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Abstract  
PRRT is a method of treatment that is used for a variety of diseases. In this method of treatment 
patient are infused with a radiopharmaceutical. This radiopharmaceutical will deliver a radiation dose 
to the specific targeted organ. However, due to infusion in the bloodstream other organs will also 
sustain a radiation dose like for example the bone marrow. There is a method to determine the 
radiation dose sustained by the bone marrow. This method requires that the amount of activity in 
blood is determined for several moments in time. Currently this is done by taking blood samples from 
patients and measuring these samples in dose calibrators. 

Theoretically, it should be possible to measure the amount of activity in blood by means of external 
measurements. These measurements could be performed by using two oppositely positioned CeBr3 
scintillation detectors that are linked to photomultiplier tubes. However, before these measurements 
could be conducted preliminary investigations were necessary. These preliminary investigations were 
described in this thesis. 

Preliminary investigations were conducted on several criteria. These criteria ranged from position of 
the detector system to detector properties. In specific, the optimal detector system position with 
respect to the body, and with respect to the arm was determined. The detector properties that have 
been investigated were detector linearity, detector response and detector linearity. In addition, 
investigations on SNR and shielding have been conducted.  

Experiments and simulation showed that the optimal position for the detector system is at wrist 
position with the arm extended sideways as far as possible. It has also been shown that the optimal 
position for the detectors with respect to the arm is at a distance of 10 cm between detectors and arm. 
With this detector position the signal-to-noise ratio can be improved by use of shielding. With 1.60 cm  
thickness of lead shielding the SNR will not become lower than 100. In addition, it has been shown 
that the detector properties for both detector is nearly similar.  

These investigations led to promising results. The results show a specific set-up for the detector 
system with which the amount of activity in blood could be determined by means of external 
measurements.  
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1. Introduction 
 
Radionuclide therapy is a (well) known method for treatment of a variety of deceases. The key aspect 
of the treatment is targeted radiation of tumors, metastases or organs. An example of radionuclide 
therapy is peptide receptor radionuclide therapy (PRRT). In the Erasmus University Medical Center 
Rotterdam (EUMCR), at the department of Nuclear Medicine, PRRT is used for the treatment of 
gastro entero pancreatic neuro-endocrine tumors (GEP NETs) among others [1,2]. 

The radiopharmaceutical for this specific treatment is a radio-labeled peptide called [177Lu-
DOTA0,Tyr3]-Octreotate, which is administered via infusion. The radiopharmaceutical will 
accumulate in tumor(s) and metastases and deliver a radiation dose to these tissues. Moreover, internal 
organs will also sustain a certain radiation dose e.g. bone-marrow. 

Bone-marrow is the most radiosensitive organ in the body and is therefore a dose limiting organ in 
radionuclide therapy. For health and treatment purposes it is vital to know the dose sustained by the 
bone-marrow during and after treatment. The radiation dose to the bone marrow is directly related to 
the amount of activity in the blood [3]. In order for bone marrow dosimetry to become possible 
quantitative radiation measurements of blood are necessary. 

Generally, the amount of activity in the blood is determined by taking blood samples at different set 
times after infusion and measuring these samples. However, this method is very imposing on the 
patient and also introduces additional radiation risk for the staff. The tolerated radiation dose for staff 
is 5 mSv/year. In order to avoid these circumstances a method has to be developed in which the 
amount of activity in the blood can be determined without taking blood samples. This system should 
then reduce the radiation dose to 1% of the annual year dose. Thus, the yearly radiation dose should 
become 0.05 mSv/year. 

As a consequence, all measurements need to be performed from outside of the body. These 
measurements require a detector system that is able to measures radiation qualitatively and 
quantitatively. This detector system could then be placed at a well perfused extremity e.g. 
underarm/wrist and measure the amount of activity in the blood.  

Since there is no detector system commercially available for this specific purpose the detector system 
has to be developed [Appendix A].  
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2. Project Overview 

2.1. Introduction 
PRRT is a method of therapy for a variety of deceases. In PRRT patients are treated by infusion of 
radionuclide linked antibodies or peptides. Although this method of treatment proved to be successful 
for many patients, it is accompanied by certain disadvantages. One of these disadvantages, probably 
the most important disadvantage, is the dose delivered to healthy organs. The dose that healthy organs 
may receive is limited. Above this dose limit radio toxicity will occur. Dose required to cause radio 
toxic effects differs for each organ. Organs that show radio toxic effects at a low dose are called 
radiosensitive organs. These radiosensitive organs will determine the maximum administrable dose.  

Radio toxic effects can be prevented by not exceeding the dose limit of the most radiosensitive organ. 
However, in treatment it is desired to maximize dose. Thus, optimization of treatment requires 
accurate determination of delivered dose called dosimetry.  

Adequate dosimetry requires the determination of amounts of activity in the body, that is the amount 
of activity in organs, blood and the remainder (other soft tissues). In this project focus will lie on 
determining whether the amount of activity in blood can be determined using external measurements.  

External measurements on the amount of activity in the blood could then replace the current method in 
which blood samples are taken from patients and measured. This latter method is rather invasive on 
patients and increases radiation risk for medical personnel. 

2.2. Problem description 
The amount of activity in blood has to be determined by means of external measurements to lower 
radiation dose to staff. These measurements will be subject to several criteria: 

1. Patient comfort 
a. Detector system positioning with respect to the body of the patient 
b. Detector positioning with respect to the forearm/wrist 

2. Interference from other radiation sources (Noise) 
a. Leakage of incident photons from outside the field of view 
b. Background radiation 

3. Reproducibility1  
4. Weight of the detector system 

One of the purposes of this detector system is to make measurements less invasive and inconvenient 
for patients. Comfort for patients during external measurements will depend optimal positioning of the 
detector system with respect to the patient. In addition, this optimized positioning would also serve 
another purpose. 

Measurements to determine the amount of activity in the blood should be conducted without 
measuring activity from any other source. Radiopharmaceuticals will be distributed in the body after 
infusion. Thus, organs, bone and other soft tissues (remainder) will also contain a certain amount of 
activity. Incident photons emitted by the activity in these tissues might be detected by the detector 
system and thereby interfere with measurements (noise). Minimization of this interference also 
requires optimized placement of the detector system with respect to the patient’s body.  

                                                      
1 These criteria are not  
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With the detector position optimized and background interference minimized there still is another 
source of interference. This interference is not to be classified as noise however, it does make accurate 
quantitative measurements difficult. It will cause more activity to be detected in the field of view and 
therefore overestimate the activity. In addition, correct assessment of the volume of blood that has 
been in the field of view will not be performed correctly. These two inaccuracies will increase the 
error in determining the volume activity of the blood. 

Measurements on the amount of activity might be conducted accurately however, this does not 
automatically mean that the measurements can also be conducted reproducible. The reproducibility of 
measurements depend on criteria like changing positions during or subsequent measurements. Change 
in any criteria should be minimized or compensated for during measurements.  

2.3. Project design requirements 
The development of the detector system can be regarded as successful once the amount of activity in 
the blood can be determined with a accuracy of ± 10% from the . For this to become feasible the 
detector system should meet certain requirements. These requirements for the detector system are 
based on the previously described problem description.  

The detector system will be used for measurement of 177Lu but might also be used to do measurements 
on other gamma emitting radionuclides. Due to this, the detector system should be able to measure a 
gamma spectrum. This requires the usage of one or more gamma ray detectors that can simultaneously 
quantify the energy of the incident photons and a multichannel analyzer. This leaves a variety of 
detectors possible. The type of detector used during this project is a scintillation detector with a 
photomultiplier tube.2  

Determining the amount of activity in the blood requires the detectors to be focused on blood vessels 
(arteries and veins) without having to much other tissues (bone, organs and other soft tissues) in the 
vicinity that might contain activity or attenuate the photons emitted from the blood. In addition, 
incident photons emitted from the rest of the body should not be detected with the detector system. 
These requirements can be met by placing the detectors at forearm/wrist position. In addition, the 
detectors should be collimated and shielded from other radiation sources.  

Measurement should be conducted with a certain accuracy and reproducibility. Reproducibility 
requires the use of two detectors within the detector system. It also requires a specific set-up for these 
detectors. The detectors should be placed opposite from each other with a set space between them. 
This set-up of the detector will make it possible reduce or correct for the variation of positioning of the 
source. Moreover, the set-up will make it also possible to correct for anisotropic properties of the 
source.[4]  

 

Figure 1. Schematic representation (cross section) of the set-up for wrist measurement. 
                                                      
2 This type of detector was already available to use in this project. 
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Shielding and collimating the detectors may meet requirements however, optimal positioning of the 
detector system will also reduce noise. The position of the detector system does not have to be 
changed with respect to the body (detector system may be kept at wrist position). It can also be 
changed with respect to the entire patient. The detector system is required to have a minimal weight. 
This requirement can be met by this optimizing of the positioning of the detector system with respect 
to the patient. It will reduce noise, as stated earlier. Thus reducing the amount of shielding needed. 
The detector system can then be made relatively lighter. 

2.4. Objectives 
The objectives of this project can be summarized into a number of questions. It will probably not be 
possible to answer all questions. This is due to the limited amount of time available to conduct this 
project. Important question for this project are: 

1. What will be the optimal position for the detector system with respect to the body? 
a.  Why is this the optimal position? 

2. Will this optimal position of the detector system create a desirable SNR? 
3. Is it possible to increase the SNR? 
4. How can this SNR be improved? 

These first few question are of a more theoretical nature. There will also be question that can only be 
answered after  

5. Do the detectors show a linear response for a range of activities? 
6. With what efficiency will the detectors measure the 113 keV and 208 keV photons? 
7. Is it possible to alter the FOV of the detectors with a simple geometry of shielding? 
8. How can leakage of photons outside of the field of view be prevented? 

These question will be answered by means of simulations and experiments. In specific, the positioning 
of the detector system will be determined after simulations conducted with Microshield®. Simulations 
will also be conducted to determine the fluence rate at detector position for a geometry that will 
represent the wrist/forearm. All these simulation results will be used in investigation on the SNR. 

Measurements will be conducted to determine the linearity, response and efficiency of the detectors. In 
addition, the shielding will be applied to the detectors to determine whether the FOV can easily be 
altered and determine the effects of leakage for the specific geometry of shielding. 
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3. Theory 
 
In the development of a detector system a sound knowledge of related physical principles is needed. A 
proper understanding of these principles will create the opportunity to make educated choices to the 
design for the detector system. In addition, experiments can be designed correctly and conducted 
accurately. The theoretical foundation of these physical principles are described in this chapter. The 
subjects that are described are: 

1. Gamma ray interactions with matter 
o Photoelectric effect 
o Compton effect 
o Pair production 

2. Attenuation of gamma rays 
3. Self attenuation 
4. Detection and measurement of ionizing radiation 
5. Propagation of errors. 

3.1. Gamma ray interactions with matter 
Gamma rays (photons) will interact with matter. However, the probability for interaction of photons 
with matter are relatively low. Once interactions between photons and matter occur the transferred 
energy is generally considerable. Photons may interact with various objects within an atom. The 
objects with which interactions may occur are an atomic nucleus, atomic bound electrons or electrical 
fields caused by the nuclei and electrons. The amount of energy transferred during interactions varies 
from no energy transferred to all photon energy transference resulting in their disappearance.  

The mechanisms for interactions between photons and matter can be reduced to three primary ones: 
photoelectric effect, Compton scattering and pair production. There are other interaction mechanisms 
that may occur. However, these do not occur as frequently and prove to have a negligible effect. 

The occurrence of interaction mechanisms depend on the energy of the incident photon. Moreover, the 
occurrence of interaction mechanisms also depends on the atomic number of the material with which it 
occurs. These characteristics have been depicted in figure 1. In figure 1 can be seen which interaction 
mechanism will occur most frequently for photon energies and atomic numbers of materials.  

 

Figure 2. The figure shows a graph in which the atomic number is plotted as function of the photon energy. In the 
graph the relation between mechanisms for interaction and photon energy can be seen.  
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3.1.1 Photoelectric effect  

An incident photon with energy Eγ may interact with an atomic electron. The interaction can be 
described as a collision between photon and electron that will result in a transfer of Eγ to the electron. 
Due to this energy transfer during the collision the photon ceases to exist and the electron is emitted 
from the atom. That is, if the energy of the photon is greater than the binding energy Eb of the electron. 
The emitted electron will have a certain kinetic energy Ek,e. Kinetic energy of the emitted electron can 
be calculated by subtracting the binding energy of the electron from the photon energy: 

��,� =	�� 	− 	�	          (1) 

Momentum is conserved during the entire process.[4] 

3.1.2 Compton effect 

The Compton effect can also be described as a collision between a photon and an electron. An incident 
photon with energy Eγ interacts with an electron in which Eγ is not fully transferred. The energy of the 
incident photon is divided between the electron and photon, reducing the incident photon in energy 
and increasing the kinetic energy of the electron. Photons which energy have been reduced due to 
collisions with matter are called scattered photons. 

The distribution of energy between a scattered photon and the Compton electron is directly related to 
the angle between incident photon and the scattered photon. An equation can be derived for both the 
Eγ and Ee. From these equations it becomes clear that the Compton-electron will never absorb all of 
the energy of the incident photon. In addition, both equations comply with the law of energy 
conservation can easily be observed since: 

�� =	��́ +	��           (2) 

Another relationship between angle of scattering and energy of incident photons can be found. This 
relationship can be made clear by making an polar diagram. This diagram can be seen in figure 3: 

 

Figure 3. Polar diagram of the angle of scattering of the scattered photon for different photon energies. 

In the polar diagram of figure 3 the energy of the incident photon is plotted as a function of the angle 
of scattering. In the diagram, the angle is shown along the edge of the circle. From the polar diagram 
can be read what the angle of scattering is for different photon energies. In can be seen that the angle 
of scattering decreases as the energy of the incident photon increases. 

