature] < 5% / yr 

Fluorescent light effect on fading and zero 
reading 

negligible at laboratory light intensity 

Reusability unlimited 

Dose rate influence independent 
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Appendix B: Registration form measurement 
Meeting nr.  

Procedure  

Dag  

Datum  

Gemeten door  

Arts  

 
Gegevens Patiënt 

Lengte  

Massa  

 
Röntgen: 

Exposure prefilter  

Fluo prefilter  

Cumilative Air Kerma  

Cumilative DAP  

Fluo Time  

EPD  

 
Setup: 

Loodbril  

Draagcomfort muts  

Loodflap Opstaand  

Loodflap onder tafel  

Loodscherm  

 
Schets:  
 
 
 
 

 

 

 

 

 

 

 
Opmerkingen: 
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Appendix C: Measurement reports of individual procedures 
 
Data below the detection limit is marked yellow 
 

Measurement 1 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 9.4E-03 1.2E-03 13%       

Left ear under lead 1.8E-03 4.0E-05 2% 5.2E+00 6.7E-01 13% 

Right ear on lead 8.8E-04 3.4E-04 39%       

Right ear under lead 2.9E-03 2.3E-03 81% 3.1E-01 2.8E-01 90% 

Front of cap under 
lead 

1.8E-03 5.1E-05 3%       

Front of cap on lead 1.3E-02 1.3E-03 10% 7.5E+00 7.6E-01 10% 

On top of the cap 2.4E-03 7.5E-04 32%       

Chest on lead 7.5E-03 6.4E-04 9%       

Chest under lead 3.3E-04 1.3E-04 40% 2.2E+01 9.2E+00 41% 

Stomach on lead 1.6E-02 3.3E-04 2%       

Stomach under lead 1.3E-03 3.8E-04 29% 1.3E+01 3.7E+00 29% 

Hip on lead 3.3E-03 4.5E-04 14%       

Hip under lead 2.4E-04 1.3E-04 54% 1.4E+01 7.8E+00 56% 

Knee on lead 3.7E-02 8.9E-03 24%       

Knee under lead 2.1E-03 1.9E-04 9% 1.7E+01 4.4E+00 26% 

Foot 6.6E-02 9.4E-03 14%       

 

Measurement 2 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.7E-03 2.9E-04 11%       

Left ear under lead 5.3E-04 1.1E-04 20% 5.0E+00 1.2E+00 23% 

Right ear on lead 2.8E-04 5.3E-05 19%       

Right ear under lead 1.5E-04 9.1E-05 62% 1.9E+00 1.3E+00 65% 

Front of cap under 
lead 

2.9E-04 9.4E-05 33%       

Front of cap on lead 1.8E-03 7.3E-05 4% 6.2E+00 2.1E+00 33% 

On top of the cap 8.0E-04 5.4E-05 7%       

Chest on lead 4.6E-03 4.3E-04 9%       

Chest under lead 3.5E-04 1.2E-04 34% 1.3E+01 4.7E+00 35% 

Stomach on lead 4.9E-03 7.9E-04 16%       

Stomach under lead 9.4E-04 6.1E-04 65% 5.3E+00 3.5E+00 67% 

Hip on lead 3.5E-03 4.8E-04 14%       

Hip under lead 4.5E-04 8.6E-05 19% 7.9E+00 1.9E+00 24% 

Knee on lead 2.8E-02 1.2E-03 4%       

Knee under lead 1.9E-03 5.1E-04 26% 1.4E+01 3.8E+00 27% 

Foot 1.8E-02 2.0E-03 11%       

Measurement 3 
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Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 1.0E-01 5.4E-03 5%       

