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Abstract

PRRT is a method of treatment that is used for réietyaof diseases. In this method of treatment
patient are infused with a radiopharmaceuticalsThdiopharmaceutical will deliver a radiation dose
to the specific targeted organ. However, due tasioh in the bloodstream other organs will also
sustain a radiation dose like for example the bowerow. There is a method to determine the
radiation dose sustained by the bone marrow. Thethod requires that the amount of activity in
blood is determined for several moments in timerré€htly this is done by taking blood samples from
patients and measuring these samples in doseatalibr

Theoretically, it should be possible to measuream®unt of activity in blood by means of external
measurements. These measurements could be perfdayynasing two oppositely positioned CgBr
scintillation detectors that are linked to phototiplier tubes. However, before these measurements
could be conducted preliminary investigations waegeessary. These preliminary investigations were
described in this thesis.

Preliminary investigations were conducted on sdwarteria. These criteria ranged from position of
the detector system to detector properties. Inipethe optimal detector system position with
respect to the body, and with respect to the ar® determined. The detector properties that have
been investigated were detector linearity, detectmponse and detector linearity. In addition,
investigations on SNR and shielding have been odedu

Experiments and simulation showed that the optipwdition for the detector system is at wrist
position with the arm extended sideways as farassiple. It has also been shown that the optimal
position for the detectors with respect to the @&t a distance of 10 cm between detectors and arm
With this detector position the signal-to-noiseaagan be improved by use of shielding. With 1.60 c
thickness of lead shielding the SNR will not becdower than 100. In addition, it has been shown
that the detector properties for both detectoegrly similar.

These investigations led to promising results. Tésults show a specific set-up for the detector
system with which the amount of activity in bloodutd be determined by means of external
measurements.
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1. Introduction

Radionuclide therapy is a (well) known method featment of a variety of deceases. The key aspect
of the treatment is targeted radiation of tumorstastases or organs. An example of radionuclide
therapy is peptide receptor radionuclide therag@@R®P). In the Erasmus University Medical Center
Rotterdam (EUMCR), at the department of Nuclear ivied, PRRT is used for the treatment of
gastro entero pancreatic neuro-endocrine tumor®(SETs) among others [1,2].

The radiopharmaceutical for this specific treatmémta radio-labeled peptide called”’[u-
DOTA® Tyr]l-Octreotate, which is administered via infusionheT radiopharmaceutical will
accumulate in tumor(s) and metastases and delirgdiation dose to these tissues. Moreover, interna
organs will also sustain a certain radiation dogetlegone-marrow.

Bone-marrow is the most radiosensitive organ inldbdy and is therefore a dose limiting organ in
radionuclide therapy. For health and treatment gaep it is vital to know the dose sustained by the
bone-marrow during and after treatment. The raatiatiose to the bone marrow is directly related to
the amount of activity in the blood [3]. In ordesrfbone marrow dosimetry to become possible
guantitative radiation measurements of blood acessary.

Generally, the amount of activity in the blood etetrmined by taking blood samples at different set
times after infusion and measuring these samplesveier, this method is very imposing on the

patient and also introduces additional radiatisk for the staff. The tolerated radiation doseshaiff

is 5 mSv/year. In order to avoid these circumstarecenethod has to be developed in which the
amount of activity in the blood can be determinatheut taking blood samples. This system should
then reduce the radiation dose to 1% of the anyesl dose. Thus, the yearly radiation dose should
become 0.05 mSv/year.

As a consequence, all measurements need to berrpedofrom outside of the body. These
measurements require a detector system that is @bleneasures radiation qualitatively and
guantitatively. This detector system could then flaced at a well perfused extremity e.g.
underarm/wrist and measure the amount of actiithé blood.

Since there is no detector system commerciallylavia 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 deesath PRRT patients are treated by infusion of
radionuclide linked antibodies or peptides. Althbugis method of treatment proved to be successful
for many patients, it is accompanied by certaimdisntages. One of these disadvantages, probably
the most important disadvantage, is the dose delivd healthy organs. The dose that healthy organs
may receive is limited. Above this dose limit radaxicity will occur. Dose required to cause radio
toxic effects differs for each organ. Organs thaive radio toxic effects at a low dose are called
radiosensitive organs. These radiosensitive orgahdetermine the maximum administrable dose.

Radio toxic effects can be prevented by not exceptlie dose limit of the most radiosensitive organ.
However, in treatment it is desired to maximize elo$hus, optimization of treatment requires
accurate determination of delivered dose calleéhuletsy.

Adequate dosimetry requires the determination afwarts of activity in the body, that is the amount
of activity in organs, blood and the remainder ¢otkoft tissues). In this project focus will lie on
determining whether the amount of activity in blaaoh be determined using external measurements.

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

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

1. Patient comfort
a. Detector system positioning with respect to theybaitthe patient
b. Detector positioning with respect to the forearnmvr
2. Interference from other radiation sources (Noise)
a. Leakage of incident photons from outside the fadldiew
b. Background radiation
3. Reproducibility
4. Weight of the detector system

One of the purposes of this detector system isakenmeasurements less invasive and inconvenient
for patients. Comfort for patients during extermsasurements will depend optimal positioning of the
detector system with respect to the patient. Initifg this optimized positioning would also serve
another purpose.