3.1.3 Pair production  

Pair production is an interaction mechanism of photons and the nuclei of atoms. In this mechanism 
incident photons will be converted to a particle-antiparticle pair e.g. an electron-positron pair. 
However, this conversion may only occur when the incident photon has sufficient energy to create 
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these particles. For the creation of an electron-positron pair the required energy of the photon has to be 
greater than two times the mass of an electron (1.022 MeV/c2): 

ℎ > 2����           (3) 

Where h is the constant of Planck: 6,63· 10-34 [J·s], ν is the frequency of the incident photon [Hz], me 
is the mass of an electron:9.11 · 10-31 [kg] and c is the speed of light [m·s-1]. 

Any remaining energy will be transferred to each particle as kinetic energy. Both particles will move 
away from the production site in a strong forward motion. During their travel they will lose energy due 
to collisions. Eventually the positron will annihilate with an electron. With this annihilation two 
photons will be produced, each having an energy of 511 keV. These photons will be emitted from the 
annihilation site in opposite direction [6].  

NB. As stated, pair production requires high photon energies (>1022 keV). 177Lu does not emit any 
high energy photons. Thus, pair production is not an issue in this thesis.  

3.2. Attenuation of gamma rays 
It should be clear that attenuation of gamma rays is caused by interactions with matter. In addition, it 
should be clear that interactions between gamma rays and matter is subject to chance. By increasing 
the thickness of a material the chance for gamma rays to interact will also increase, and so the exiting 
intensity will decrease even more. In other words, the change in intensity ∆I is proportional to 
thickness x and the incident intensity I0: ∆� = 	���Δ�           (4) 

Where µ is the proportionality constant and is known as the attenuation coefficient [7]. For a 
homogeneous distributed radiation source the absorption coefficient is constant. In this case 
integration of equation 4 becomes easy and the equation yields: 

�� = ������           (5) 

Equation 5 gives the remaining intensity Ix of an initial radiation beam I0 that has traversed through 
thickness x of a particular material. It should be stated that due to the negative exponential character of 
the attenuation the remaining gamma ray intensity will never become zero.  

It should also be stated that the degree of attenuation depends on the material used to attenuate gamma 
rays. Material dependency is incorporated into the attenuation coefficient since the attenuation 
coefficient is defined as: 

� ≝ ��           (6) 

where N is the number of atoms and σ is the cross section expressed in barns. The cross section defines 
the probability for interaction to occur. For multiple materials this will become: 

� = ∑�! �!           (7) 
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The attenuation coefficient µ shown in equation 6 is defined as the linear attenuation coefficient and is 
expressed in cm-1. The number of atoms can be calculated by: 

� =	"#$%            (8) 

where ρ is the density of the material in g·cm-3, NA is the Avogadro’s constant in mol-1 and M is the 
molar mass of the element or compound in g·mol-1. Equation 8 shows the dependency of material due 
to the density term in this equation.  

The attenuation coefficient has been defined as the linear attenuation coefficient. However, it is also 
possible to define the attenuation coefficient differently i.e. as a mass attenuation coefficient. 
Mathematically this mass attenuation coefficient is given by: 

�" =	#$&%            (9) 

where µ/ρ is the mass attenuation coefficient, usually expressed in cm2·g-1. This mass attenuation 
coefficient can be used to compare the attenuating properties of different materials and thus for 
different density. This can be done since the density is used in the equation as can be seen in equation 
9 and later equation 10.  

To calculate the intensity of a radiation beam that has traversed through a material using the mass 
attenuation coefficient equation 5 has to be modified slightly:  

�� = ����(())"�           (10) 

It should be stated that equations 5 and 10 are only valid for narrow beam radiation. In a narrow beam 
the photons will pass through the material without interacting with the material or interact with the 
material without causing scattered photons. In addition, scattered photons will not reach the detector. 
Thus, the distance traveled by photons in a narrow beam is nearly equal for all photons. In presence of 
a narrow beam the difference in intensity between before and after passing through material is a proper 
representation of the stopping power or attenuating properties of a material. 

Build up 

It should be stated that in practice a narrow beam of photons occurs very seldom. Usually the 
geometry of the photon beam is more wide, also called broad beam geometry. The broad beam of 
photons is attenuated as described above. However, in this broad beam of photons there is a 
contribution of scattered photons. This is called build-up. The contribution of scattered photons can be 
calculated and is called build-up factor B. The build-up factor is determined by the geometry of the 
source and the attenuating material.  
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3.3. Self attenuation 
Photons are easily emitted from a radiation source with no measurable dimensions i.e. a point source. 
The same applies to radiation sources with small dimensions. However, with increasing dimensions of 
the radiation source the probability of interactions between emitted photons and other atoms within 
source increases. Photons that in fact interact within the radiation source will be attenuated with the 
same interaction mechanisms as described in paragraph 3.1. This type of attenuation is called self 
attenuation.  

Self attenuation results in deviations between true amount of 
activity and measured amount of activity, where the true amount 
of activity will be underestimated. These deviations increase as 
the volume of the source increases. The reason for this can be 
found in the distance each photons has to travel through the 
source. Photons on the edges of the source will leave the source 
without or with minimal interactions and are therefore easily 
measurable. However, photons emitted from the center of the 
source or from the edge of the source in direction of the other 
edge have to travel a large distance through the source and will 
be attenuated. An example of this principle is depicted in figure 
4. 

The self attenuation within a source is calculable. An equation can be derived for the measurable 
intensity by integrating equation 5 over the distance travelled by the photons [8]. The resulting 
equation is presented here: 

�� =	 �� 	+��(,(-)��           (11) 

Equations 5, 10 and 11 can also be expressed for photon fluence (Φ) or fluence rate (ϕ).  

3.4. Detection and measurement of ionizing radiation 

3.4.1 The detection of ionizing radiation 

The detection of ionizing radiation is based on proving the presence of said radiation. During the 
detection of ionizing radiation quantitative information on certain parameters is often also gathered. 
These parameters may include fluence rate, dose and energy.  

The detection of ionizing radiation, both qualitative and quantitative, is based on the process of 
interactions between radiation and detector material. During these interactions the radiation energy 
will mostly be absorbed. The interactions will subsequently result in a conversion into processable 
signals like electricity or light. There are systems in which the signal output is an average effect over 
time for relatively many interactions. However, in most cases the effect of each individual radiant 
quant is processed and recorded. This method of measurement can be characterized as counting, in 
which the stochastic properties of radioactive decay are expressed.  

Stochastic properties of radioactive decay are a result of the randomness during decay. In term, 
measurements on radioactive sources are also stochastic in nature. This stochastic nature of detection 
can be described using statistics.  

Figure 4. Example of a sample source
in which is shown that the photon 
attenuation has to be calculated over 
the distance travelled by the photon. 
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3.4.2 Statistics of radioactive decay  

Radioactive decay of atoms is a random process. As a consequence, radioactive decay of a single atom 
and its nucleus is also a random process. This random process can be described mathematically using 
statistics. In this process there are two outcomes possible: there is a chance p that the nucleus will 
decay within a certain amount of time and there is a chance 1-p that this will not happen.  

Radioactive decay of a single nucleus will not influence or initiate the decay of any other nuclei. In 
other words, the decay of a nucleus is independent from the decay of other nuclei. Thus, the decay of 
nuclei can be considered as repetitions of the decay of a single nucleus. The binomial probability 
distribution can be used to describe this principle since it describes the probability for k successes with 
n repeated processes that each has two possible outcomes. Mathematically this can be expressed as 
follows: 

.(/) = 	 0!�!(0��)! 	2�(1 − 2)0��         (12) 

This probability distribution has an expected value: µ=np, and a standard deviation of: � =452(1 − 2). This distribution is generally valid for experiments involving counting. In most cases the 

number of decays is relatively high. Consequently, n will be relatively high. This will make 
calculations on this specific type of probability distributions rather complicated. However, for large 
number of n (n�∞, p�0) the binomial probability distribution will transition into the mathematically 
simpler Poisson probability distribution: 

.(/) = 	 67�! ��6           (13) 

Where the expected value µ=λ, and the standard deviation is given by � = 	√9. As can be seen, the 
distribution for these types of experiments are characterized on one parameter, the expected value λ.  

For large values of this expected value λ the distribution will narrow. In this case, the Poisson 
distribution can be approximated by a normal (Gaussian) distribution. Mathematically the normal 
(Gaussian) distribution can be expressed as follows: 

.(/) = 	 +√�:6 	�,(7,;)<<;           (14) 

Where the expected value λ and standard deviation σ is similar to expected value and standard 
deviation used in the Poisson probability distribution. This shows that both binomial probability 
distributions and Poisson probability distribution can be used to determine the standard deviation in 
measurements. The Poisson probability distribution is preferred since the mathematics for this 
distribution is easier. 
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3.4.3 Parameters in measuring activity 

In a counting experiment where a number N is counted both Poisson and normal (Gaussian) 
probability distributions will result in the following expected value and standard deviation: 

�̅ = �            (15) 

> = 	√�           (16) 

The results will show a 68% probability that the mean will lie between �̅ 	± 	>. This probability 
increases when the standard deviation is increased. This gives a 99,7% probability that the mean will 
lie between �̅ 	± 	3>. 
Rate 

Measurements on radioactive decay can be performed by merely counting the number of detected 
particles and/or photons N. However, it is also possible to determine the rate R with which particles or 
photons are detected. This rate is defined as the number of particles and/or photons detected within a 
certain period of time or measuring time t: 

A =	#B             (17) 

This measuring method, like any other measuring method, will be accompanied by a specific 
uncertainty. The uncertainty in the rate ∆R is determined by the uncertainty in the number of detected 
particles/photons ∆N and the uncertainty in the measuring time ∆t. However, the measuring time is 
assumed to be determined precisely with a relative inaccuracy of about 1.0·10-4 %. Therefore, 
contribution to the uncertainty in the rate will be negligible. The uncertainty in the rate will then be 
only determined by the uncertainty in the number of the detected particles/photons: 

∆A =	 ∆#B =	√#B =	CDB           (18) 

Background radiation corrections 

Any quantitative measurement on radiation sources are gross measurements. That these measurements 
are gross measurements is due to the origin of the measured activity. The measured amount of activity 
is a combination of activity originating from the radiation source and activity originating from any 
other source, usually referred to as background radiation.  

Correct quantitative measurements on a radiation source are conducted by performing a background 
radiation subtraction. This is done by measuring the radiation source S and the background radiation B 
separately. Subsequently, the B is subtracted from S. Usually the measurement time for both the B and 
S is different. By using the rate R, the variable of time is compensated for. Thus, both measurements 
are expressed in a rate R.  

A0�B =	AE −	AF          (19) 

Where Rnet is the true rate of the radiation source. 
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3.4.4 Scintillation detector  

There are chemical elements or compounds that have a luminescent property. Luminescent chemicals 
emit light after absorbing energy. A scintillator exhibits this luminescent property after absorbing 
energy from ionizing radiation. Light emitted due to the luminescence has an intensity that is 
proportional to the absorbed radiation energy.  

The absorption of radiation energy will excite the detector material, i.e. the chemical (compound), to a 
heightened energy state. Eventually the chemical will be relaxed back into a lower or even ground 
energy state and hereby emit light in a very short pulse. The time between absorption and emission of 
energy may vary from picoseconds to hours. Generally, the time between these two events is rather 
short (microseconds).  

The scintillation crystal is (usually) connected to an optical light detector. In most cases this light 
detector is a photomultiplier tube (PMT). The PMT receives the light pulses emitted by the 
scintillation crystal, multiplies the light signal and converts it into a measurable voltage signal.  A 
schematic representation of a scintillation detector and PMT is shown in figure 5. 

  

Figure 5. Schematic representation of a scintillation detector (scintillation crystal and PMT). 

The scintillation crystal is of the essence when it comes to these types of the detectors. Each type of 
scintillation crystal has specific properties. One of these properties is the ease with which radiation 
energy can be absorbed also referred to as stopping power. In addition, the sensitivity and the intensity 
of the emitted light are also scintillation crystal i.e. chemical specific.  

The stopping power of a crystal will determine the detection efficiency of various photon energies and 
influence the crystal size. Greater stopping power results in the fact that less thickness of crystal is 
needed to create adequate signal. A small thickness of crystal is preferred since a great thickness has a 
negative effect on energy conversion. The light pulse that has been created during absorption of 
energy might be extinguished before it can reach the PMT. Once this process occurs to often this can 
have negative effects on the signal. In other words, the signal will be underestimated. 
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3.5. Propagation of errors 
Measurements can never be conducted perfectly. There is always an uncertainty in the measurement. 
The uncertainty is expressed in a value that encloses the measured value and shows the range in which 
the true value will lie. This uncertainty will always be expressed at a certain degree of accuracy. Here 
is an example of measured amount of activity in a radiation source including the uncertainty The 
degree of accuracy shown here is 1σ. 

A = (0.5 ± 0.1) MBq  

Suppose that this amount of activity is measured using a dose calibrator and that this amount of 
activity in used in another measurement with a different detector. Measurements with the second 
detector will also be conducted with an uncertainty. Thus, this second measured value is also 
accompanied by an uncertainty. The uncertainty in the final value is based on uncertainties in both 
measurements. This is called propagation of errors.  

In general, for each performed measurement the error is propagated. Thus, the uncertainty in the final 
measured value is based on the uncertainty in all correlated measurements. A general mathematical 
model has been created that can be used to calculate the uncertainty in a variable that is based on other 
variables, each with their own uncertainty. 