Left ear under lead 2.3E-02 3.7E-03 16% 4.3E+00 7.2E-01 17% 

Right ear on lead 7.1E-03 4.0E-04 6%       

Right ear under lead 6.5E-03 6.8E-04 10% 1.1E+00 1.3E-01 12% 

Front of cap under 
lead 

1.4E-02 9.7E-03 67%       

Front of cap on lead 6.2E-02 1.2E-02 19% 4.3E+00 3.0E+00 70% 

On top of the cap 9.7E-03 5.3E-04 6%       

Chest on lead 8.4E-02 7.9E-03 9%       

Chest under lead 4.0E-03 9.6E-04 24% 2.1E+01 5.5E+00 26% 

Stomach on lead 1.2E-01 4.1E-02 34%       

Stomach under lead 9.3E-03 1.3E-03 14% 1.3E+01 4.8E+00 37% 

Hip on lead 1.8E-02 2.5E-03 14%       

Hip under lead 3.2E-03 1.7E-04 5% 5.8E+00 8.5E-01 15% 

Knee on lead 4.5E-01 3.4E-02 8%       

Knee under lead 2.1E-02 2.1E-03 10% 2.1E+01 2.7E+00 12% 

Foot 5.2E-01 5.4E-02 10%       

 

Measurement 4 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 7.8E-02 1.0E-02 13%       

Left ear under lead 3.5E-02 1.0E-02 30% 2.2E+00 7.3E-01 33% 

Right ear on lead 3.8E-02 7.3E-03 19%       

Right ear under lead 2.6E-02 5.0E-03 20% 1.5E+00 4.1E-01 27% 

Front of cap under 
lead 

1.3E-02 7.8E-04 6%       

Front of cap on lead 8.2E-02 2.1E-03 3% 6.5E+00 4.3E-01 7% 

On top of the cap 1.4E-02 1.3E-03 9%       

Chest on lead 2.5E-01 9.1E-03 4%       

Chest under lead 1.8E-02 5.2E-03 28% 1.4E+01 3.9E+00 28% 

Stomach on lead 5.2E-01 5.6E-02 11%       

Stomach under lead 6.9E-02 1.2E-02 18% 7.6E+00 1.6E+00 21% 

Hip on lead 2.9E-02 1.1E-03 4%       

Hip under lead 6.0E-03 2.5E-03 42% 4.8E+00 2.0E+00 42% 

Knee on lead 6.5E-01 2.3E-02 4%       

Knee under lead 6.6E-02 9.0E-04 1% 9.9E+00 3.7E-01 4% 

Foot 5.1E-01 4.5E-02 9%       
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Measurement 5 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead             

Left ear under lead             

Right ear on lead             

Right ear under lead             

Front of cap under 
lead 

            

Front of cap on lead             

On top of the cap             

Chest on lead 4.7E-03 2.2E-04 5%       

Chest under lead 1.3E-04 6.2E-06 5% 3.5E+01 2.3E+00 7% 

Stomach on lead 1.8E-03 2.1E-04 12%       

Stomach under lead 1.9E-04 5.6E-05 29% 9.5E+00 3.0E+00 32% 

Hip on lead 4.2E-04 9.3E-05 22%       

Hip under lead 2.7E-04 1.5E-05 6% 1.6E+00 3.5E-01 23% 

Knee on lead 2.9E-04 6.1E-05 21%       

Knee under lead 2.0E-04 2.5E-05 12% 1.4E+00 3.5E-01 24% 

Foot 3.5E-03 3.8E-04 11%       

 

Measurement 6 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 3.0E-02 2.6E-03 9%       