Measurements to determine the amount of activitytha blood should be conducted without
measuring activity from any other source. Radioptzeuticals will be distributed in the body after
infusion. Thus, organs, bone and other soft tisgrezmainder) will also contain a certain amount of
activity. Incident photons emitted by the activitythese tissues might be detected by the detector
system and thereby interfere with measurementsséhoiMinimization of this interference also
requires optimized placement of the detector systémrespect to the patient’s body.

! These criteria are not

10
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With the detector position optimized and backgroimgrference minimized there still is another
source of interference. This interference is ndid¢alassified as noise however, it does make ateur
quantitative measurements difficult. It will causere activity to be detected in the field of vienda
therefore overestimate the activity. In additionrrect assessment of the volume of blood that has
been in the field of view will not be performed emstly. These two inaccuracies will increase the
error in determining the volume activity of the &b

Measurements on the amount of activity might bedooted accurately however, this does not
automatically mean that the measurements can alsofiducted reproducible. The reproducibility of
measurements depend on criteria like changingipositluring or subsequent measurements. Change
in any criteria should be minimized or compenséedluring measurements.

2.3. Project design requirements
The development of the detector system can bededaas successful once the amount of activity in
the blood can be determined with a accuracy of % X¥fbm the . For this to become feasible the
detector system should meet certain requiremeriiesd requirements for the detector system are
based on the previously described problem desaripti

The detector system will be used for measuremeHtlaf but might also be used to do measurements
on other gamma emitting radionuclides. Due to tthis,detector system should be able to measure a
gamma spectrum. This requires the usage of oneomg gamma ray detectors that can simultaneously
guantify the energy of the incident photons and witiohannel analyzer. This leaves a variety of
detectors possible. The type of detector used duitiis project is a scintillation detector with a
photomultiplier tubé.

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

Measurement should be conducted with a certainracguand reproducibility. Reproducibility
requires the use of two detectors within the detesystem. It also requires a specific set-up liesé
detectors. The detectors should be placed oppfsite each other with a set space between them.
This set-up of the detector will make it possil@dduce or correct for the variation of positionirighee
source. Moreover, the set-up will make it also fldesto correct for anisotropic properties of the
source.[4]

—
LI 4
1

Figure 1. Schematic representation (cross section) of the set-up for wrist measurement.

2 This type of detector was already available toinghis project.

11
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Shielding and collimating the detectors may megquirements however, optimal positioning of the

detector system will also reduce noise. The positid the detector system does not have to be
changed with respect to the body (detector systeay be kept at wrist position). It can also be

changed with respect to the entire patient. Thealet system is required to have a minimal weight.
This requirement can be met by this optimizinghe positioning of the detector system with respect
to the patient. It will reduce noise, as statedierarThus reducing the amount of shielding needed.
The detector system can then be made relativdiyeig

2.4. Objectives
The objectives of this project can be summarizéd eannumber of questions. It will probably not be
possible to answer all questions. This is due &lithited amount of time available to conduct this
project. Important question for this project are:

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

2. Will this optimal position of the detector systeneate 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 theoretiediire. There will also be question that can oely b
answered after

Do the detectors show a linear response for a rahgetivities?

With what efficiency will the detectors measure 118 keV and 208 keV photons?
Is it possible to alter the FOV of the detectorthvai simple geometry of shielding?
How can leakage of photons outside of the fieldiei be prevented?

© N O

These question will be answered by means of simulgiind experiments. In specific, the positioning
of the detector system will be determined afterutations conducted with MicroshiéldSimulations
will also be conducted to determine the fluence rat detector position for a geometry that will
represent the wrist/forearm. All these simulatiesuits will be used in investigation on the SNR.

Measurements will be conducted to determine theslity, response and efficiency of the detectars. |
addition, the shielding will be applied to the agtes to determine whether the FOV can easily be
altered and determine the effects of leakage ®stiecific geometry of shielding.

12
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3. Theory

In the development of a detector system a sound/letiye of related physical principles is needed. A
proper understanding of these principles will eetlie opportunity to make educated choices to the
design for the detector system. In addition, expents can be designed correctly and conducted
accurately. The theoretical foundation of thesesptaf principles are described in this chapter. The
subjects that are described are:

1. Gamma ray interactions with matter
0 Photoelectric effect
o Compton effect
o Pair production
Attenuation of gamma rays
Self attenuation
Detection and measurement of ionizing radiation
Propagation of errors.

aprwd

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

The mechanisms for interactions between photonsnaatter can be reduced to three primary ones:
photoelectric effect, Compton scattering and peadpction. There are other interaction mechanisms
that may occur. However, these do not occur asiéetly and prove to have a negligible effect.

The occurrence of interaction mechanisms deperti@energy of the incident photon. Moreover, the
occurrence of interaction mechanisms also depemdseoatomic number of the material with which it
occurs. These characteristics have been depictiiguire 1. In figure 1 can be seen which interactio
mechanism will occur most frequently for photonrgmes and atomic numbers of materials.

Atomic number
of absorber

120
100

r Photoelectric effec
3 dominant

Pair prodution
dominan

80
60

40
(omptan effect
20 dominant Photen
energy
0 . . . - (MeV)
0.0 01 1 10 100

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 mechanismsfor interaction and photon energy can be seen.