Suppose that a f is a function of three variables: x, y and z. The uncertainty in f can then be given by: 

∆G(�, H, I) = 	 JKLK�J ∆� +	 JKLKMJ ∆H +	 JKLKNJ ∆I       (20) 

The method used in equation 20 can be applied for any number of variables in any type of 
measurement. There is an easier method of calculating the uncertainty and is shown here: 

>O = 4>P� + >F�          (21) 

Where sA is the uncertainty in measurement A, sB is the uncertainty in measurement B and sC will then 
be combined uncertainty of the two measurements. This method is a relatively accurate approximation 
and is a proper alternative for equation 20. 
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4. Optimal positioning of the detector system 

4.1. Introduction & objective 
In the developing stage of the detector system the optimal positioning for the detector system has to be 
investigated. The optimal position for the detector system will depend on comfort for the patient and 
minimizing interference from background radiation. Thus, the aim is to determine this position. 

4.2. Theoretical foundation  
Optimizations on the positioning of the detector system is based on the premise that the photon fluence 
varies for different positions around a radiation source. This premise is based on the fact that the 
photon fluence is defined as: 

Φ =	R#RP           (22) 

Where Φ is the photon fluence [m-2], N the number of photons [-] and A is the surface area [m2]. 
Equation 23 can be used to show that the photon fluence decreases as the distance to the source 
increases since: 

S =	 #T:U<           (23) 

Where r [m] is the distance to the source. It should be mentioned that this applies to sources that are 
isotropic in nature like point sources3 and spherical sources that have negligible dimensions. However, 
the body is a complex geometry that is certainly not isotropic in nature. Even if the activity is 
distributed in the body homogeneously, the geometry will not be isotropic in nature. This suggests that 
the premise is indeed true.  

In this chapter the fluence rate will be used instead of the photon fluence. This fluence rate is defined 
as followed: 

V =	RWRB            (24) 

Where ϕ is the fluence rate [m-2·s-1] and t is time [s].  

4.3. Methods and materials 
Microshield® has been used to conduct all simulation in this thesis. Microshield® is a simulation 
program that allows users to calculate several parameters involving radiation. These parameters are 
activity, fluence rate, energy fluence and dose rate. All parameters can be calculated for specific 
geometries and radionuclides and thus photon energies. In addition, Microshield® provides the 
opportunity to calculate all the before mentioned properties in presence of shielding.  

Determining the fluence rate as a function of position around the body 

Investigations were started by determining whether the fluence rate of photons originating from the 
body is position specific. This investigation was conducted by varying the height, width or distance 
with respect to the body. For these parameters (height etc) values were arbitrarily chosen since the 
results will be approximated by equations. These equations can then be used to calculate the fluence 
rate for any possible height, width or distance. 

                                                      
3 A point source has no measurable dimensions. 
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During simulations only one variable was changed at a time. The results of these simulations would 
prove or disprove the hypothesis that the fluence rate varies for different position around the body. 
Thus, making it possible to optimize the position of the detector system in which the relatively lowest 
fluence rate of photons originating from the body would be measurable. 

In figure 26 a schematic representation of the body has been shown in which the arm were position 
alongside the body. This schematic representation has been used to approximate the geometry 
necessary for simulations. It can be seen that the body can be approximated by a rectangular volume. 
Thus, this geometry was used in simulations. The dimensions used for this geometry were:  

• Height: 1.8 m 
• Length: 0.30 m4 (thickness) 
• Width: 1.0 m 

These dimensions were arbitrarily chosen. The results will show a relative difference in the fluence 
rate and will therefore be the same for practically any geometry.  

During simulations this rectangular volume was filled with 177Lu which was distributed over geometry 
homogeneously (as is the case immediately after infusion of the radiopharmaceutical). Dimensions 
used for this geometry were: 

Determining the optimal position for the detector system with respect to the body 

The before mentioned simulations were followed by simulations to determine the fluence rate at 
specific positions. In this simulation the body was also approximated by an rectangular volume. In this 
case, like earlier, the geometry was based on a body in which the arm was positioned alongside the 
body.  

In simulations, the fluence rate of photons originating from the body was determined for specific 
positions that would correspond to the detector system position. It was assumed that the detector 
system would be positioned at the wrist/forearm. In addition, it was assumed that the arm would be 
extended to enlarge the distance between wrist and detector system. Thus enlarging the distance 
between body and detector system. 

The positions used in the simulations are correlated to specific arm positions. Arm positions that 
would be easy to maintain and comfortable for the patient. The used arm positions were: 

• an extended arm forward 

• an extended arm to the side. 

With each arm position two parameters were varied. Parameters that have been varied were the height 
and the distance. During simulations the dimensions of the geometry were  

NB. Figures showing the geometries used for the different arm position can be found in Appendix B1: 
Simulated geometries.  

  

                                                      
4 Average patient thickness is about 30 cm. The patients are relatively thin due to the illness. 
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4.4. Results 
Result corresponding to determination of the position dependent fluence rate 

Results of the simulations on the height, width and distance dependent fluence rate are shown. In these 
results the fluence rate is shown for the two photon energies including build-up(§3.2): 

• 113 keV 

• 208 keV 

The position dependent fluence rates for 113 keV and 208 keV photons both without and with build-
up are shown in figures 6 to 8. Specific values used in these figures can be found in tables 1 to 3 in 
appendix B2.  

In figure 6 the results of simulations on the fluence rate at several height positions can be seen. It can 
be observed that there is a slight curvature in the all lines. A proper fit for each line is obtained by 
applying a second order polynomial. The polynomial shows that the fluence rate varies as a function 
of height with respect to the geometry. These specific equations can be used to calculate the fluence 
rate at a random height with respect to the body. 

In addition, the polynomials show that maximum photon fluencies can be observed when a detector is 
positioned at half height of the geometry. This applies to both photon energies, either with or without 
build-up. This can be explained by the fact that the path length of photons will become more equal for 
all photons originating from the source. 

 

Figure 6. Graph that shows the fluence rate as a function of height. In this graph the blue line represents photons with 
an energy of 113 keV without build-up. The red line represents photons with an energy of 208 keV, also without build-
up. The green and purple lines represents photons with energies of 113 keV and 208 keV respectively. In the latter two 
build-up is included. 

Figure 7 shows the results of simulations on the fluence rate at several width positions. Like in figure 
6, the lines show a curved shape that is best fitted with a second order polynomial. The polynomial 
shows that the fluence rate is also dependent on the width position with respect to the geometry. As 
observed from figure 6, the maximum fluence rates can be measured when detectors are positioned at 
half width of the geometry. All of the before mentioned observations apply to both photon energies, 
either without build-up or with build-up.  

y = -0.5x2 + 0.8x + 1.2

y = -1.0x2 + 1.8x + 2.4

y = -3.2x2 + 5.7x + 5.9

y = -4.7x2 + 8.4x + 8.4

0

2

4

6

8

10

12

14

0.7 0.8 0.9 1 1.1 1.2

Φ
·

1
0

3
[p

h
o

to
n

s/
cm

2
/s

]

h [m]



   

25 
 

 

Figure 7. Graph that shows the fluence rate as a function of width. In this graph the blue line represents photons with 
an energy of 113 keV without build-up. The red line represents photons with an energy of 208 keV, also without build-
up. The green and purple lines represents photons with energies of 113 keV and 208 keV respectively. In the latter two 
build-up is included. 

The results of simulations on the fluence rate for several distances can be viewed in figure 8. In figure 
8 it can be observed that fluence rate does not decrease with the square of the distance. This was to be 
expected for two reason. For one, the geometry of the source is not spherical in shape. Thus, the 
geometry is not isotropic in nature. Secondly, the geometry has rather large dimensions with respect to 
the distances used in the simulation. The source will only approximate the square of the distance for 
large distances between detector and source (r>>d).  

It can also be seen that the decrease in fluence rate is different for both photon energies. This was to be 
expected since the attenuation of photons is energy specific. With increasing photon energies the 
attenuation will decrease. On top of that, build up also influences the decrease in fluence rate as a 
function of distance. This is due to the higher number of photons that will be detected for broad beam 
geometry as opposed to narrow beam geometries. 

 
Figure 8. Graph that shows the fluence rate as a function of distance to the body. In this graph the blue line represents 
photons with an energy of 113 keV without build-up. The red line represents photons with an energy of 208 keV, also 
without build-up. The green and purple lines represents photons with energies of 113 keV and 208 keV respectively. 
In the latter two build-up is included. 
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Results presented in figures 6 to 8 show that a decrease in detectable fluence rate can be achieved by 
increasing the distance between geometry and detector, and positioning the detector off centre in both 
height and width perspective with respect to the body. 

These results show that there are positions that will result in a lower measurable fluence rate. It should 
be possible to optimize a position for the detector system in which the measurable fluence rate of 
photons originating from the body will be relatively lowest. 

Results associated with specific arm positions 

The fluence rate of photons originating from the body was determined for the specific detector system 
positions. These positions are correlated to two arm positions: arm extended forward and arm 
extended sideways. The arm positions can be viewed in figures 27 and 28 of appendix B1. Results 
were obtained by conducting simulations. In addition, the height and the distance with respect to the 
geometry was varied.  

In figure 9 the fluence rate as a function of height can be observed for the two specific arm positions. 
This figure shows that the fluence rate for both the 113 keV and 208 keV photon energies are 
significantly greater in the arm forward position. The ratio between the photon energies for both arm 
positions can be found in table 5 located in appendix B3.  

The figure also shows that the fluence rate is at a maximum once the arm is placed at half height of the 
body. It also shows a decreasing fluence rate once the arm is moved off centre, either in lower or 
higher position. Both these properties were already determined earlier as can be seen in figure 6.  

 

Figure 9. Graph that shows the fluence rate as a function of height for two arm positions. The blue and red line 
represent the fluence rates for photon energies of 113 keV and 208 keV respectively, for a sideways extended arm. The 
green and purple line the fluence rates for 113 keV and 208 keV photons respectively, for a forward extended arm. 

Figure 10 illustrates the results of the simulations on the fluence rate for the two chosen arm positions. 
The fluence rate is, as in figure 9, greater for both 113 keV and 208 keV photon energies once the arm 
is extended forward. Ratios between both photon energies for the two arm positions can be found in 
table 7 located in appendix B2.  

The figure also shows that the fluence rate is not decreased with the inverse square law. This is in 
accordance with the results presented in figure 8. Moreover, the power fit in figure 10 results in 
smaller powers for both photon energies than shown in figure 8, either with or without build-up. 
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Figure 10. Graph that shows the fluence rate as a function of distance for two arm positions. The blue and red line 
represent the fluence rates for 113 keV and 208 keV photons respectively, for a sideways extended arm. The green 
and purple line the fluence rates for 113 keV and 208 keV photons respectively, for a forward extended arm. 

From figure 9 and figure 10 it becomes clear that of the two arm positions, the better position is once 
the arm is extended sideways. In this arm position a lower fluence rate will be measurable. Thus, the 
optimized arm position is with the arm extended sideways. This can be explained when reviewing 
equation 22. This equation states that the photon fluence rate and concordantly the fluence rate 
depends on the area. The area is smaller of the geometry and body is smaller sideways than from the 
front. 

However, optimized positioning of the detector system is patient specific. The length, height and 
thickness is different for each patient. Thus, making it impossible to optimize the position for all 
patient. Whilst this may be the case a standard position for the detector can be chosen taking into 
account that the measurable fluence rate will be lower when the detector and arm are position 
sideways. This standard position will be chosen rather arbitrarily. The position of the detector system 
will be set at 50 cm distance to the body at a height of 140 cm with respect to the body. Width position 
of the detector system will set for half patient thickness. 

4.5. Conclusions 
Results show that the fluence rate depends on two key parameters. For one, the geometry of the 
source. Second, the position with respect to the source. The geometry of the source will determine the 
isotropic or anisotropic nature of the fluence rate. An anisotropic property will lead to a position 
dependent fluence rate. In addition, the distance will also determine the measurable fluence rate. 

Due to these position dependent photon fluencies an optimized arm position and detector position 
could be established. The optimized arm position proved to be a position in which the arm was 
extended sideways.  

  

y = 1.1x-0.8

y = 1.6x-0.8

y = 3.5x-0.8

y = 4.9x-0.9

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Φ
·

1
0

3
[p

h
o

to
n

s/
cm

2
/s

]

d [m[



   

28 
 

4.6. Discussion 
It has been shown that a lower fluence rate will be measured once the detector is placed at wrist 
position with the arm extended sideways. However, optimizing the position to specific values proved 
more difficult. This is patient specific since arm lengths differ per patient. Though, it was possible to 
choose a standard position for the detector system. This standard position was set for a distance of 50 
cm between the body and detector system, with the detector system placed at a height of 140 cm with 
respect to the body. The width position of the detector system was set for half of the bodies thickness. 

In addition, the fluence rate will not be reduced sufficiently. Due to this the SNR will not be sufficient. 
Further reduction of the fluence rate can be achieved by shielding the detector system. Optimizations 
for shielding the detector system will have to be investigated.  
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5. Investigations on the signal-to-noise ratio. 

5.1 Introduction & Objective 
The level of noise, that is photons originating from the body instead of the wrist, can be reduced by 
optimal positioning of the detector system. However, optimized positioning of the detector system will 
not be enough to achieve a SNR of at least 100. Nevertheless, this SNR can still be achieved via 
several other possibilities. The aim is to determine the easiest and most efficient method to increase 
the SNR. 

5.2 Problem description and solution 
The detector system will be located around the forearm/wrist, and focused on blood vessels (arteries 
and veins). Photons originating from the blood within the field of view of the detector are regarded as 
signal (S). Photons originating from any other source like for example the rest of the body are 
regarded as background radiation. These photons will be counted and recorded as signal when in fact 
this is noise (N). 