Left ear under lead 7.2E-03 1.3E-03 18% 4.2E+00 8.3E-01 20% 

Right ear on lead 9.9E-03 1.8E-03 18%       

Right ear under lead 6.4E-03 1.1E-03 17% 1.6E+00 3.8E-01 25% 

Front of cap under 
lead 

5.9E-03 2.4E-04 4%       

Front of cap on lead 3.5E-02 5.0E-03 14% 6.0E+00 8.8E-01 15% 

On top of the cap 5.1E-03 8.2E-04 16%       

Chest on lead 2.9E-02 4.3E-03 15%       

Chest under lead 1.9E-03 4.6E-04 24% 1.5E+01 4.2E+00 28% 

Stomach on lead 3.9E-02 2.2E-03 6%       

Stomach under lead 4.5E-03 1.3E-04 3% 8.6E+00 5.5E-01 6% 

Hip on lead 4.0E-02 3.8E-03 10%       

Hip under lead 8.0E-03 1.2E-03 15% 5.0E+00 8.7E-01 17% 

Knee on lead 1.2E-01 1.5E-03 1%       

Knee under lead 7.8E-03 9.1E-04 12% 1.6E+01 1.8E+00 12% 

Foot 1.5E-01 1.3E-02 9%       
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Measurement 7 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 1.6E-02 1.6E-03 10%       

Left ear under lead 4.9E-03 1.4E-03 28% 3.2E+00 9.5E-01 30% 

Right ear on lead 9.7E-03 2.4E-03 25%       

Right ear under lead 9.2E-03 1.4E-03 16% 1.1E+00 3.1E-01 29% 

Front of cap under 
lead 

3.3E-03 3.9E-05 1%       

Front of cap on lead 1.8E-02 1.6E-03 9% 5.6E+00 5.0E-01 9% 

On top of the cap 1.9E-03 4.3E-04 23%       

Chest on lead 2.8E-02 1.9E-03 7%       

Chest under lead 1.3E-03 1.6E-04 13% 2.2E+01 3.2E+00 15% 

Stomach on lead 5.5E-02 1.6E-02 29%       

Stomach under lead 4.1E-03 2.4E-04 6% 1.3E+01 3.9E+00 29% 

Hip on lead 1.2E-01 7.8E-03 7%       

Hip under lead 1.0E-02 3.5E-03 34% 1.1E+01 3.9E+00 34% 

Knee on lead 2.0E-01 1.8E-02 9%       

Knee under lead 1.9E-02 6.9E-04 4% 1.1E+01 1.1E+00 10% 

Foot 1.5E-01 1.4E-02 10%       

 

Measurement 8 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.9E-02 1.4E-03 5%       

Left ear under lead 6.2E-03 8.9E-04 14% 4.6E+00 6.9E-01 15% 

Right ear on lead 5.7E-03 1.1E-03 19%       

Right ear under lead 2.6E-03 4.4E-04 17% 2.2E+00 5.8E-01 26% 

Front of cap under 
lead 

4.7E-03 4.2E-04 9%       

Front of cap on lead 3.9E-02 8.6E-04 2% 8.3E+00 7.7E-01 9% 

On top of the cap 8.8E-03 1.6E-03 18%       

Chest on lead 2.6E-02 4.7E-03 18%       

Chest under lead 1.4E-03 1.9E-04 14% 1.9E+01 4.3E+00 23% 

Stomach on lead 3.4E-02 2.1E-03 6%       

Stomach under lead 3.9E-03 1.6E-04 4% 8.9E+00 6.5E-01 7% 

Hip on lead 5.8E-02 9.9E-03 17%       

Hip under lead 6.9E-03 1.6E-03 23% 8.4E+00 2.4E+00 29% 

Knee on lead 1.8E-01 1.5E-02 8%       

Knee under lead 1.9E-02 1.0E-03 5% 9.2E+00 9.3E-01 10% 

Foot 2.4E-01 3.1E-02 13%       
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Measurement 9 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 9.9E-03 1.4E-03 14%       