13
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3.1.1 Photoelectric effect
An incident photon with energf, may interact with an atomic electron. The intémactcan be
described as a collision between photon and elethat will result in a transfer d, to the electron.
Due to this energy transfer during the collisioa ghoton ceases to exist and the electron is amitte
from the atom. That is, if the energy of the phadsgreater than the binding enefgyof the electron.
The emitted electron will have a certain kinetiemy E, . Kinetic energy of the emitted electron can
be calculated by subtracting the binding energefelectron from the photon energy:

Ex.= E, — E 1)
Momentum is conserved during the entire process.[4]

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

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

E, = E, + E, 2)

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

%0

120 _— 60
/"“

/" E 210 keV
—T \_:‘IU

P N
180 T/ . i mo

J

.\« \".
210 5 /330
i N
Y jod
240 ~—__ | _—"300
270

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 ith@dent photon is plotted as a function of thelang
of scattering. In the diagram, the angle is sholengthe edge of the circle. From the polar diagram
can be read what the angle of scattering is fdemiht photon energies. In can be seen that thie ang
of scattering decreases as the energy of the inicpd®ton increases.

3.1.3 Pair production
Pair production is an interaction mechanism of phstand the nuclei of atoms. In this mechanism
incident photons will be converted to a particléqzarticle pair e.g. an electron-positron pair.
However, this conversion may only occur when th&dent photon has sufficient energy to create

14
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these patrticles. For the creation of an electrasitpm pair the required energy of the photon baet
greater than two times the mass of an electror22IMeV/c):

hv > 2m,c? 3

Whereh is the constant of Planck: 6,63-*1QJ-s],v is the frequency of the incident photon [Had,
is the mass of an electron:9.11 *1[kg] andc is the speed of light [’k

Any remaining energy will be transferred to eachtipi as kinetic energy. Both particles will move
away from the production site in a strong forwaration. During their travel they will lose energyedu
to collisions. Eventually the positron will anniiié with an electron. With this annihilation two
photons will be produced, each having an enerdyldfkeV. These photons will be emitted from the
annihilation site in opposite direction [6].

NB. As stated, pair production requires high photoergies (>1022 keV}/’Lu does not emit any
high energy photons. Thus, pair production is masaue in this thesis.

3.2. Attenuation of gamma rays
It should be clear that attenuation of gamma raysaused by interactions with matter. In addition,
should be clear that interactions between gamms a&agl matter is subject to chance. By increasing
the thickness of a material the chance for gamiys tinteract will also increase, and so the Bgiti
intensity will decrease even more. In other worli® change in intensityll is proportional to
thickness< and the incident intensity:

Al = plyAx (4)

Where u is the proportionality constant and is kmoas the attenuation coefficient [7]. For a
homogeneous distributed radiation source the abearproefficient is constant. In this case
integration of equation 4 becomes easy and thetiequaelds:

L = Ipe™* ®)

Equation 5 gives the remaining intensifyof an initial radiation bearh, that has traversed through
thickness x of a particular material. It shouldsteted that due to the negative exponential cheratt
the attenuation the remaining gamma ray intensitywver become zero.

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

ueNo (6)

whereN is the number of atoms ands the cross section expressed in barns. The sexs®n defines
the probability for interaction to occur. For mplé materials this will become:

[,{=ZNL'O'L' (7)

15
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The attenuation coefficient 4 shown in equatios @dfined as the linear attenuation coefficientiand
expressed in cth The number of atoms can be calculated by:

— PNa
N =25 (8)
wherep is the density of the material in g-€nN, is the Avogadro’s constant in rifoandM is the

molar mass of the element or compound in g’mBhuation 8 shows the dependency of material due
to the density term in this equation.

The attenuation coefficient has been defined adinkar attenuation coefficient. However, it isals
possible to define the attenuation coefficient etéhtly i.e. as a mass attenuation coefficient.
Mathematically this mass attenuation coefficiergiisen by:

%z__ 9

where up is the mass attenuation coefficient, usually esged in crhg®. This mass attenuation

coefficient can be used to compare the attenuginoperties of different materials and thus for
different density. This can be done since the defsiused in the equation as can be seen in @guati
9 and later equation 10.

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

—
I, = Iye @ (10)
It should be stated that equations 5 and 10 asewatid for narrow beam radiation. In a narrow beam
the photons will pass through the material withioteracting with the material or interact with the
material without causing scattered photons. Intamdi scattered photons will not reach the detector
Thus, the distance traveled by photons in a nabeam is nearly equal for all photons. In preserfce o

a narrow beam the difference in intensity betwegfiorle and after passing through material is a prope
representation of the stopping power or attenuginogerties of a material.

Build up

It should be stated that in practice a narrow bednphotons occurs very seldom. Usually the
geometry of the photon beam is more wide, alsceddtiroad beam geometry. The broad beam of
photons is attenuated as described above. Howévethis broad beam of photons there is a
contribution of scattered photons. This is calleddsup. The contribution of scattered photons ban
calculated and is called build-up fac®r The build-up factor is determined by the geomefryhe
source and the attenuating material.
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3.3. Self attenuation
Photons are easily emitted from a radiation sowitie no measurable dimensions i.e. a point source.
The same applies to radiation sources with smaledsions. However, with increasing dimensions of
the radiation source the probability of interactidretween emitted photons and other atoms within
source increases. Photons that in fact interadtinvihe radiation source will be attenuated wita th
same interaction mechanisms as described in patag@d. This type of attenuation is called self
attenuation.
Self attenuation results in deviations between tan@ount of A M TR
activity and measured amount of activity, where ttioe amount . .
of activity will be underestimated. These deviasioncrease as
the volume of the source increases. The reasothi®rcan be v
found in the distance each photons has to traveluth the de -I--
source. Photons on the edges of the source wilkléae source
without or with minimal interactions and are theref easily ;
measurable. However, photons emitted from the ceoftethe () e
source or from the edge of the source in directbthe other Figure 4. Example of a sample source
edge have to travel a large distance through thececand will " Which is shown that the photon
. L . .. attenuation has to be calculated over
be attenuated. An example of this principle is d&gi in figure ipe gistance travelled by the photon.
4.