The levels of signal and noise can be described mathematically, albeit simplified, by multiplication of 
the amount of activity with the detector efficiency: 

X = Y	Z ∙ 	 \]^_ 	 ∙ 	 +U<          (25) 

� =	Y	`RM 	 ∙ 	 \]^abc 	 ∙ 	 +D<         (26) 

Where Abl is the amount of activity in the blood [Bq], Abody is the amount of activity in the body [Bq], 
εd,bl is the detector efficiency for the measurement of the amount of activity in the blood [-], εd,body is 
the detector efficiency for the measurement of the amount of activity in the blood [-], r is the distance 
between arm and detectors [m] and R is the distance between body and the detector system [-]. 

The detector efficiency is assumed to be equal for both measurements thus can be removed from the 
equation. With equations 25 and 26 a formula for the SNR can be derived: 

X�A =	 E# =	 P^_P^abc 	 · 	D<U< 	         (27) 

Since the detector efficiencies have been assumed to be equal, the SNR depends on the ratio between 
the amount of activities in blood and body and the ratio in the distances. 

An efficient method of increasing the SNR is to reduce the noise. Reduction of noise can be achieved 
by minimizing the detectable amount of activity in the body and increasing the distance as can be seen 
in equation 27. It has also been shown that even with increased distance between the detector the level 
of noise  

This minimization can be achieved by shielding the detectors from the activity in the body. In 
shielding the detectors there are certain criteria that will determine to what extent the noise can be 
reduced. These criteria are: 

• Material used for shielding 
• Thickness of the shielding 

• Geometry (shape) of the shielding 
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Successfully reducing the number of photons, or fluence rate, can be achieved by using materials with 
high atom numbers (§2.1), such as lead or tungsten. Lead is preferred since it has a high attenuating 
property and its relatively cheap to obtain. In addition, it is a soft metal which makes it very malleable. 

Thickness of the used shielding material will also determine to what extent reduction can be achieved. 
It may be clear that with increasing thickness the fluence rate or intensity will be reduced (§2.2). Thus 
the thicker the used material the lower the noise. However, increased thickness is accompanied by 
increased mass of the detector system. In addition, costs will be higher. Thus, an optimal thickness of 
shielding has to be determined. 

5.3 Materials and methods 
Determining level of Signal 

The level of signal, that is the fluence rate at wrist position, is determined by simulations conducted 
with Microshield® . However, before these simulations could be conducted the amount of activity in 
blood of patients should be known. Data on the amount of activity in blood was collected from dr. 
Mark Konijnenberg at the Erasmus Medical Center. This data was published by Flavio Forrer et al.[3]. 

The data was analyzed by determining the average volume activity in blood for several points in time. 
Points in time that were considered are: 

• t = 0 hours (immediately after infusion) 
• t = 0,5 hours 
• t = 1 hour 
• t = 1,5 hours 
• t = 24 hours 
• t = 72 hours  
• t = 96 hours 

• t = 168 hours 

The calculated volume activity for each moment in time was used to determine the fluence rates at 
detector position for both 113 keV and 208 keV photons. These fluence rates were determined by 
simulations that were conducted with Microshield® .   

For these simulations a cylindrical geometry was created to simulate the forearm/wrist. This geometry 
consisted of 2 cylinders. One of these cylinders, the inner cylinder, represents the combined arteries 
and veins in the forearm and was given a radius of 0.22 cm. The other cylinder was placed around the 
first cylinder. This second cylinder was given a radius of 2.0 cm. Both cylinders were given a height 
of 7.2 cm. The combined length and diameter corresponds to a volume of 1 mL blood.  

In the simulations the dose point, representing the detector, was placed at a height of 3.2 cm and a 
distance of 5.0 cm from the described geometry. The description of geometry and settings is shown in 
appendix C1. 

Determining level of Noise 

The level of noise is caused by the amount of activity in the remainder of the body, that is soft tissues, 
bone, organs and tumors. This level can be lowered by shielding the detector system from this activity. 
Simulations have been used to determine the level of noise at detector position for several thicknesses 
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of shielding  This was done by the thickness of shielding from 0.010 cm to 2.000 cm with increments 
of 0.105 cm. 

In the simulation, the dose point (detector system) was placed at 50 cm distance at a height of 140 cm 
and at a width of 15 cm (half of the body width). Geometry of the body (rectangular volume) was 
identical to the geometry used in the previous chapter. Thus, the dimension used in the geometry were: 

• Height: 1.80 m 
• Length: 0.30 m (thickness) 

• Width: 1.00 m  

The fluence rate or noise was determined for two moments in time. First for the moment immediately 
after infusion (t=0) and second for 24 hours after infusion. 

Improving SNR 

The fluence rates for the level of signal and the level of noise were used to calculate the signal-to-
noise ratio for several thicknesses of shielding. This was done for two important moments in time: t= 0 
h and t = 24 h after infusion. Once the desired minimal SNR of 100 can be achieved for both these 
time points all measurements within 24 hours will have been performed with a SNR of 100. 

5.4 Results 
The amount of activity in the blood was determined for several points in time. This was done for 16 
patients. The results for each patient was used to calculate the average amount of activity and 
according inaccuracy. This average amount of activity and inaccuracy are plotted in a graph. This 
graph can be seen in figure 11. The corresponding values can be found in table 8 in appendix C2. 

 

Figure 11. Graph that shows the average activity in blood of 16 patients as a function of time.  

From figure 11 it can be seen that the amount of activity in the blood is rapidly decreased. In specific, 
the amount of activity is reduced to circa 1.7 % of the initial value within twenty-four hours. 

The values for the amount of activity at several points in time were used in simulations to determine 
the fluence rate at detector position. This was done separately for the 113 keV and the 208 keV 
photons. The resulting detectable fluence rates were also plotted as a function of time, as can be seen 
in figure 12. Values used to plot the graph in figure 12 can be found in table 9 appendix C2. 
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Figure 12. Graph that shows the detectable fluence rate as a function of time for 1 mL of blood at a distance of 5 cm. 
The average activity in 1mL of blood for 16 patients was used in this graph. The blue line represents the fluence rate 
of the 113 keV energy photons. The red line represents the fluence rate  

In figure 12 only the fluence rates for the first 24 hours after infusion are shown. This is done because 
the detectable fluence rates have been decreased to an extent that makes external measurements rather 
difficult. As the fluence rate is decreased, the measurement time should be increased. However, long 
measurement times (more than 60 or 120 seconds) is not wanted. Thus, making measurements with 
the detector system longer than 24 hours after infusion impossible. Therefore, investigations on the 
SNR have been conducted for only two critical time points: 0 hours (immediately after infusion) and 
24 hours after infusion.  

The level of noise at detector position, that is fluence rate originating from the rest of the body, has 
been determined in presence of several thicknesses for the moment immediately after infusion. In 
addition, the same has been done for 24 hours after infusion. The results are shown in figure 13 and 
figure 14 respectively. The resulting values can also be found in tables 10 and 11 in appendix C2. 

 

Figure 13. Graph in which the fluence rate is displayed as a function of the shielding thickness. In the graph the blue 
squares represents a photon energy of 113 keV. The red squares represent a photon energy of 208 keV 
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Figure 14. Graph that shows the fluence rate as a function of shielding thickness. In the graph the blue squares 
represents a photon energy of 113 keV. The red squares represent a photon energy of 208 keV. 

In both figure 13 and figure 14 can be seen that the fluence rate is decreased exponentially, as 
expected. The value shown in the exponent of the equations represent the attenuation coefficient of 
lead for the specific energies in [cm-1]. The values deviate from expected values, which are 52.5 [cm-1] 
for 113 keV photons and 10.8 [cm-1] for 208 keV photons5. The observed average values are 27.6 [cm-

1] for 113 keV photons and 7.6 [cm-1] for 208 keV photons. The discrepancy in the values may be 
explained by the inaccuracy of the resulting fit as performed by Microsoft Excel. In addition, the 
geometry of the body causes a broad beam geometry for the photons. The attenuation coefficients are 
determined using a narrow beam geometry. 

The levels of signal and noise for the time immediately after infusion and 24 hours after infusion have 
been used to calculate the signal-to-noise ratio. This was done for both 113 keV and 208 keV photon 
energies. In addition, the SNR was determined for multiple thicknesses of shielding. This showed that 
the signal-to-noise ratio increases rapidly as the thickness of shielding increases (level of noise is 
decreased as the thickness of shielding is increased). It also showed that the SNR increases less rapidly  
for 208 keV photons than for 113 keV photons. This is due to the difference in attenuation for photon 
energies. Thus, the SNR will be (mostly) determined by 208 keV photons and how well these photon 
can be stopped. 

The relationship between the SNR and thickness of shielding can be clarified by a graph as is shown in 
figure 15. In this figure the logarithm of the SNR is displayed as a function of the shielding thickness. 
In the plot both t = 0 hours and t = 24 hours after infusion is shown.  

  

                                                      
5 The mass attenuation coefficients have been determined by NIST and are published: 
http://physics.nist.gov/PhysRefData/XrayMassCoef/ElemTab/z82.html  
Data from this table has been used to calculate the linear attenuation coefficient (data not shown) 
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Figure 15. Graph that shows the SNR as a function of shielding thickness. The blue squares represent measurement 
immediately after infusion (t = 0 h). The red line represents measurements represent 24 hours p.i. (t = 24 h). 

In figure 15 can be seen observed that the SNR is generally lower for 24 hours p.i. This can be 
explained by the shift in the level of signal and the level of noise as time progresses. The amount of 
activity in the blood is more rapidly decreased than the amount of activity in the body6. Equations in 
figure 15 can be used to calculate the thickness of shielding needed when a specific SNR is desired or 
required.  

An error of 1% can be reached when the SNR is 100. A SNR of 100 can be achieved by using a 
thickness of 1.60 cm of lead shielding.  

5.5 Conclusions 
The amount of activity in the blood and in the body will determine the signal to noise ratio. It has been 
known that the amount of activity in the blood (circa 1.7 % of the injected amount) is decreased more 
rapidly than the amount of activity in the body (circa 30% of the injected amount). The difference in 
decrease of activity will result in a shift in the signal to noise ratio. Signal to noise ratios can be 
increased by lowering the noise which is achieved by using shielding. 

Shielding the detector will cause a lowering of the level of noise or fluence rate. This fluence rate is 
reduced exponentially, as expected. The reduction of fluence rate differs for photon energies due to 
increasing stopping power for decreasing photon energies. As a consequence, highest photon energy 
should be used in calculating signal-to-noise ratios. 

An error of 1% is obtained when a SNR of 100 is achieved. This SNR can easily be achieved by 
applying a specific thickness of shielding. However, the thickness needed to achieve a SNR of 100 is 
different for the moment immediately after (t = 0h) and 24 hours after infusion. For t=0 h 1.22 cm of 
lead shielding is adequate to achieve a SNR. For t = 24 hours at least 1.60 cm of lead shielding is 
needed. 

5.6 Discussion 
The level of noise is not solely determined by the amount of activity in the body. There is also a 
contribution by leakage of photons from outside of the field of view. In further investigations this 
contribution should be estimated or measured.  

                                                      
6 The data is not shown but it is known that the amount of activity in the body, that is organs, tissue and tumors,  
is 30 ± 10 % of the injected dose.  
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6. Determination of detector properties 

6.1 Introduction & objective 
Measurements on the amount of activity in the blood need to be performed correctly, that is with a 
relatively small uncertainty. This is only possible if detector properties are known. Not all properties 
are known and therefore have to be determined. The aim is to determine the linearity of the detector 
and the detector efficiency for both detectors.  

6.2 Problem 
Linearity of the detector 

Measurements on the amount of activity in blood can only be conducted correctly and accurately once 
detector properties are known. One of the important detector properties is the linearity. Linearity can 
be defined as the identical response of the detector on various amounts of activity.  

During measurements on the linearity of a detector there are variables that can complicate 
measurements and calculations. One of these variables is the geometry of the source. A point source 
would be the preferred geometry during measurements. However, in practice point sources cannot be 
created. Sources will always have measurable dimensions. Luckily the influence of the geometry can 
be minimized. 

Placing a source with relatively small dimensions at relatively large distance from the detector will 
create the opportunity to approximate the source as a point source. The source will then comply with 
the inverse squared law and the geometry can be easily included in all calculations. Thus making the 
following equation usable for calculations: 

V =	 MPT:U<           (28) 

Where φ is the fluence rate [m-2·s-1], y is the abundance of the specific photon energy [-], A is the 
amount of activity [Bq] and is r the distance between source and detector [m]. This equation is used to 
determine activities needed for the linearity measurements (further described in materials & methods). 

Detector efficiency 

Another important property is the detector efficiency. This detector efficiency shows the ease with 
which the detector can measure radiation. It should be mentioned that this detector efficiency is energy 
dependent. In addition, like with measurements on linearity, measurements on the detector efficiency 
may be complicated by geometry of the source. By also using sources with small dimensions in 
comparison to the detector surface the sources can be approximated as point sources. With this 
specific condition met during measurement the following equation can be used to calculate the 
detector efficiency: 

\ = efeg =	 Dc$hib<	:Ub< =	 TDR<MPUb<         (29) 

Where ε is the detector efficiency [-], R is the measured rate [s-1], d is the distance between source and 
detector [m], y is the yield or abundance for specific photon energies [-], A is the amount of activity 
and rd is the radius of detector surface [m].  

  



   

36 
 

6.3 Methods & Materials 
Each detector used for measurements consisted of a CeBr3 scintillation crystal that was linked to a 
photomultiplier tube. This entire set-up was linked to a offsprey (Canberra) communication and power 
supply 

Detector linearity 

The average amount of activity in the blood for several point in time has already been determined and 
shown in chapter 5. In addition, the fluence rate at detector position for each point in time has already 
been determined by simulations. This fluence rate was used to calculate the amount of activity needed 
in a source of 177Lu when the source was placed at 2 m distance from the detector. The results of the 
simulations and calculations are shown in tables 14 to 17 in appendix D3. 