Left ear under lead 1.6E-03 2.4E-04 15% 6.3E+00 1.3E+00 21% 

Right ear on lead 5.9E-04 1.0E-04 17%       

Right ear under lead 5.0E-04 6.6E-05 13% 1.2E+00 2.6E-01 22% 

Front of cap under 
lead 

7.0E-04 3.0E-04 42%       

Front of cap on lead 7.7E-03 7.6E-04 10% 1.1E+01 4.8E+00 43% 

On top of the cap 1.5E-03 1.7E-04 11%       

Chest on lead 1.1E-02 2.6E-04 2%       

Chest under lead 4.4E-04 2.4E-04 54% 2.6E+01 1.4E+01 54% 

Stomach on lead 2.3E-02 1.9E-03 8%       

Stomach under lead 1.6E-03 2.2E-04 14% 1.5E+01 2.3E+00 16% 

Hip on lead 4.1E-02 2.2E-03 5%       

Hip under lead 2.7E-03 3.7E-04 14% 1.5E+01 2.2E+00 15% 

Knee on lead 6.1E-02 1.9E-03 3%       

Knee under lead 3.0E-03 6.2E-04 20% 2.0E+01 4.1E+00 21% 

Foot 7.7E-02 9.1E-03 12%       

 

Measurement 10 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 1.2E-03 2.7E-04 22%       

Left ear under lead 5.8E-04 2.0E-04 34% 2.1E+00 8.6E-01 41% 

Right ear on lead 2.6E-03 2.2E-04 8%       

Right ear under lead 1.2E-03 4.0E-04 33% 2.2E+00 7.7E-01 34% 

Front of cap under 
lead 

6.9E-04 2.2E-04 32%       

Front of cap on lead 2.8E-03 1.4E-05 1% 4.1E+00 1.3E+00 32% 

On top of the cap 7.1E-04 2.1E-04 30%       

Chest on lead 1.2E-02 2.4E-03 20%       

Chest under lead 9.5E-04 4.0E-05 4% 1.3E+01 2.6E+00 20% 

Stomach on lead 1.7E-02 2.1E-04 1%       

Stomach under lead 1.5E-03 2.7E-04 19% 1.2E+01 2.2E+00 19% 

Hip on lead 1.5E-02 1.7E-03 11%       

Hip under lead 1.6E-03 7.4E-04 45% 9.1E+00 4.2E+00 46% 

Knee on lead 1.1E-02 3.5E-03 33%       

Knee under lead 8.6E-04 1.1E-04 13% 1.2E+01 4.4E+00 35% 

Foot 1.0E-02 1.6E-03 15%       
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Measurement 11 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.0E-03 3.5E-04 18%       

Left ear under lead 2.2E-03 2.1E-03 97% 8.9E-01 8.8E-01 98% 

Right ear on lead 1.2E-03 1.6E-04 13%       

Right ear under lead 7.5E-04 3.9E-04 52% 1.7E+00 9.0E-01 54% 

Front of cap under 
lead 

4.2E-04 1.5E-04 36%       

Front of cap on lead 1.4E-03 6.1E-04 45% 3.3E+00 1.9E+00 58% 

On top of the cap 2.9E-04 8.9E-05 31%       

Chest on lead 1.9E-02 8.5E-03 46%       

Chest under lead 1.5E-04 9.7E-05 64% 1.2E+02 9.6E+01 78% 

Stomach on lead 9.7E-02 1.1E-02 11%       

Stomach under lead 3.9E-03 5.4E-04 14% 2.5E+01 4.4E+00 18% 

Hip on lead 1.1E-01 1.1E-02 10%       

Hip under lead 4.6E-03 1.4E-03 30% 2.3E+01 7.4E+00 32% 

Knee on lead 6.0E-02 1.9E-02 31%       

Knee under lead 1.8E-03 3.0E-04 16% 3.3E+01 1.2E+01 35% 

Foot 1.5E-01 3.4E-02 22%       

 

Measurement 12 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead             

Left ear under lead             

Right ear on lead             

Right ear under lead             

Front of cap under 
lead 

            