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

1_e(_ﬂx)

Ly = Iy x (11)

Equations 5, 10 and 11 can also be expressed éwomplfiuence @) or fluence rated).

3.4. Detection and measurement of ionizing radiation

341 The detection of ionizing radiation
The detection of ionizing radiation is based onvprg the presence of said radiation. During the
detection of ionizing radiation quantitative infaation on certain parameters is often also gathered.
These parameters may include fluence rate, dosersrdy.

The detection of ionizing radiation, both qualwatiand quantitative, is based on the process of
interactions between radiation and detector matdbiaring these interactions the radiation energy
will mostly be absorbed. The interactions will sedpgently result in a conversion into processable
signals like electricity or light. There are systeim which the signal output is an average effeetro
time for relatively many interactions. However, rmost cases the effect of each individual radiant
qguant is processed and recorded. This method ofumer@ent can be characterized as counting, in
which the stochastic properties of radioactive glena expressed.

Stochastic properties of radioactive decay aresaltreof the randomness during decay. In term,
measurements on radioactive sources are also stachranature. This stochastic nature of detection
can be described using statistics.
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3.4.2 Statistics of radioactive decay
Radioactive decay of atoms is a random process. @&ssequence, radioactive decay of a single atom
and its nucleus is also a random process. Thisoramqtocess can be described mathematically using
statistics. In this process there are two outcopwssible: there is a chanpethat the nucleus will
decay within a certain amount of time and thei@ éhancel-p that this will not happen.

Radioactive decay of a single nucleus will notuefice or initiate the decay of any other nuclei. In
other words, the decay of a nucleus is indepenfdemt the decay of other nuclei. Thus, the decay of
nuclei can be considered as repetitions of theyleta single nucleus. The binomial probability
distribution can be used to describe this princgitee it describes the probability flosuccesses with

n repeated processes that each has two possiblentegc Mathematically this can be expressed as
follows:

n!

P) = o P A=) (12)

This probability distribution has an expected valge=np, and a standard deviation of: =

Jnp(1 — p). This distribution is generally valid for experinie involving counting. In most cases the
number of decays is relatively high. Consequentiywill be relatively high. This will make
calculations on this specific type of probabilitistdbutions rather complicated. However, for large
number ofn (n>, p>0) the binomial probability distribution will traiton into the mathematically
simpler Poisson probability distribution:

P() = 2ot (13)

Where the expected valye=2, and the standard deviation is givendy V1. As can be seen, the
distribution for these types of experiments araatigrized on one parameter, the expected value

For large values of this expected valughe distribution will narrow. In this case, thei$¥mn
distribution can be approximated by a normal (Gamysdistribution. Mathematically the normal
(Gaussian) distribution can be expressed as follows

-(k-2)?

P(k) = \/% e 22 (14)

Where the expected valde and standard deviatios is similar to expected value and standard
deviation used in the Poisson probability distrifmut This shows that both binomial probability
distributions and Poisson probability distributioan be used to determine the standard deviation in
measurements. The Poisson probability distribui®npreferred 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 numbk¥ris counted both Poisson and normal (Gaussian)
probability distributions will result in the followg expected value and standard deviation:

X=N (15)
s= VN (16)

The results will show a 68% probability that the amewill lie betweenx + s. This probability
increases when the standard deviation is incredses.gives a 99,7% probability that the mean will
lie betweenc + 3s.

Rate

Measurements on radioactive decay can be perfolwgecherely counting the number of detected
particles and/or photorld. However, it is also possible to determine the Ratvith which particles or
photons are detected. This rate is defined asuh#ar of particles and/or photons detected within a
certain period of time or measuring time

R= (17)

N
t
This measuring method, like any other measuringhotst will be accompanied by a specific
uncertainty. The uncertainty in the ratR is determined by the uncertainty in the numbedeiected
particles/photongIN and the uncertainty in the measuring tirtte However, the measuring time is
assumed to be determined precisely with a relaithaecuracy of about 1.0-10%. Therefore,
contribution to the uncertainty in the rate will begligible. The uncertainty in the rate will thea
only determined by the uncertainty in the numbeahefdetected particles/photons:

AR = AN _ VW _ \/E (18)
t t t

Background radiation corrections

Any gquantitative measurement on radiation sourcegyess measurements. That these measurements

are gross measurements is due to the origin ahdeesured activity. The measured amount of activity

is a combination of activity originating from thadiation source and activity originating from any
other source, usually referred to as backgrounigtiad.