Measurements on the detector linearity are based on these activities and were included with additional 
activities. This was done to determine at what activity the linearity would be compromised. Eventually 
twelve different amounts of activity were measured in two different vials. In specific, seven of the 
twelve activities were measured in a volume of 10 mL in a vial of 10 mL. The remaining activities 
were measured in a volume of 100 mL in 100mL IV bottles. Measuring times were specifically chosen 
for each activity. The aim was that the counting error would be less than 1 %. 

Each measurement was conducted three times to determine repeatability and make proper statistics 
possible. All measurements were conducted for the two detector simultaneously. This was possible 
due to the placement of the detectors with respect to each other. The detectors were placed opposite 
from each other with 4 m distance between the detectors.  

Detector efficiency 

The detector efficiency was determined for both detectors by measuring the amount of photons for 
different distances between the source and detector. During measurements, the measurement time was 
kept constant at 60 seconds. The measurements were conducted using two amounts of activities of 
177Lu in small volumes of 25 µL each.  

Activities used were: circa 12.6 MBq and circa 22.7 MBq (exact values are presented later). The lower 
amount of activity was used in measurement in which the distance between the source and detector 
was varied from 7.0 to 13.0 cm. The higher amount of activity was used in measurements in which the 
distance was varied from 15.0 to 35.0 cm 

6.4 Results 
Detector linearity 

The amount of detected photons were corrected for background radiation, and the total amount of 
disintegrations during the measurement time was calculated. Calculations were done with the equation 
presented in appendix D1. The results of measurements and calculations for each detector and each 
photon energy were collected and plotted in separate graphs including the inaccuracy of each 
measurement.  

Detector 279 

In figure 16 and figure 17 the results of the linearity measurements for the detector designated as 279 
are shown. The corresponding values and inaccuracies can be found in tables 14 to 17 in appendix D3. 
Figure 16 shows the linearity plot for 113 keV photons.  
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Figure 16. Graph in which the amount of detected 113 keV photons is displayed as a function of the number of 
disintegrations during the measurement time interval for detector 279.  

The linearity of the detector is determined by applying linear regression theorem on both figure 16 and 
figure 17. This regression analysis showed that the detector is linear for the various amounts of 
activity used since the r proved to be 0.993. The response of detector proved to be (0.062 ± 0.002) 
count/disintegration for 113 keV photons.  

 

Figure 17. Graph in which the amount of detected 208 keV photons is displayed as a function of the number of 
desintegrations during the measurement time interval for detector 279. 

The detector linearity for 208 keV was analyzed in a similar manner as for the 113 keV photons. Thus 
regression analysis was also performed on the values used for figure 17. This resulted in conformation 
of linearity of the detector for all amounts of activity used. And showed that the response of the 
detector for 208 keV photons is (0.064 ± 0.002) count/disintegrations.  

These results show that the detector response is higher for 208 keV photons than for 113 keV photons 
albeit marginally higher. This suggests that detection for low energy photons is more difficult. A 
reasonable explanation could be that low energy photons might lose energy before they could  excite 
atoms in the crystal and therefore less signal is produced. However, another reasonable explanation 
could be that the difference in response is within inaccuracy interval of the measurements. 
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Detector 276 

The results of measurements for detector 279 were analyzed in a similar manner as was done for 
detector 276. Figures 18 and 19 show the measurement result for 113 keV and 208 keV photon 
energies respectively. All corresponding values including inaccuracies are presented in tables 18 to 21 
in appendix D3. 

 

Figure 18. Graph in which the amount of detected 113 keV photons is displayed as a function of the number of 
desintegrations during the measurement time interval for detector 279. 

Regression analysis on detector linearity for 113 keV and 208 keV was performed. This analysis 
resulted in a response of (0.062 ± 0.002) counts/disintegration for 113 keV and a response of (0.063 ± 
0.002) counts/disintegration for 208 keV photons.  

 

Figure 19. Graph in which the amount of detected 208 keV photons is displayed as a function of the number of 
desintegrations during the measurement time interval for detector 279. 

These results in detector response also overlap and are closer together than for detector 279. This 
shows that the inaccuracy in measurements indeed are the responsible for the deviation in response for 
the two photon energies. 

  

y = 0.062x + 0.028

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 2.5 5.0 7.5 10.0 12.5 15.0

N
· 

1
0

5
[C

o
u

n
ts

]

n · 109 [disintegrations]

y = 0.063x + 0.019

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.0 5.0 10.0 15.0 20.0 25.0

N
· 

1
0

5
[C

o
u

n
ts

]

n · 109 [disintegration]



   

39 
 

Detector efficiency  

The number of photons detected were corrected for background radiation. Subsequently, the number 
of photons in each measurement were converted to rate. In addition, the theoretical rate was 
calculated. The detector efficiency could then be calculated using equation 29. The detector efficiency 
is plotted in a graph as function of the distance between the source and the detector. This type of graph 
will  

Detector 279 

In figure 20 the results are presented for 113 keV and 208 keV photon energies respectively. The 
inaccuracy in the measurements are included in the figure.  

 

Figure 20. Graph in which the detector efficiency is plotted as a function of the distance between the source and 
detector. The blue line represents 113 keV energy photons and the red line 208 keV energy photons. 

In figure 20 can be seen that the detector efficiency is increased as the distance between the source and 
the detector is increased. In addition, it can be seen that the detector efficiency depends on the photon 
energy. The same can be observed in figure 21. In figure 21 the results of measurements on detector 
276 are presented.  

 

Figure 21. Graph in which the detector efficiency is plotted as a function of the distance between the source and 
detector. The blue line represents 113 keV energy photons and the red line 208 keV energy photons. 
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In both figure 20 and figure 21 it can be observed that the decrease in efficiency can be approximated 
with a power fit. And that this power fit approaches the inversed square law.  

The equations from the fits create the opportunity to calculate the detector efficiency for a specific 
distance between source and detector. The source eventually being the arm. A known efficiency of the 
detector will make the estimation of the amount of activity in the blood possible. 

6.5 Conclusions 
Experiments show that both detectors are linear for activities ranging from 18 MBq to 4 GBq. It 
should be stated that the detectors are linear when these activities are placed at 2 m distance. This 
implies that the detector is linear within the range of activities  in which measurements on the 
wrist/forearm wil  

This can also be expressed as a response, and this response proved to be equal for both detectors. 
However, this is only the case for 113 keV photons. Photons energies of 208 keV show a similar but 
not equal response with the detectors. The response for 113 keV photons is (0.062 ± 0.002) 
counts/disintegration. For 208 keV photons the response is shown to be (0.063 ± 0.002) 
counts/disintegration and (0.064 ± 0.002) counts/disintegration for detector 276 and 279 respectively. 

The detector efficiency has also been determined for both detectors, and for both 113 keV and 208 
keV photon energies. The efficiencies for 113 keV photons proved to be (76 ± 5) % and (73 ± 6) % for 
detector 276 and detector 279 respectively. For 208 keV photons, the efficiencies proved to be (54 ± 5) 
% and (56 ± 5) % for detector 276 and detector 279 respectively. 

6.6 Discussion 
The detectors proved to be linear for a range of activities. The actual linearity of the detectors can only 
be determined once the response starts to deviate. Therefore, absolute linearity measurements of the 
detector demands that the range of activities is increased to the point that the response starts to deviate. 

The detector efficiency was determined with a relatively large inaccuracy. This inaccuracy might have 
been caused by the use of two separate sources. Another explanation could be found in the solid angle 
during measurement. This solid angle is changed as the distance is increased. For larger distances the 
photons tend to enter the detector more parallel and almost perpendicular to the detector surface. The 
path length for photons then becomes practically equal and will only then give an accurate detector 
efficiency.  



   

41 
 

7. Investigations on optimal detector position with respect to the 

arm. 

7.1 Introduction & objective 
The total amount of activity in blood can be determined by measuring the volume activity of blood. 
This could be done by means of external measurements of the forearm. These external measurements 
would require correct and accurate determination of the volume of blood. The volume of blood is 
determined by the field of view of the detector. The field of view of the detector can be reduced by 
means of shielding. However, this would also reduce the amount activity that can be detected and will 
hereby influence the accuracy of the measurement. The aim is to determine the optimal position for 
detectors with respect to the arm in which accuracy during measurement is least affected. 

7.2 Theoretical foundation 
Measurements on the volume activity in blood can only be conducted once the volume of blood can be 
determined accurately. The measurable volume of blood is determined by the field of view of the 
detector. An unshielded detector can measure activity originating from any direction. In addition, an 
unshielded detector could not be used in measurements since the volume corresponding to the 
measured activity would be unknown. Thus, shielding (collimating) the detector will create the 
opportunity to determine the measurable volume of blood. 

Although the field of view may be critical in determining the measurable volume of blood, it is not the 
only parameter in that has to be determined accurately. The geometry of the source, in this case the 
forearm, is another important parameter. The influence of the geometry should and can be minimized 
during measurements. This can be achieved by increasing the distance between source and detector. 
With increasing distance the source will approximate a point source geometry. A point source has in 
fact no measurable geometry. For point sources equation 28 can be used.  

There is a disadvantage in increasing the distance between the source and detector. Increased distance 
will decrease the measurability of activity.  

7.3 Methods and materials 
Measurable number of photons as of function of sample length 

Microshield®  has been used to conduct simulations to determine the theoretical detectable fluence rate 
at detector position in case the detector is placed near the wrist/forearm. This determination has been 
done for two points in time. The points in time were moments immediately after and 24 hours after 
infusion. In the simulations the geometry of the forearm was regarded as a cylinder (as was done in 
§..). The dimensions of the geometry were equal to the dimensions used in paragraph 6.2. However, 
the simulation was conducted for three different sample lengths7: 

• 7.2 cm 
• 10.0 cm 

• 12.5 cm 

In each simulation the fluence rate was determined for several different distances between sample 
(forearm) and detector. The distances used were:  

                                                      
7 The section of forearm as observed by the detector is defined as the sample. The sample length will then also 
represent a section of the arm with a specific length. 
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• 0.0 cm (detector placed on the skin) 
• 2.0 cm 
• 4.0 cm 
• 6.0 cm 
• 8.0 cm  
• 10.0 cm 

The resulting fluence rates were combined with the earlier determined detection efficiency to estimate 
(calculate) the number of detected photons after a measuring time of second seconds. This estimation 
has also been conducted for the two points in time, as mentioned earlier.  

Theoretical field of view 

The field of view has been determined for the parameters used in simulations on the measurable 
number of photons. In specific, the used parameters are the distance between the detector and source 
and the sample length.  

Measurements on the field of view 

Measurement have been conducted to determine whether it was possible to create a specific field of 
view by shielding the detectors. In the measurement a source of 177Lu has been used. This source was 
created by placing a volume of less than 5 µL in a small vial (Mobitec). This vial then contained an 
activity of (2.2 ± 0.1) MBq. 

This vial was placed opposite from the detector at a distance of 10 cm between source and detector. 
This detector was wrapped cylindrically in lead layer creating a shielding thickness of 1.5 cm. The 
detector was placed within the shielding in which the shielding extended 5.8 cm with respect to the 
detector. 

In measurements the source was moved sideways along a straight line. This would create the change 
in angle between the detector centre and the source. This was done for circa 7.5 cm in both positive 
and negative direction. The positive direction was defined as being positions right to the center of the 
detector and the negative direction was defined as being positions left from the center of detector. The 
measuring time was kept constant at 60 seconds for each measurements.  
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7.4 Results 
Measurable number of photons at detector position 

The fluence rate at detector position has been determined for different sample lengths. The resulting 
fluence rate has been used to estimate the number of photons that will have been detected after 60 
seconds of measurement. Simulations and estimations have been conducted for both the moment 
immediately and 24 hours after infusion, and 113 keV and 208 keV photon energies.. All results of 
simulations and estimations (calculations) have been collected and organized in tables 26 to 31 in 
appendix E2. 

The results shown in the before mentioned tables has been plotted in graphs. However, only results for 
the 208 keV photons have been shown in the graphs. First, the results for the moment immediately 
after infusion are shown in figure 22. 

 

Figure 22. Graph in which the theoretical detectable number of 208 keV photons is plotted as a function of the 
distance between the source and detector for moment immediately after infusion (t=0 h). In the graph three lines are 
shown that each represent a different sample lengths. Blue, red and green represent 7.2 cm, 10 cm and 12.5 cm 
respectively. 

From figure 22 can be observed that the estimated number of detected photons is higher for longer 
sample lengths. However, this is only for small distances between the sample and detector. Increasing 
the distance between sample and detector will result in a similar estimated number of detected 
photons.  

Figure 22 can be used to determine the distance between source and detector when a specific number 
of detected photons is required. In addition, the figure can be used to chose a specific sample length. 
For the detector system purposes a minimum of 10000 counts is desired. This number of counts can be 
achieved when the distance between sample and detector is less than 6 cm, as can be seen in figure 22. 
However, a larger distance is desired. A larger distance and the desire for at least 10000 counts can 
also be reached by elongating the counting time to for example 120 second. It will then be possible to 
enlarge the distance between sample and detector to 10 cm. 
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As in figure 22, the estimated number of detected photons is plotted as function of distance between 
source and detector. However, in this plot the results are shown for simulations and estimations for 24 
hours after infusion. 

 

Figure 23. Graph in which the theoretical detectable number of 208 keV photons is plotted as a function of the 
distance between the source and detector. In the graph three lines are shown that each represent a different sample 
lengths. Blue, red and green represent 7.2 cm, 10 cm and 12.5 cm respectively. 

In figure 23 can be seen that like in figure 22 the number of detected photons is decreased once the 
distance between source and detector is increased. However, in contrast to figure 22 the number of 
photons is reduced by a factor of approximately 50 to 100 depending on the distance. It can also be 
observed that the value of 10000 counts will not be reached by any distance. This value can only be 
reached by increasing measuring time 5 to 100 times the initial measuring time of 60 seconds. This 
depends on the distance between the detector and source. 