Front of cap on lead             

On top of the cap             

Chest on lead 3.3E-02 2.6E-03 8%       

Chest under lead 3.2E-03 4.9E-04 15% 1.0E+01 1.8E+00 17% 

Stomach on lead 4.6E-02 1.3E-02 29%       

Stomach under lead 5.1E-03 6.5E-04 13% 9.2E+00 2.9E+00 32% 

Hip on lead 8.5E-02 6.4E-03 7%       

Hip under lead 7.5E-03 8.9E-04 12% 1.1E+01 1.6E+00 14% 

Knee on lead 1.6E-02 2.6E-03 17%       

Knee under lead 5.1E-03 1.6E-03 31% 3.1E+00 1.1E+00 35% 

Foot 8.3E-02 9.3E-03 11%       
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Measurement 13 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.4E-02 4.4E-03 19%       

Left ear under lead 4.9E-03 3.2E-04 7% 4.9E+00 9.6E-01 20% 

Right ear on lead 2.4E-03 1.2E-04 5%       

Right ear under lead 1.4E-03 3.7E-04 26% 1.7E+00 4.4E-01 26% 

Front of cap under 
lead 

2.0E-03 4.8E-04 25%       

Front of cap on lead 1.1E-02 8.8E-04 8% 5.4E+00 1.4E+00 26% 

On top of the cap 3.6E-03 4.7E-05 1%       

Chest on lead 2.9E-02 2.4E-03 8%       

Chest under lead 7.4E-04 9.1E-05 12% 3.9E+01 5.7E+00 15% 

Stomach on lead 2.9E-02 6.7E-03 23%       

Stomach under lead 2.2E-03 2.3E-04 10% 1.3E+01 3.3E+00 25% 

Hip on lead 2.9E-02 1.2E-02 41%       

Hip under lead 5.4E-03 9.6E-04 18% 5.4E+00 2.4E+00 44% 

Knee on lead 3.1E-02 4.7E-03 15%       

Knee under lead 1.9E-03 3.5E-04 19% 1.7E+01 4.0E+00 24% 

Foot 4.1E-02 3.0E-03 7%       

 

Measurement 14 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 3.1E-02 3.7E-03 12%       

Left ear under lead 8.2E-03 1.5E-03 19% 3.8E+00 8.3E-01 22% 

Right ear on lead 4.7E-03 3.2E-04 7%       

Right ear under lead 1.8E-02 4.9E-03 27% 2.6E-01 7.1E-02 28% 

Front of cap under 
lead 

1.1E-02 5.8E-04 5%       

Front of cap on lead 7.5E-02 1.9E-02 25% 6.8E+00 1.7E+00 26% 

On top of the cap 8.0E-03 1.4E-03 17%       

Chest on lead 9.8E-02 2.5E-02 25%       

Chest under lead 9.5E-03 2.8E-03 29% 1.0E+01 4.0E+00 39% 

Stomach on lead 3.0E-01 2.6E-02 9%       

Stomach under lead 4.4E-02 6.6E-03 15% 6.8E+00 1.2E+00 17% 

Hip on lead 5.3E-01 1.4E-01 27%       

Hip under lead 8.7E-02 8.8E-03 10% 6.1E+00 1.8E+00 29% 

Knee on lead 1.7E+00 1.1E-01 7%       

Knee under lead 3.0E-01 7.1E-03 2% 5.5E+00 3.9E-01 7% 

Foot 1.1E+00 1.2E-01 11%       
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Measurement 15 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.7E-02 3.6E-03 13%       

Left ear under lead 7.1E-03 1.0E-03 15% 3.8E+00 7.5E-01 20% 

Right ear on lead 1.6E-03 2.5E-04 15%       

Right ear under lead 2.1E-03 4.5E-05 2% 7.9E-01 1.2E-01 15% 

Front of cap under 
lead 

4.5E-03 1.0E-03 22%       

Front of cap on lead 1.8E-02 1.2E-03 7% 3.9E+00 9.2E-01 23% 

On top of the cap 3.6E-03 2.9E-04 8%       

Chest on lead 3.3E-02 1.1E-02 33%       

Chest under lead 1.2E-03 3.5E-04 29% 2.8E+01 1.3E+01 44% 

Stomach on lead 2.7E-02 5.9E-03 21%       

Stomach under lead 2.6E-03 6.5E-04 25% 1.0E+01 3.4E+00 33% 

Hip on lead 4.0E-02 1.5E-03 4%       

Hip under lead 4.1E-03 3.7E-04 9% 9.8E+00 9.7E-01 10% 

Knee on lead 1.0E-01 2.8E-03 3%       

Knee under lead 8.3E-03 6.1E-04 7% 1.2E+01 9.5E-01 8% 

Foot 1.2E-01 7.4E-03 6%       

 