Correct quantitative measurements on a radiatiomncsoare conducted by performing a background
radiation subtraction. This is done by measurimgrddiation sourc8 and the background radiati@n
separately. Subsequently, tBeés subtracted fror®. Usually the measurement time for both the B and
S is different. By using the rai® the variable of time is compensated for. Thush boeasurements
are expressed in a rd®e

Rpet = Rs — Rp (19)

WhereR,is the true rate of the radiation source.
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3.4.4 Scintillation detector
There are chemical elements or compounds that dweinescent property. Luminescent chemicals
emit light after absorbing energy. A scintillatoxhéits this luminescent property after absorbing
energy from ionizing radiation. Light emitted due the luminescence has an intensity that is
proportional to the absorbed radiation energy.

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

The scintillation crystal is (usually) connectedao optical light detector. In most cases thistligh
detector is a photomultiplier tube (PMT). The PMéceives the light pulses emitted by the
scintillation crystal, multiplies the light signahd converts it into a measurable voltage sigrnal.
schematic representation of a scintillation deteatwl PMT is shown in figure 5.

optical

coupling dynode glass light-tight
Mal (TL} photocathods envelope shield
phosphor i
T phaotomultiplier
X-ray Ll ;
ohoton— - power supply pins
/ T . outputsignal
_ " to preamplifier
berylium . photo- secondary
window electrons electon
cascades

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

The scintillation crystal is of the essence whecoines to these types of the detectors. Each tiype o
scintillation crystal has specific properties. Qofethese properties is the ease with which radiatio
energy can be absorbed also referred to as stoppimgr. In addition, the sensitivity and the inigns

of the emitted light are also scintillation crystal chemical specific.

The stopping power of a crystal will determine tletection efficiency of various photon energies and
influence the crystal size. Greater stopping poresults in the fact that less thickness of crysal
needed to create adequate signal. A small thickofesystal is preferred since a great thicknesseha
negative effect on energy conversion. The lightspulhat has been created during absorption of
energy might be extinguished before it can reaehPMT. Once this process occurs to often this can
have negative effects on the signal. In other wdtdssignal will be underestimated.
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3.5. Propagation of errors
Measurements can never be conducted perfectlyeTibaalways an uncertainty in the measurement.
The uncertainty is expressed in a value that easltd® measured value and shows the range in which
the true value will lie. This uncertainty will alyws be expressed at a certain degree of accuracg. He
is an example of measured amount of activity ira@diation source including the uncertainty The
degree of accuracy shown hereds 1

A= (0.5 0.1) MBq

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

In general, for each performed measurement the srf@ropagated. Thus, the uncertainty in the final
measured value is based on the uncertainty incatelated measurements. A general mathematical
model has been created that can be used to cal¢ch&atuncertainty in a variable that is based berot
variables, each with their own uncertainty.

Suppose that fis a function of three variables:y andz. The uncertainty i can then be given by:
_|of of of
Af(x,y,z) = |5| Ax + |5|Ay+ |£|AZ (20)

The method used in equation 20 can be applied fmyr r)rumber of variables in any type of
measurement. There is an easier method of calogltte uncertainty and is shown here:

SC =\ISA2+SBZ (21)

Wheres, is the uncertainty in measurementsijs the uncertainty in measurement B agavill then
be combined uncertainty of the two measurements. mMbthod 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 systenogtienal positioning for the detector system habdo
investigated. The optimal position for the detecystem will depend on comfort for the patient and
minimizing interference from background radiatidhus, the aim is to determine this position.

4.2. Theoretical foundation
Optimizations on the positioning of the detectasteyn is based on the premise that the photon fluenc
varies for different positions around a radiati@urge. This premise is based on the fact that the
photon fluence is defined as:

dN
o= (22)
Where @ is the photon fluence [f, N the number of photons [-] and A is the surfaceadre].
Equation 23 can be used to show that the photandel decreases as the distance to the source

increases since:

®=— (23)

4mr?

Wherer [m] is the distance to the source. It should b&tineed that this applies to sources that are
isotropic in nature like point souréeand spherical sources that have negligible dinoessiHowever,
the body is a complex geometry that is certainly isotropic in nature. Even if the activity is
distributed in the body homogeneously, the geomeiitynot be isotropic in nature. This suggestd tha
the premise is indeed true.

In this chapter the fluence rate will be used iadtef the photon fluence. This fluence rate isrdfi
as followed:

o
o= (24)

Whered is the fluence rate [fas?] andt is time [s].

4.3. Methods and materials
Microshield® has been used to conduct all simulation in thesith Microshiel8 is a simulation
program that allows users to calculate severalmpai@s involving radiation. These parameters are
activity, fluence rate, energy fluence and dose.rail parameters can be calculated for specific
geometries and radionuclides and thus photon er®erdn addition, Microshiefd provides the
opportunity to calculate all the before mentioneaperties in presence of shielding.

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

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

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

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

* Height: 1.8 m
+ Length: 0.30 rh(thickness)
Width: 1.0 m

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

During simulations this rectangular volume wasefilwith*"’Lu which was distributed over geometry
homogeneously (as is the case immediately aftersiof 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 byusations to determine the fluence rate at
specific positions. In this simulation the body vedso approximated by an rectangular volume. Ig thi
case, like earlier, the geometry was based on & lodhich the arm was positioned alongside the
body.