Theoretical Fields of view 

The measurable sample length is determined by the field of view. Each sample length and distance 
between sample and detector requires its own field of view. This theoretical field of view has been 
calculated and shown in table 32 of appendix E3 

Determined Field of View 

Experiments have been conducted to determine whether the FOV was easily adjustable by means of 
shielding. In addition, the experiments have been used to the determine the effects on the detected 
number of counts after narrowing the FOV. This has been done for each detector separately. Results 
for both detectors are shown in tables 33 to 36 in appendix E4 

In figures 24 and 25 the results for both 113 keV and 208 keV photons are shown for detector 276 and 
279 respectively. In each figure the number of detected photons has been plotted as a function of the 
angle between detector and sample. In both figures the inaccuracy in measurements has been shown. It 
should be stated that an angle of 0o represents sample position directly opposite of the center of the 
detector.  
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Figure 24. Graph in which the detected number of photons is plotted as a function of the angle between source and 
detector for detector 276. In this graph data on both 113 keV and 208 keV photons is plotted separately.  

In figure 24 can be seen that the number of detected photons is practically similar for angles -17o to 
17o. Beyond these angles, in both positive and negative directions, the number of detected photons is 
decreased rapidly. Beyond angles of -31o and 31o no photons, originating from the sample, will be 
detected. These effects can be explained by the shielding surrounding the detector.  

 

Figure 25. Graph in which the detected number of photons is plotted as a function of the angle between source and 
detector for detector 279. In this graph data on both 113 keV and 208 keV photons is plotted separately. 

In figure 25 a similar curve can be observed as shown in figure 24. The values of angles are equal to 
the values mentioned with figure 24.  

It should be mentioned that the slope of the decrease of number of detected photons can be altered by 
changing the shape (geometry) of the shielding (collimation). For correct sample length (volume of 
blood) measurements the slope should be as steep as possible. However, the number of detected 
photons should be similar for all angles within the field of view. 
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7.5 Conclusions 
Simulation results confirm that the influence of the geometry is decreased as the distance between 
source (forearm) and detector is increased. Results show that for distances equal to and larger than 10 
cm the will result in fluence rates that are similar independent from the sample length. It has also been 
shown that a minimal number of 10000 counts can be achieved within or after a measurement time of 
60 seconds by positioning the detector at a maximum distance of 6 cm for the moment immediately 
after infusion. This number of counts cannot be achieved within or after measuring for 60 seconds. 

For each distance the necessary field of view was calculated except for a distance of 0 cm. At this 
distance the detector surface would be in direct contact with the source (forearm) surface. It will then 
be impossible to create the large FOV necessary.  

Results from experiments showed that it is possible to use lead shielding around the detectors 
(cylindrical in shape) to alter the field of view. The position of the detectors within the shielding will 
determine the field of view. 

7.6 Discussion 
Although the minimal number of 10000 counts cannot be achieved at t =24 hours with the set-up 
described in this chapter, the set-up might be altered/enhanced in a manner that this number can be 
achieved. For example, a detector with a larger size crystal can be used. Another possibility, however 
the less preferred possibility, is increasing measurement time.  

Measurements on the FOV showed to have relatively large inaccuracies. These inaccuracies can be 
minimized by using a large distance than 10 cm in experiments. Displacement of the source, over the 
same distance as done in the experiments described in this chapter, will then result in a smaller change 
of the angle. 

In addition, the slope in detected number of photons can be increased or decreased by changing the 
geometry of the shielding surrounding the detectors. 
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8. Project Conclusion 
Investigations were conducted to determine whether a detector system could be developed that would 
be able to measure the amount of activity in blood. In these investigations several criteria were 
examined like positioning and signal to-noise ratio. In addition, detector properties were also 
examined. Properties like linearity, response and efficiency. 

It has been reasoned that the detector system can be best positioned around an extremity. As a 
consequence, the distance between the body and the detector system can be increased. Subsequently, 
the detected number of photons originating from the body is reduced. For the best reduction the 
extremity should be extended out as far as possible creating the largest distance possible. The 
forearm/wrist was preferred of all extremities.  

Moreover, it has been shown that the measurable fluence rate will differ for each arm position. It has 
also been shown that the best arm position is when the arm is extended sideways. This is defined as 
being the best position since the fluence rate of photons originating from the body is lowest at this 
position.  

However, it has been determined that the fluence rate at this position is not reduced sufficiently. This 
will lead to an undesirable signal-to-noise ratio. Luckily, this SNR could be improved by the use of 
lead shielding. The thickness of shielding needed to achieve a SNR of at least 100 is 1.60 cm. 

It became clear that theoretically it should be possible to determine the total amount of activity in the 
blood. Practically, this would only be possible once the before mentioned criteria were determined. 
These criteria have been determined and showed that the detectors are linear for a range of activities. 
This range of activities included the desired range of activities. 

The response of the detectors proved to be equal for 113 keV photons with a value of (0.062 ± 0.002) 
counts/disintegration. In contrast to the response for 208 keV photons the detectors did not show an 
equal value. For 208 keV photons the response is (0.063 ± 0.002) counts/disintegration and (0.064 ± 
0.002) counts/disintegration for detector 276 and 279 respectively. 

The detector efficiencies were also determined. It was confirmed that the detector efficiency depends 
on photon energy. For detector 276 and 279 the efficiency proved to be (76 ± 5) % and (73 ± 6) % 
respectively for 113 keV photons. For 208 keV photons, the efficiencies proved to be (54 ± 5) % and 
(56 ± 5) % for detector 276 and detector 279 respectively. 

Finally, the optimal detector position with respect to the arm were investigated. This investigation 
showed that at a distance of 10 cm between arm and detector the influence of geometry is minimized. 
There has also been shown that the field of view can easily be adjusted by applying shielding around 
the detector.  

Now that all these criteria are determined further investigations can be conducted. These results do 
show that external measurements with this set-up should be feasible. 

NB. All inaccuracies shown here have 1σ as degree of accuracy (68%). These inaccuracies can easily 
be calculated to a 3σ degree of accuracy (99.7%). This applies to the entire report. 

  



   

48 
 

9. Recommendations 
Further investigations are needed to create a detector system that will be able to measure the amount of 
activity in blood with the highest accuracy possible. For one, the collimation needs to be designed 
correctly to reduce leakage of photons that originate from outside of the field of view. This can be 
done theoretically. Another possibility is to empirically determine the optimal geometry of the 
collimating shielding.  

Once the correct collimation has been designed the following subjects can be investigated. 

• Phantom measurements 
• Level of attenuation of the wrist/forearm 

• Patient measurements 

Phantom measurements could be conducted by making a cylinder of Plexiglas in which a small tubing 
with a specific amount of activity is placed, and filling the cylinder with water. This experiments could 
be extended by placing actual bone in the Plexiglas cylinder and even adding more tubing to represent 
more arteries and veins. 

These phantom measurements could be used to estimate the attenuation of the activity. However, the 
attenuation of the forearm could also be determined by means of a CT scanner. A patients arm can be 
scanned and the data can be used to determine the attenuation of each specific tissue8.  

Finally, the detector system should be used on patients to examine whether the amount of activity in 
blood of patients can be determined accurately. This will be done by taking blood samples and linking 
this the results of the blood sample to the measurement with the detector system. 

  

                                                      
8 This data may already be available for a number of patients. 
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11. Appendices 

Appendix A: Project description 
 

Wrist measurement for determining activity in the blood 

Background  

Radionuclides therapies are treated in the department of nuclear medicine of EMC. A project of 
measuring directly the radioactivity in the excreted urine in toilet pot is being investigated by RIH, 
cooperating with EMC. Meanwhile, the whole body counting method has being investigated as well, 
accompanying with the urine collection method. The radioactivity in whole body could be determined 
by the urine measurement or whole body counting.  

Objectives 

Bone marrow is the most radiosensitive tissue in the body and it is commonly the dose-limiting tissue 
for radionuclide therapy. The dose to bone marrow is needed for the patient individual dosimetry. The 
activity in bone marrow is related closely with the activity in blood. Based on the activity in blood, the 
dose to bone marrow could be determined in addition with the activity in whole body. 

Generally the activity in blood is determined by taking the blood samples at a given timeline 
after infusion. Taking blood samples frequently is boring for patients, and also leaves a radiation risk 
for the staff who handles the activity measurements of blood samples. Thereby it is needed to measure 
the activity in blood without taking the blood samples. Can the activity in blood be determined by 
measuring activity in the wrist? 

Target 

The target is to reduce the frequency of taking blood samples so that it is much comfortable for 
patients, and also reduce the radiation risk for the staff.  

There are 8 treats per week. The frequency of taking blood samples is about 4 times with 24 h 
after infusion at least. When the project is completed, the one blood sample is needed still for the 
baseline measurement. 

Activities/Study design 

The radioactivity in wrist could be measured with a wrist measurement under a proper shielding 
against activity in the whole body. A well detector, which the diameter of the well volume should be 
suitable to wrist and hand size, could be used. For instance, a pressurized ionization chamber in dose 
calibrator VDC 505 or a well NaI detector could be a good choice. Alternatively, two scintillation 
detectors (cylinder) could be put on the opposite sides around the wrist.  

Modeling 

In order to optimize the setup of the wrist measurement, a simulation model will be developed by 
using the MNCP5 code or MicroShielding code. The model of the wrist consists of normal tissue, 
blood vessel and bone with different radioactivity levels. The distance between detectors and wrist 
should be optimized so that the impacts caused by the geometrical variations of the patient wrists 
could be minimized. 
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Phantom experiments 

The simulation will be validated by the typical experiment with an arm phantom. The simple arm 
phantom could consist of a plastic cylinder filled with water which simulates normal tissue in arm, 
inserting a plastic tube which simulates vessels and blood in it. The radioactivity in normal tissue and 
blood could be changed by the 177Lu activity in the cylinder and vessel tubes.   

Patient measurements 

At first the wrist measurements will be carried out at a given timeline for a few patients, 
accompanying with the blood samples. The ratio of the count rate of wrist measurement to the activity 
in the blood sample at t=0 h is used as the factor of the patient individual calibration. It may vary with 
time. A proper correction is needed for the variations of the ratios at other times. 

 
( )

( )
( )s

b

n t
R t

A t
=  

Where, n(t) is the count rate (cps) of the wrist measurement at time t, Ab
s(t) is the activity (MBq/mL) 

in the blood sample, R(t) is the response. 

For the normal wrist measurement, a blood sample will be taken immediately after infusion, 
which is used as the reference value of the patient individual calibration. The baseline wrist 
measurement at t=0 h can be used as the calibrations individually. Then the activities in blood can be 
determined by the count rates of the wrist measurements with the correction factors at other times. 

 
( )

( ) ( )
(0)b

n t
A t f t

R
=  

Where, Ab(t) is the activity (MBq/mL) in blood, R(0) is the calibration factor and the f(t) is the 
correction factor. 

Data analysis 

The measurement uncertainty of the activity in blood will depend mainly on the variations of the ratio 
with time. The activity in wrist consists of three parts, e.g. activity in blood, normal tissue in wrist and 
bone (including bone and marrow in the bone in wrist). The activities in normal tissue and bone could 
come from the gamma camera scanning at t=24 h only. The time-activity curves in the different 
organs, e.g. blood, normal tissue and bone of the wrist are different for different patients.  

Planning 

Research schedule: 

Modeling: March-May 2012 

Phantom experiments: June-September 2012 

Patient measurements: October - December 2012 

Summarize: January 2013 

Research group 

The research group consists of the experts from TU Delft and EMC Rotterdam. They are: 
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TU Delft: Peter Bode, Boxue Liu (fulltime), Folkert D.P. Geurink, students (probably) 

EMC Rotterdam: Wout Breeman, Mark Konijnenberg 

Result publication/PR and Communication 

The results will be presented in the annual conference of European Association of Nuclear Medicine 
and probably in a proper technical journal.  
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Appendix B1: Simulated geometries 

 

Figure 26. Schematic representation of the body in which the arms are position alongside the body. This 
representation has been used to determine the geometry used in simulations. 

 

Figure 27. Schematic representation of the body and the corresponding geometry used to simulate the fluence rate of 
photons originating from the body at detector position where the arm would be extended forward.

 

Figure 28. Schematic representation of the body and the corresponding geometry used to simulate the fluence rate of 
photons originating from the body at detector position where the arm would be extended sideways. 
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Appendix B2: Tables regarding position dependent fl uence rates  

Table 1. Results of the simulations on height dependent fluence rates 

 

without build-up with build-up without build-up with build-up 

E [KeV] 113 113 208 208 

h [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

0,7 1,53 8,38 3,13 12,0 

0,8 1,54 8,48 3,16 12,1 

0,9 1,54 8,51 3,16 12,1 

1 1,54 8,48 3,16 12,1 

1,1 1,53 8,38 3,13 12,0 

1,2 1,50 8,22 3,08 11,7 

 
Table 2. Results of the simulations on width dependent fluence rates 

 

without build up with build-up without build up with build-up 

E [keV] 113 113 208 208 

w [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

0,30 1,45 8,0 2,98 11,4 

0,40 1,52 8,4 3,12 12,0 

0,50 1,54 8,5 3,16 12,1 

0,60 1,52 8,4 3,12 12,0 

0,70 1,45 8,0 2,98 11,4 

0,80 1,33 7,4 2,73 10,6 

 
Table 3. Results of the simulations on distance dependent fluence rates 

 

without build up with build-up without build up with build-up 

E [keV] 113 113 208 208 

d [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

0,4 2,26 13,5 4,67 19,9 

0,5 1,87 10,9 3,84 15,8 

0,6 1,54 8,8 3,16 12,7 

0,7 1,28 7,2 2,61 10,4 

0,8 1,06 5,9 2,18 8,5 

0,9 0,89 4,9 1,82 7,1 
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Appendix B3: Tables regarding the arm position depe ndent photon fluencies 

Table 4. Results on the height dependent fluence rate for two arm positions. 