Measurement 16 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead             

Left ear under lead             

Right ear on lead             

Right ear under lead             

Front of cap under 
lead 

            

Front of cap on lead             

On top of the cap             

Chest on lead 2.0E-02 1.8E-03 9%       

Chest under lead 1.3E-03 3.0E-04 24% 1.6E+01 4.0E+00 25% 

Stomach on lead 1.5E-02 3.3E-03 22%       

Stomach under lead 2.0E-03 1.5E-04 8% 7.4E+00 1.7E+00 23% 

Hip on lead 1.7E-02 4.2E-03 25%       

Hip under lead 2.3E-03 5.9E-04 25% 7.2E+00 2.6E+00 36% 

Knee on lead 2.3E-02 3.9E-03 17%       

Knee under lead 3.3E-03 5.5E-05 2% 7.1E+00 1.2E+00 17% 

Foot 1.1E-01 2.3E-02 21%       
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Measurement 17 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 7.0E-03 7.8E-04 11%       

Left ear under lead 1.1E-03 5.7E-05 5% 6.3E+00 7.6E-01 12% 

Right ear on lead 3.3E-04 4.2E-05 13%       

Right ear under lead 3.7E-04 1.2E-04 32% 9.1E-01 3.1E-01 34% 

Front of cap under 
lead 

1.5E-03 4.7E-04 32%       

Front of cap on lead 3.8E-03 3.7E-04 10% 2.6E+00 8.6E-01 34% 

On top of the cap 1.1E-03 1.3E-04 12%       

Chest on lead 7.3E-03 2.4E-03 34%       

Chest under lead 5.9E-04 8.3E-04 139% 1.2E+01 1.8E+01 143% 

Stomach on lead 1.5E-02 3.6E-03 23%       

Stomach under lead 6.7E-04 5.6E-05 8% 2.3E+01 5.7E+00 25% 

Hip on lead 2.5E-02 2.3E-04 1%       

Hip under lead 1.7E-03 1.2E-04 7% 1.5E+01 1.0E+00 7% 

Knee on lead 2.4E-02 5.3E-03 23%       

Knee under lead 1.5E-03 2.3E-04 16% 1.6E+01 4.4E+00 28% 

Foot             

 

Measurement 18 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 4.3E-02 4.1E-03 9%       

Left ear under lead 1.0E-02 4.1E-04 4% 4.2E+00 4.3E-01 10% 

Right ear on lead 2.0E-02 3.8E-03 19%       

Right ear under lead 4.8E-03 5.9E-04 12% 4.1E+00 9.4E-01 23% 

Front of cap under 
lead 

8.2E-03 1.8E-03 22%       

Front of cap on lead 1.8E-02 1.6E-03 9% 2.2E+00 5.2E-01 24% 

On top of the cap 1.3E-02 1.3E-03 10%       

Chest on lead 4.7E-02 5.6E-03 12%       

Chest under lead 2.2E-03 5.4E-04 25% 2.2E+01 6.0E+00 28% 

Stomach on lead 7.7E-02 4.6E-03 6%       

Stomach under lead 5.3E-03 1.5E-03 28% 1.4E+01 4.1E+00 29% 

Hip on lead 1.0E-01 4.2E-03 4%       

Hip under lead 1.2E-02 7.9E-04 7% 8.5E+00 6.6E-01 8% 

Knee on lead 2.8E-01 1.4E-02 5%       

Knee under lead 2.3E-02 3.0E-03 13% 1.2E+01 1.7E+00 14% 

Foot 3.1E-01 6.2E-02 20%       
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Measurement 19 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead 2.3E-03 2.3E-04 10%       