In simulations, the fluence rate of photons origiga from the body was determined for specific

positions that would correspond to the detectotesgsposition. It was assumed that the detector
system would be positioned at the wrist/forearmadidition, it was assumed that the arm would be
extended to enlarge the distance between wristdmtelctor system. Thus enlarging the distance
between body and detector system.

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

* an extended arm forward
 an extended arm to the side.

With each arm position two parameters were vafedameters that have been varied were the height
and the distance. During simulations the dimensadribe geometry were

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

* Average patient thickness is about 30 cm. Theepttiare relatively thin due to the iliness.
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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 distknce dependent fluence rate are shown. e thes
results the fluence rate is shown for the two ph&toergies including build-up(83.2):

* 113 keV
* 208 keV

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

In figure 6 the results of simulations on the floemate at several height positions can be seeanlt

be observed that there is a slight curvature inathénes. A proper fit for each line is obtainbyg
applying a second order polynomial. The polynorslaws that the fluence rate varies as a function
of height with respect to the geometry. These $pgeequations can be used to calculate the fluence
rate at a random height with respect to the body.

In addition, the polynomials show that maximum @mofluencies can be observed when a detector is
positioned at half height of the geometry. Thisliespto both photon energies, either with or withou
build-up. This can be explained by the fact thatphath length of photons will become more equal for
all photons originating from the source.

14
w12 —
~ y=-4.7x>+8.4x + 8.4
€ 10
S~
(7]
S 8
3 y=-3.2x2+5.7x+5.9
£ 6
[« X
g 4 y=-1.0x2+1.8x + 2.4
N ! = = = |8
8 2 —~ — — —

0 y =-0.5x2+0.8x + 1.2
0.7 0.8 0.9 1 1.1 1.2
h [m]

Figure 6. Graph that showsthe fluencerate as a function of height. In this graph the blue line represents photons with
an energy of 113 keV without build-up. Thered line represents photons with an energy of 208 keV, also without build-
up. Thegreen and purplelinesrepresents photons with energiesof 113 keV and 208 keV respectively. In the latter two
build-up isincluded.

Figure 7 shows the results of simulations on therfte rate at several width positions. Like in figu

6, the lines show a curved shape that is bestfittith a second order polynomial. The polynomial
shows that the fluence rate is also dependent envitith position with respect to the geometry. As
observed from figure 6, the maximum fluence rates lwe measured when detectors are positioned at
half width of the geometry. All of the before memted observations apply to both photon energies,
either without build-up or with build-up.
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Figure 7. Graph that showsthe fluence rate as a function of width. In this graph the blue line represents photons with
an energy of 113 keV without build-up. Thered line represents photons with an energy of 208 keV, also without build-
up. Thegreen and pur plelinesrepresents photons with energies of 113 keV and 208 keV respectively. In the latter two
build-up isincluded.

The results of simulations on the fluence ratestreral distances can be viewed in figure 8. larég

8 it can be observed that fluence rate does notdse with the square of the distance. This wée to
expected for two reason. For one, the geometnhefsource is not spherical in shape. Thus, the
geometry is not isotropic in nature. Secondly,ghemetry has rather large dimensions with resjpect t
the distances used in the simulation. The sourtdeonly approximate the square of the distance for
large distances between detector and source (r>>d).

It can also be seen that the decrease in fluetedsrdifferent for both photon energies. This wabe
expected since the attenuation of photons is enspggific. With increasing photon energies the
attenuation will decrease. On top of that, buildalgo influences the decrease in fluence rate as a
function of distance. This is due to the higher bemof photons that will be detected for broad beam
geometry as opposed to narrow beam geometries.
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Figure 8. Graph that showsthe fluence rate asa function of distanceto the body. In this graph the blueline r epresents
photons with an energy of 113 keV without build-up. Thered 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 thelatter two build-up isincluded.
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Results presented in figures 6 to 8 show that aedse in detectable fluence rate can be achieved by
increasing the distance between geometry and detectd positioning the detector off centre in both
height and width perspective with respect to theybo

These results show that there are positions tHatesult in a lower measurable fluence rate. tiidd
be possible to optimize a position for the deteslgstem in which the measurable fluence rate of
photons originating from the body will be relatiyébwest.

Results associated with specific arm positions

The fluence rate of photons originating from thelyowas determined for the specific detector system
positions. These positions are correlated to twm @ositions: arm extended forward and arm
extended sideways. The arm positions can be viawddures 27 and 28 of appendix B1. Results
were obtained by conducting simulations. In additithve height and the distance with respect to the
geometry was varied.

In figure 9 the fluence rate as a function of heiggn be observed for the two specific arm position
This figure shows that the fluence rate for both #13 keV and 208 keV photon energies are
significantly greater in the arm forward positidrhe ratio between the photon energies for both arm
positions can be found in table 5 located in appeBa.

The figure also shows that the fluence rate israbgimum once the arm is placed at half heighhef t
body. It also shows a decreasing fluence rate tmeearm is moved off centre, either in lower or
higher position. Both these properties were alrebetgrmined earlier as can be seen in figure 6.
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Figure 9. Graph that shows the fluence rate as a function of height for two arm positions. The blue and red line
represent the fluencerates for photon energies of 113 keV and 208 keV respectively, for a sideways extended arm. The
green and purplelinethefluenceratesfor 113 keV and 208 keV photonsrespectively, for aforward extended arm.