 

arm sideways 

  

arm forward 

E 

[keV] 113 208 

 

E [keV] 113 208 

h [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

 

h [m] φ · 10
3
 [cm

-2 
· s

-1
] 

φ · 10
3
 [cm

-2 
· s

-

1
]] 

0,9 0,58 0,80 

 

0,8 5,49 7,93 

1 0,57 0,80 

 

0,9 5,52 7,97 

1,1 0,57 0,80 

 

1 5,49 7,93 

1,2 0,56 0,79 

 

1,1 5,43 7,84 

1,3 0,55 0,77 

 

1,2 5,32 7,67 

1,4 0,53 0,75 

 

1,3 5,15 7,42 

 
Table 5. Ratios between arm positions for both photon energies (height dependent) 

h [m] 

Ratio arm forward/arm sideways 113 keV 

photons 

Ratio arm forward/arm sideways 208 keV 

photons 

0,9 9,59 9,93 

1,0 9,57 9,91 

1,1 9,51 9,85 

1,2 9,43 9,75 

1,3 9,31 9,62 

 
Table 6. Results on the distance dependent fluence rate for two arm positions. 

 

arm sideways 

  

arm forward 

E [keV] 113 208 

 

E [keV] 113 208 

d [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

 

d [m] φ · 10
3
 [cm

-2 
· s

-1
] φ · 10

3
 [cm

-2 
· s

-1
] 

0,1 7,1 10,2 

 

0,4 7,2 10,6 

0,2 4,6 6,6 

 

0,5 6,3 9,2 

0,3 3,3 4,7 

 

0,6 5,5 8,0 

0,4 2,5 3,6 

 

0,7 4,8 6,9 

0,5 2,0 2,8 

 

0,8 4,2 6,0 

0,6 1,6 2,3 

 

0,9 3,6 5,2 

 
Table 7. Ratios between arm positions for both photon energies (distance dependent) 

d [m] 

Ratio  arm forward/arm sideways 113 keV 

photons 

Ratio  arm forward/arm sideways 208 keV 

photons 

0,4 2,91 2,93 

0,5 3,23 3,23 

0,6 3,48 3,45 
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Appendix C1: Simulated geometry of the wrist. 

 

Figure 29. Geometry used to represent the forearm/wrist in simulations on the fluence rate at detector position.  

Appendix C2: Calculations corresponding to wrist si mulations 
Determining the volume: 

j = 	kl�m           (30) 

Determining the combined radius of the geometry for simulation purposes: 

jB`BnZ =	j+ + j� + jo +	jT         (31) 

jB`BnZ =	kl+�m + kl��m +	klo�m +	klT�m = 	km	(l+� +	l�� +	lo� +	lT�) = 	kmA�  (32) 

A =	Cpgagq_:Z            (33) 

Determining the length of the geometry for simulation purposes: 

m = 	pgagq_:D<            (34) 
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Appendix C3: Tables on the amount of activity in bl ood and fluence rates 
Table 8. Average amount of activity in the blood of patients (n=16). 

t [h] Δt [h] A [GBq] ΔA [GBq] A · 10
5
 [Bq/mL] ΔA · 10

5
 [Bq/mL] 

0,0 0,03 1,80 0,21 3,61 0,42 

0,5 0,03 1,01 0,04 2,02 0,08 

1,0 0,08 0,72 0,02 1,44 0,04 

1,5 0,17 0,39 0,01 0,78 0,02 

24,0 0,50 0,03 0,00 0,07 0,00 

72,0 1,00 0,02 0,00 0,03 0,00 

96,0 1,00 0,02 0,00 0,03 0,00 

168,0 1,00 0,01 0,00 0,02 0,00 

 

Table 9. Results of simulations on the fluence rate emitted from 1 mL of blood in the wrist. 

E [keV] 113 208 

t [h] φ [cm
-2 

· s
-1

] φ [cm
-2 

· s
-1

] 

0,0 39 55 

0,5 22 31 

1,0 16 22 

1,5 8,5 11 

24,0 0,74 1,0 

72,0 0,37 0,52 

96,0 0,33 0,46 

168,0 0,25 0,35 
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Table 10. Results of simulations on the fluence rate (noise) in presence of different thicknesses of shielding (t = 0 h) . 

E [keV] 113 208 

shielding thickness [cm] φ · 10
2
 [cm

-2
/s

-1
] φ · 10

2
 [cm

-2
/s

-1
] 

0.01 17.1 26.5 

0.12 1.2 18.8 

0.22 0.0 11.3 

0.33 0.0 6.1 

0.43 0.0 3.1 

0.54 0.0 1.5 

0.64 0.0 0.7 

0.75 0.0 0.3 

0.85 0.0 0.1 

0.96 0.0 0.1 

1.06 0.0 0.0 

1.17 0.0 0.0 

1.27 0.0 0.0 

1.38 0.0 0.0 

1.48 0.0 0.0 

1.59 0.0 0.0 

1.69 0.0 0.0 

1.80 0.0 0.0 

1.90 0.0 0.0 

2.01 0.0 0.0 
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Table 11. Results of simulations on the fluence rate (noise) in presence of different thicknesses of shielding (t = 24 h) 

E [keV] 113 208 

shielding thickness [cm] φ · 10
2
 [cm

-2
/s

-1
] φ · 10

2
 [cm

-2
/s

-1
] 

0.01 5.1 7.9 

0.12 0.4 5.6 

0.22 0.0 3.4 

0.33 0.0 1.8 

0.43 0.0 0.9 

0.54 0.0 0.5 

0.64 0.0 0.2 

0.75 0.0 0.1 

0.85 0.0 0.0 

0.96 0.0 0.0 

1.06 0.0 0.0 

1.17 0.0 0.0 

1.27 0.0 0.0 

1.38 0.0 0.0 

1.48 0.0 0.0 

1.59 0.0 0.0 

1.69 0.0 0.0 

1.80 0.0 0.0 

1.90 0.0 0.0 

2.01 0.0 0.0 
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Table 12. Table on the relationship between shielding thickness and SNR. 

t [h] 0 24 

E [keV] 208 208 

Shielding thickness [cm] Ln SNR [-] Ln SNR[-] 

0.0 -4 -2 

0.1 -3 -2 

0.2 -3 -1 

0.3 -2 0 

0.4 -2 0 

0.5 -1 1 

0.6 0 2 

0.7 1 2 

0.9 1 3 

1.0 2 4 

1.1 3 5 

1.2 4 6 

1.3 5 7 

1.4 6 8 

1.5 7 8 

1.6 7 9 

1.7 8 10 

1.8 9 11 

1.9 10 12 

2.0 11 12 
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Appendix D1: Calculations for detector properties 
Calculating the number of disintegrations during measurement time: 

5 = 	r Y���6Bstu� =	Pv6 	(1 − ��6u)        (31) 

Where n is the number of disintegrations [-], A0 is the amount of activity at start measurement [Bq], λ 
is the decay constant of the radionuclide [s-1] and T is the measurement time [s].  

Calculating the response of the detector: 

A =	#0            (35) 

Calculations on the uncertainty 

Calculating the uncertainty in the number of detected photons: 

Δ� = 	 w√0           (36) 

Where ∆N is the uncertainty in the number of detected photons [Counts], s is the standard deviation in 
the measurement [Counts] and n is the number of measurements[-]. 

Calculating the uncertainty in the number of disintegrations: 

Δ5 = 	 J R0RPvJ 	 ∙ ∆Y�          (37) 

Δ5 = 	 J+6 	(1 − ��6u)J 	 ∙ ∆Y�         (38) 

Where ∆n is the uncertainty in the number of disintegrations [-], ∆A0 is the uncertainty in the amount 
of activity at start measurement [Bq], λ is the decay constant of the radionuclide [s-1] and T is the 
measurement time [s]. 

Calculating the uncertainty in the response of the detector: 

ΔA =	 JRDR#J 	 ∙ 	∆� +		 JRDR0J 	 ∙ 	∆5         (39) 

ΔA =	 J+0J 	 ∙ 	∆� +		 J− #0<J 	 ∙ 	∆5         (40) 

Calculating the uncertainty in the detector efficiency: 

\ = 	 TDR<MPUb<           (41) 

∆\ = 	 JRxRDJ 	 ∙ 	∆A + JRxRRJ 	 ∙ 	∆s +	 JRxRPJ 	 ∙ 	∆Y +	 J RxRUbJ 	 ∙ 	∆lR     (42) 

∆\ = 	 J TR<MP	Ub<J 	 ∙ 	∆A + J yDRMPUb<J 	 ∙ 	∆s +	 J− TDR<MP<Ub<J 	 ∙ 	∆Y +	J− TDR<�MPUbzJ 	 ∙ 	∆lR   (43) 
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Appendix D2: Theoretical fluence rates for linearit y measurement 
Table 13. The simulated fluence rates and the corresponding amount of activities needed to measure these fluence 
rates at 2 m distance. 

E [keV] 113 208 113 208 

t [h] φ [cm
-2

·s
-1

] φ[cm
-2

·s
-1

] A · 10
2
 [MBq] A · 10

2
 [MBq] 

0.0 42 61 3.3 2.8 

0.5 23 34 1.8 1.6 

1.0 17 24 1.3 1.1 

1.5 9.0 13.2 0.71 0.60 

24 0.79 1.15 0.062 0.05 

72 0.39 0.57 0.031 0.03 

96 0.35 0.51 0.028 0.02 

168 0.27 0.39 0.021 0.02 

 

Appendix D3: Detector linearity 
Table 14. Measured and used activities, and corresponding number of 113 keV photons measured in linearity 
measurements with detector 279. 

A · 102 [MBq]  ∆∆∆∆A · 102 [MBq]     N · 105 [Counts] ΔN · 105 [Counts] 
0.18 0.00 0.15 0.007 
0.39 0.00 0.13 0.004 
0.8 0.00 0.28 0.002 
1.6 0.00 0.30 0.003 
2.4 0.00 0.46 0.013 
3.2 0.00 0.30 0.002 
4.0 0.00 0.38 0.002 
6.1 0.01 0.33 0.002 
16 0.01 0.39 0.004 
22 0.01 0.56 0.002 
25 0.01 0.61 0.010 
40 0.01 0.92 0.014 
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Table 15. Table with the calculated number of disintegrations and the response for 113 keV photons, determined 
using values from table 13 (detector 279). 

n · 109 
[disintegrations] 

Δn · 109 
[disintegrations] 

R · 10-2 
[counts/disintegration]  

ΔR · 10-2 
[counts/disintegration]  

2.3 0.004 6.5 0.3 
2.0 0.001 6.5 0.2 
4.0 0.002 7.0 0.1 
4.0 0.001 7.3 0.1 
6.1 0.001 7.6 0.2 
4.1 0.001 7.4 0.1 
5.1 0.003 7.6 0.0 
4.7 0.000 7.0 0.04 
6.0 0.000 6.6 0.1 
8.3 0.000 6.8 0.02 
9.1 0.000 6.7 0.1 
15 0.001 6.3 0.1 

 

Table 16. Measured and used activities, and corresponding number of 208 keV photons measured in linearity 
measurements with detector 279. 

A · 102 [MBq]  ∆∆∆∆A · 102 [MBq]     N · 105 [Counts] ΔN · 105 [Counts] 
0 0 0.25 0.007 
0 0 0.22 0.003 
1 0 0.46 0.002 
2 0 0.48 0.004 
2 0 0.72 0.003 
3 0 0.49 0.002 
4 0 0.62 0.002 
6 0 0.55 0.001 
16 0 0.64 0.001 
22 0 0.90 0.002 
25 0 0.99 0.003 
40 0 1.65 0.005 

 

Table 17. Table with the calculated number of disintegrations and the response for 113 keV photons, determined 
using values from table 15 (detector 279). 

n · 109  
[disintegrations] 

Δn · 109 
[disintegrations] 

R · 10-2 
[counts/disintegration] 

ΔR · 10-2 
[counts/disintegration] 

4.0 0.006 6.32 0.17 
3.5 0.002 6.28 0.09 
6.9 0.004 6.63 0.03 
6.9 0.002 6.96 0.07 
10 0.003 6.96 0.03 
7.0 0.001 6.98 0.03 
8.7 0.005 7.12 0.02 
8.0 0.001 6.80 0.01 
10 0.001 6.26 0.01 
14 0.001 6.31 0.01 
16 0.001 6.34 0.02 
25 0.002 6.58 0.02 
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Table 18. Measured and used activities, and corresponding number of 113 keV photons measured in linearity 
measurements with detector 276. 

A · 102 [MBq] ∆∆∆∆A · 102 [MBq]     N · 105 [Counts] ∆∆∆∆N · 105 [Counts]     
0.18 0.00 0.16 0.006 
0.39 0.00 0.13 0.001 
0.79 0.00 0.27 0.001 
1.6 0.00 0.29 0.007 
2.4 0.00 0.44 0.003 
3.2 0.00 0.29 0.006 
4.0 0.00 0.37 0.001 
6.1 0.01 0.32 0.003 
16 0.01 0.39 0.008 
22 0.01 0.54 0.002 
25 0.01 0.58 0.006 
40 0.01 0.92 0.009 

 

Table 19. Table with the calculated number of disintegrations and the response for 113 keV photons, determined 
using values from table 17. 

n · 109 
[disintegrations] 

∆∆∆∆n · 109 
[disintegrations]     

R · 10-2 
[counts/disintegration] 

ΔR · 10-2 
[counts/disintegration] 

2.3 0.004 6.6 0.27 
2.0 0.001 6.4 0.06 
4.0 0.002 6.6 0.04 
4.0 0.001 7.1 0.16 
6.1 0.001 7.2 0.06 
4.0 0.001 7.2 0.16 
5.1 0.003 7.3 0.03 
4.7 0.000 6.8 0.06 
6.0 0.000 6.6 0.13 
8.3 0.048 6.6 0.06 
9.1 0.001 6.4 0.06 
15 0.001 6.3 0.06 

 

Table 20. Measured and used activities, and corresponding number of 208 keV photons measured in linearity 
measurements with detector 276. 