Left ear under lead 3.5E-04 5.9E-05 17% 6.4E+00 1.3E+00 19% 

Right ear on lead 5.3E-04 9.6E-05 18%       

Right ear under lead 2.5E-04 7.1E-05 28% 2.1E+00 7.0E-01 33% 

Front of cap under 
lead 

4.2E-04 1.1E-04 25%       

Front of cap on lead 1.5E-03 2.5E-04 17% 3.5E+00 1.1E+00 30% 

On top of the cap 1.4E-03 1.7E-04 13%       

Chest on lead 2.8E-03 5.8E-04 21%       

Chest under lead 6.1E-05 6.2E-05 101% 4.5E+01 4.7E+01 103% 

Stomach on lead 1.6E-02 2.7E-03 16%       

Stomach under lead 1.2E-03 1.8E-04 15% 1.4E+01 3.0E+00 22% 

Hip on lead 1.4E-02 2.0E-03 14%       

Hip under lead 1.8E-03 4.5E-04 25% 7.6E+00 2.2E+00 29% 

Knee on lead 1.8E-03 2.0E-04 11%       

Knee under lead 7.3E-04 9.3E-05 13% 2.5E+00 4.2E-01 17% 

Foot 5.2E-03 1.0E-03 19%       

 

Measurement 20 
      

Dosimeter location Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AF 
Deviation 

% 
Deviation 

Left ear on lead             

Left ear under lead             

Right ear on lead             

Right ear under lead             

Front of cap under 
lead 

            

Front of cap on lead             

On top of the cap             

Chest on lead 2.0E-03 4.1E-04 21%       

Chest under lead 1.1E-04 1.9E-05 17% 1.8E+01 4.7E+00 27% 

Stomach on lead 1.5E-03 9.5E-05 6%       

Stomach under lead 9.8E-05 1.8E-05 18% 1.6E+01 3.0E+00 19% 

Hip on lead 1.7E-03 4.5E-04 26%       

Hip under lead 2.7E-04 1.0E-04 37% 6.2E+00 2.9E+00 46% 

Knee on lead 1.4E-03 2.5E-04 18%       

Knee under lead 2.5E-04 1.0E-05 4% 5.4E+00 1.0E+00 19% 

Foot 3.2E-03 1.4E-04 4%       
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Measurement 21       

Meetplaats Dose 
(mGy) 

Deviation 
(mGy) 

% 
Deviation 

Attenuation 
factor 

AC 
Deviation 

% 
Deviation 

Linker oor op muts 0.0263 0.0052 19.6%       

Linker oor onder muts 0.0048 0.0003 6.1% 5.46 1.12 20.5% 

Rechter oor op muts 0.0060 0.0005 8.4%       

Rechter oor onder 
muts 

0.0034 0.0006 16.2% 1.75 0.32 18.3% 

Voorhoofd onder 
muts 

0.0066 0.0013 19.9%       

Voorhoofd op muts 0.0309 0.0015 4.9% 4.67 0.96 20.5% 

Bovenkant muts 0.0082 0.0005 5.5%       

Borst op schort 0.0331 0.0041 12.2%       

Borst onder schort 0.0018 0.0001 8.3% 18.33 2.71 14.8% 

Navel op schort 0.0508 0.0088 17.3%       

Navel onder schort 0.0054 0.0010 18.3% 9.43 2.37 25.2% 

Heup op schort 0.0631 0.0185 29.2%       

Heup onder schort 0.0125 0.0009 7.0% 5.05 1.52 30.1% 

Knie op schort 0.1966 0.0150 7.6%       

Knie onder schort 0.0215 0.0036 16.5% 9.15 1.67 18.2% 

Voet 0.4254 0.0198 4.7%       

 
 