Figure 10 illustrates the results of the simulagion the fluence rate for the two chosen arm positi
The fluence rate is, as in figure 9, greater fahldd 3 keV and 208 keV photon energies once the arm
is extended forward. Ratios between both photomgeee for the two arm positions can be found in
table 7 located in appendix B2.

The figure also shows that the fluence rate isdeareased with the inverse square law. This is in
accordance with the results presented in figur&8teover, the power fit in figure 10 results in
smaller powers for both photon energies than shoviigure 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 purplelinethefluenceratesfor 113 keV and 208 keV photonsrespectively, for a forward extended ar m.

From figure 9 and figure 10 it becomes clear ttighe two arm positions, the better position ise@nc
the arm is extended sideways. In this arm pos#idower fluence rate will be measurable. Thus, the
optimized arm position is with the arm extendedesidys. This can be explained when reviewing
equation 22. This equation states that the pholioenée rate and concordantly the fluence rate
depends on the area. The area is smaller of thmagep and body is smaller sideways than from the
front.

However, optimized positioning of the detector egstis patient specific. The length, height and
thickness is different for each patient. Thus, mgkit impossible to optimize the position for all
patient. Whilst this may be the case a standardtipodor the detector can be chosen taking into
account that the measurable fluence rate will heetowhen the detector and arm are position
sideways. This standard position will be choseheamarbitrarily. The position of the detector syste
will be set at 50 cm distance to the body at alitedfy 140 cm with respect to the body. Width pasiti

of the detector system will set for half patienckiness.

4.5. Conclusions
Results show that the fluence rate depends on wyoplarameters. For one, the geometry of the
source. Second, the position with respect to tluecgo The geometry of the source will determine the
isotropic or anisotropic nature of the fluence rata anisotropic property will lead to a position
dependent fluence rate. In addition, the distantiealso determine the measurable fluence rate.

Due to these position dependent photon fluenciespimized arm position and detector position
could be established. The optimized arm positicovgd to be a position in which the arm was
extended sideways.
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4.6. Discussion
It has been shown that a lower fluence rate willnimasured once the detector is placed at wrist
position with the arm extended sideways. Howevptingzing the position to specific values proved
more difficult. This is patient specific since atemgths differ per patient. Though, it was posstble
choose a standard position for the detector sysiéms.standard position was set for a distancelof 5
cm between the body and detector system, with ¢ectbr system placed at a height of 140 cm with
respect to the body. The width position of the dietesystem was set for half of the bodies thicknes

In addition, the fluence rate will not be reducaffisiently. Due to this the SNR will not be sufiént.
Further reduction of the fluence rate can be a@udw shielding the detector system. Optimizations
for shielding the detector system will have to iestigated.

28



y
TUDelft & ™MEHAGUE

APPLIED SCIENCES

5. Investigations on the signal-to-noise ratio.

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

5.2  Problem description and solution
The detector system will be located around thedionéwrist, and focused on blood vessels (arteries
and veins). Photons originating from the blood waittine field of view of the detector are regarded a
signal (S). Photons originating from any other seulike for example the rest of the body are
regarded as background radiation. These photohd&vitounted and recorded as signal when in fact
this is noise (N).

The levels of signal and noise can be describetienatically, albeit simplified, by multiplicatiorf o
the amount of activity with the detector efficiency

1
S = Abl ' sDbl ) T_z (25)
N = Abody ’ ngody ' E (26)

WhereA, is the amount of activity in the blood [Bafly.qy is the amount of activity in the body [Bq],
€qp IS the detector efficiency for the measuremerthefamount of activity in the blood [4g pody IS
the detector efficiency for the measurement ofaim@unt of activity in the blood [}, is the distance
between arm and detectors [m] and R is the distbatweeen body and the detector system [-].

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

_S_ 4 R
SNR= 5= 20 (27)
Since the detector efficiencies have been assumbd equal, the SNR depends on the ratio between
the amount of activities in blood and body andrtt® in the distances.

An efficient method of increasing the SNR is toueel the noise. Reduction of noise can be achieved
by minimizing the detectable amount of activitytie body and increasing the distance as can be seen
in equation 27. It has also been shown that evémincreased distance between the detector thé leve
of noise

This minimization can be achieved by shielding tletectors from the activity in the body. In
shielding the detectors there are certain critéré 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, aribe rate, can be achieved by using materials with
high atom numbers (82.1), such as lead or tung&tead is preferred since it has a high attenuating
property and its relatively cheap to obtain. Iniaidd, it is a soft metal which makes it very malbde.

Thickness of the used shielding material will adgbermine to what extent reduction can be achieved.
It may be clear that with increasing thicknessfthence rate or intensity will be reduced (82.)u$

the thicker the used material the lower the nditgwever, increased thickness is accompanied by
increased mass of the detector system. In additimsts will be higher. Thus, an optimal thickneks o
shielding has to be determined.

5.3 Materials and methods
Determining level of Signal

The level of signal, that is the fluence rate aistyposition, is determined by simulations conddcte
with Microshield® . However, before these simulations could be coredlithe amount of activity in

blood of patients should be known. Data on the arnheofi activity in blood was collected from dr.
Mark Konijnenberg at the Erasmus Medical Centers Tata was published by Flavio Forrer et al.[3].