A · 102 [MBq] ∆∆∆∆A · 102 [MBq]     N · 105 [Counts] ∆∆∆∆N · 105 [Counts]     
0 0 0.25 0.006 
0 0 0.21 0.001 
1 0 0.45 0.002 
2 0 0.48 0.003 
2 0 0.73 0.000 
3 0 0.48 0.002 
4 0 0.61 0.001 
6 0 0.53 0.002 
16 0 0.64 0.000 
22 0 0.89 0.003 
25 0 0.96 0.003 
40 0 1.62 0.002 
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Table 21. Table with the calculated number of disintegrations and the response for 208 keV photons, determined 
using values from table 19. 

n · 109 
[disintegrations] 

∆∆∆∆n · 109 
[disintegrations]     

R · 10-2 
[counts/desintergration] 

ΔR · 10-2 
[counts/disintegration] 

4.0 0.006 6.15 0.16 
3.5 0.002 6.18 0.03 
6.9 0.004 6.55 0.04 
6.9 0.002 6.90 0.04 
10 0.003 7.01 0.00 
7.0 0.001 6.90 0.03 
8.7 0.005 7.05 0.01 
8.0 0.001 6.56 0.03 
10 0.001 6.24 0.01 
14 0.082 6.24 0.06 
16 0.001 6.17 0.02 
25 0.001 6.46 0.01 

 

Appendix D4: Detector efficiency 
Detector 279 

Table 22. Table with measured and calculated values for determination of the detector efficiency for 113 keV photons. 

d [cm] Δd [cm] A [MBq] ΔA [MBq] R · 10
3
 [CPS] ΔR · 10

3
 [CPS] ε [%] Δε [%] 

7.0 0.1 12.7 0.1 4.41 0.01 67 3 

8.0 0.1 12.7 0.1 3.42 0.02 68 3 

9.0 0.1 12.7 0.1 2.70 0.01 68 2 

10 0.1 12.7 0.1 2.19 0.01 68 2 

13 0.1 12.7 0.1 1.41 0.01 68 2 

15 0.1 22.6 0.3 2.00 0.00 78 3 

20 0.1 22.7 0.3 1.13 0.01 78 3 

25 0.1 22.7 0.3 0.71 0.01 77 3 

30 0.1 22.7 0.3 0.49 0.00 77 2 

35 0.1 22.7 0.3 0.36 0.01 77 3 

 

Table 23. Table with measured and calculated values for determination of the detector efficiency for 208 keV photons 

d [cm] Δd [cm] A [MBq] ΔA [MBq] R · 10
3
 [CPS] ΔR · 10

3
 [CPS] ε [%] Δε [%] 

7.0 0.1 12.7 0.1 5.6 0.00 49 2 

8.0 0.1 12.7 0.1 4.4 0.01 51 2 

9.0 0.1 12.7 0.1 3.5 0.00 51 2 

10 0.1 12.7 0.1 2.8 0.00 51 2 

13 0.1 12.7 0.1 1.9 0.01 53 2 

15 0.1 22.6 0.3 2.6 0.01 60 2 

20 0.1 22.7 0.3 1.5 0.00 61 2 

25 0.1 22.7 0.3 1.0 0.00 60 2 

30 0.1 22.7 0.3 0.7 0.00 61 2 

35 0.1 22.7 0.3 0.5 0.00 60 1 
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Detector 276 

Table 24. Table with measured and calculated values for determination of the detector efficiency for 113 keV photons 

d [cm] Δd [cm] A [MBq] ΔA [MBq] R · 10
3
 [CPS] ΔR · 10

3
 [CPS] ε [%] Δε [%] 

7.0 0.1 12.6 0.1 4.6 0.01 70 3 

8.0 0.1 12.6 0.1 3.5 0.01 71 3 

9.0 0.1 12.6 0.1 2.8 0.01 72 3 

10 0.1 12.6 0.1 2.3 0.01 72 3 

13 0.1 12.6 0.1 1.5 0.01 72 2 

15 0.1 22.4 0.3 2.1 0.01 83 3 

20 0.1 22.4 0.3 1.1 0.01 80 3 

25 0.1 22.4 0.3 0.7 0.01 79 3 

30 0.1 22.4 0.3 0.5 0.00 79 3 

35 0.1 22.4 0.3 0.4 0.00 78 3 

 

Table 25. Table with measured and calculated values for determination of the detector efficiency for 208 kev photons 

d [cm] Δd [cm] A [MBq] ΔA [MBq] R · 10
3
 [CPS] ΔR · 10

3
 [CPS] ε [%] Δε [%] 

7.0 0.1 12.6 0.1 5.3 0.01 47 2 

8.0 0.1 12.6 0.1 4.2 0.01 49 2 

9.0 0.1 12.6 0.1 3.4 0.01 50 2 

10 0.1 12.6 0.1 2.8 0.01 50 2 

13 0.1 12.6 0.1 1.8 0.01 52 2 

15 0.1 22.4 0.3 2.6 0.01 59 2 

20 0.1 22.4 0.3 1.4 0.01 59 2 

25 0.1 22.4 0.3 0.9 0.00 58 2 

30 0.1 22.4 0.3 0.6 0.00 59 2 

35 0.1 22.4 0.3 0.5 0.00 59 2 
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Appendix E1: Calculations on the field of view 
Calculating the angle: 

{ = 	 tan�+ ��<ZR 	�          (44) 

Calculating uncertainties 

Calculating the uncertainty in the angle: 

∆{ = JR�RZ J 	 ∙ 	∆m +		 JR�RZRJ 	 ∙ 	∆s         (45) 

∆{ = � �<
+���<_b�<

� 	 ∙ 	∆m +		 � +
+���<_b�<

∙ 	− +R<� 	 ∙ 	∆s       (46) 
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Appendix E2: Tables with wrist simulation results ( t = 0 h) 
Table 26. Table with results of the wrist measurement for different distances between detector and wrist ( l = 7.2 cm). 

E [keV] 113 208 113 208 

d [cm] φ · 10
2
 [cm

-2
 · s

-1
] φ · 10

2
 [cm

-2
 · s

-1
] N · 10

4
 [counts] N · 10

4
 [counts] 

0 3.1 4.5 7.1 7.5 

2 1.1 1.6 2.5 2.7 

4 0.6 0.8 1.2 1.4 

6 0.3 0.5 0.7 0.8 

8 0.2 0.3 0.5 0.5 

10 0.2 0.2 0.3 0.4 

 

Table 27. Table with results of the wrist measurement for different distances between detector and wrist ( l = 10 cm). 

E [keV] 113 208 113 208 

d [cm] φ · 10
2
 [cm

-2
 · s

-1
] φ · 10

2
 [cm

-2
 · s

-1
] N · 10

4
 [counts] N · 10

4
 [counts] 

0 3.6 5.0 8.1 8.4 

4 0.7 1.0 1.6 1.7 

6 0.4 0.6 1.0 1.1 

8 0.3 0.4 0.7 0.7 

10 0.2 0.3 0.5 0.5 

 

Table 28. Table with results of the wrist measurement for different distances between detector and wrist ( l = 12.5 
cm). 

E [keV] 113 208 113 208 

d [cm] φ · 10
2
 [cm

-2
 · s

-1
] φ · 10

2
 [cm

-2
 · s

-1
] N · 10

4
 [counts] N · 10

4
 [counts] 

0 3.9 5.4 8.7 9.0 

2 1.6 2.2 3.5 3.7 

4 0.8 1.2 1.9 2.0 

6 0.5 0.8 1.2 1.3 

8 0.3 0.5 0.8 0.9 

10 0.3 0.4 0.6 0.6 
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Appendix E3: Tables on the wrist simulation results  (t = 24 h) 
 

Table 29. Table with results of the wrist measurement for different distances between detector and wrist ( l = 7.2 cm). 

E [keV] 113 208 113 208 

d [cm] φ  [cm
-2

 · s
-1

] φ  [cm
-2

 · s
-1

] N  [counts] N  [counts] 

0 2.9 5.5 6.7 9.2 

2 1.1 2.1 2.5 3.5 

4 0.57 1.1 1.3 1.8 

6 0.34 0.63 0.78 1.1 

8 0.23 0.42 0.51 0.70 

10 0.16 0.30 0.36 0.49 

 

Table 30. Table with results of the wrist measurement for different distances between detector and wrist ( l = 10 cm).l  

E [keV] 113 208 113 208 

d [cm] φ  [cm
-2

 · s
-1

] φ  [cm
-2

 · s
-1

] N  [counts] N  [counts] 

0 7.0 9.8 16 16 

2 2.7 3.8 6.0 6.4 

4 1.4 2.0 3.1 3.4 

6 0.8 1.2 1.9 2.1 

8 0.6 0.8 1.3 1.4 

10 0.4 0.6 0.90 0.98 

 

Table 31. Table with results of the wrist measurement for different distances between detector and wrist ( l = 12.5 
cm). 

E [keV] 113 208 113 208 

d [cm] φ  [cm
-2

 · s
-1

] φ  [cm
-2

 · s
-1

] N  [counts] N  [counts] 

0 7.5 11 17 18 

2 3.0 4.3 6.9 7.3 

4 1.6 2.4 3.7 3.9 

6 1.0 1.5 2.3 2.4 

8 0.68 1.0 1.5 1.7 

10 0.49 0.71 1.1 1.2 
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Appendix E4:Theoretical FOV 
Table 32. The calculated field of view needed in correspondence with different arm length and distances between arm 
and detector. 

l [cm] 7.2 10 12.5 

d [cm] θ [
o
] FOV [

o
] θ [

o
] FOV [

o
] θ [

o
] FOV [

o
] 

2.0 54.2 108 57 113 57 114 

4.0 41.0 82 49 97 52 105 

6.0 30.8 62 39 78 45 89 

8.0 24.2 48 32 64 37 75 

10.0 19.8 40 26 53 32 64 

 

Appendix E5: Measured FOV 
Detector 276 

Table 33. Tables with result of measurement on the FOV for 113 keV photons. 

x [cm] Δx [cm] θ [
o
] Δθ [

o
] N · 10

3
 [Counts] ΔN · 10

3
 [Counts] 

-7.5 0.2 -36.4 5.1 0 0.1 

-6.0 0.2 -30.8 5.4 4 0.1 

-4.5 0.2 -24.2 5.6 14 0.1 

-3.0 0.2 -16.7 5.7 24 0.2 

-1.5 0.2 -8.5 5.8 26 0.0 

0.0 0.2 0.0 5.8 25 0.2 

1.5 0.2 8.5 5.8 25 0.3 

3.0 0.2 16.7 5.7 24 0.2 

4.5 0.2 24.2 5.6 17 0.1 

6.0 0.2 30.8 5.4 6 0.0 

7.5 0.2 36.4 5.1 0 0.0 

 

Table 34. Tables with result of measurement on the FOV for 208keV photons. 

x [cm] Δx [cm] θ [
o
] Δθ [

o
] N · 10

3
 [Counts] ΔN · 10

3
 [Counts] 

-7.5 0.2 -36.4 5.1 0 0.0 

-6.0 0.2 -30.8 5.4 5 0.1 

-4.5 0.2 -24.2 5.6 17 0.1 

-3.0 0.2 -16.7 5.7 29 0.2 

-1.5 0.2 -8.5 5.8 31 0.1 

0.0 0.2 0.0 5.8 31 0.1 

1.5 0.2 8.5 5.8 30 0.4 

3.0 0.2 16.7 5.7 29 0.1 

4.5 0.2 24.2 5.6 21 0.1 

6.0 0.2 30.8 5.4 6 0.1 

7.5 0.2 36.4 5.1 0 0.0 
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Detector 279 

Table 35. Tables with result of measurement on the FOV for 113 keV photons. 

x [cm] Δx [cm] θ [
o
] Δθ [

o
] N · 10

3
 [Counts] ΔN · 10

3
 [Counts] 

-7.5 0.2 -36.4 5.1 0 0.0 

-6.0 0.2 -30.8 5.4 4 0.1 

-4.5 0.2 -24.2 5.6 13 0.1 

-3.0 0.2 -16.7 5.7 24 0.2 

-1.5 0.2 -8.5 5.8 26 0.1 

0.0 0.2 0.0 5.8 26 0.0 

1.5 0.2 8.5 5.8 25 0.1 

3.0 0.2 16.7 5.7 25 0.1 

4.5 0.2 24.2 5.6 17 0.1 

6.0 0.2 30.8 5.4 7 0.1 

7.5 0.2 36.4 5.1 0 0.1 

 

Table 36. Tables with result of measurement on the FOV for 208 keV photons. 

x [cm] Δx [cm] θ [
o
] Δθ [

o
] N · 10

3
 [Counts] ΔN · 10

3
 [Counts] 

-7.5 0.2 -36.4 5.1 0 0.02 

-6.0 0.2 -30.8 5.4 5 0.03 

-4.5 0.2 -24.2 5.6 18 0.05 

-3.0 0.2 -16.7 5.7 32 0.06 

-1.5 0.2 -8.5 5.8 34 0.09 

0.0 0.2 0.0 5.8 34 0.24 

1.5 0.2 8.5 5.8 33 0.04 

3.0 0.2 16.7 5.7 31 0.01 

4.5 0.2 24.2 5.6 23 0.03 

6.0 0.2 30.8 5.4 8 0.06 

7.5 0.2 36.4 5.1 0 0.02 

 