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

* t=0 hours (immediately after infusion)
e t=0,5hours

e t=1hour

e t=1,5hours

* t=24hours

e t=72hours

* t=96 hours

e t=168 hours

The calculated volume activity for each momentiimet was used to determine the fluence rates at
detector position for both 113 keV and 208 keV phet These fluence rates were determined by
simulations that were conducted with Microshfeld

For these simulations a cylindrical geometry wasatad to simulate the forearm/wrist. This geometry

consisted of 2 cylinders. One of these cylinddrs, ihner cylinder, represents the combined arteries
and veins in the forearm and was given a radiu&2# cm. The other cylinder was placed around the
first cylinder. This second cylinder was given diug of 2.0 cm. Both cylinders were given a height

of 7.2 cm. The combined length and diameter coardp to a volume of 1 mL blood.

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

Determining level of Noise

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

In the simulation, the dose point (detector systeman placed at 50 cm distance at a height of 140 cm
and at a width of 15 cm (half of the body width)eddnetry of the body (rectangular volume) was
identical to the geometry used in the previous tdraf hus, 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 twonerds in time. First for the moment immediately
after infusion (t=0) and second for 24 hours aftéssion.

Improving SNR

The fluence rates for the level of signal and #sel of noise were used to calculate the signal-to-
noise ratio for several thicknesses of shieldirtgsTvas done for two important moments in time0t=

h and t = 24 h after infusion. Once the desiredimmh SNR of 100 can be achieved for both these
time points all measurements within 24 hours waliéa been performed with a SNR of 100.

5.4 Results

The amount of activity in the blood was determifi@dseveral points in time. This was done for 16
patients. The results for each patient was usedatoulate the average amount of activity and
according inaccuracy. This average amount of agtand inaccuracy are plotted in a graph. This
graph can be seen in figure 11. The correspondihgeg can be found in table 8 in appendix C2.
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Figure 11. Graph that showsthe average activity in blood of 16 patients as a function of time.

From figure 11 it can be seen that the amount w¥icin the blood is rapidly decreased. In spiegif
the amount of activity is reduced to circa 1.7 %haf initial value within twenty-four hours.

The values for the amount of activity at severdah{min time were used in simulations to determine
the fluence rate at detector position. This wasedseparately for the 113 keV and the 208 keV
photons. The resulting detectable fluence rateg atso plotted as a function of time, as can ba see
in figure 12. Values used to plot the graph in fegti2 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 ImL of blood for 16 patients was used in this graph. The blue line represents the fluence rate
of the 113 keV energy photons. Thered linerepresentsthe fluencerate

In figure 12 only the fluence rates for the firgt2ours after infusion are shown. This is done bsea

the detectable fluence rates have been decreasedextent that makes external measurements rather
difficult. As the fluence rate is decreased, theasueement time should be increased. However, long
measurement times (more than 60 or 120 seconads)tisvanted. Thus, making measurements with
the detector system longer than 24 hours aftesiofuimpossible. Therefore, investigations on the
SNR have been conducted for only two critical tipaents: O hours (immediately after infusion) and
24 hours after infusion.

The level of noise at detector position, that iefice rate originating from the rest of the bodys h
been determined in presence of several thickndssethe moment immediately after infusion. In
addition, the same has been done for 24 hours iaftesion. The results are shown in figure 13 and
figure 14 respectively. The resulting values caw &le found in tables 10 and 11 in appendix C2.

30L\
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Figure 13. Graph in which the fluence rate is displayed as a function of the shielding thickness. In the graph the blue
squaresrepresents a photon energy of 113 keV. Thered squar esrepresent 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
representsa 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 thatfthence rate is decreased exponentially, as
expected. The value shown in the exponent of thetens represent the attenuation coefficient of
lead for the specific energies in [¢nThe values deviate from expected values, whiet62.5 [cri]

for 113 keV photons and 10.8 [€irfor 208 keV photors The observed average values are 27.6 [cm
Y for 113 keV photons and 7.6 [Einfor 208 keV photons. The discrepancy in the valugy be
explained by the inaccuracy of the resulting fitpesformed by Microsoft Excel. In addition, the
geometry of the body causes a broad beam geonmettitd photons. The attenuation coefficients are
determined using a narrow beam geometry.

The levels of signal and noise for the time immtaljaafter infusion and 24 hours after infusion éav
been used to calculate the signal-to-noise ratiis Was done for both 113 keV and 208 keV photon
energies. In addition, the SNR was determined foltipie thicknesses of shielding. This showed that
the signal-to-noise ratio increases rapidly asthiiekness of shielding increases (level of noise is
decreased as the thickness of shielding is incig@alielso showed that the SNR increases lessllyapi
for 208 keV photons than for 113 keV photons. Tifidue to the difference in attenuation for photon
energies. Thus, the SNR will be (mostly) determibg®08 keV photons and how well these photon
can be stopped.

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

® The mass attenuation coefficients have been ditechby NIST and are published:
http://physics.nist.gov/PhysRefData/XrayMassCoeffilab/z82.html
Data from this table has been used to calculatértbar attenuation coefficient (data not shown)

33



- THEHAGUE
TU Delft .", UNIVERSITY OF
APPLIED SCIENCES
12
10
8 y=7.6x-4.7
— 6
S 4
v y=7.5x-7.4
S I)
0
_200 0.3 1.5 1.8 2.0
4 @

thickness of shielding [cm]

Figure 15. Graph that shows the SNR as a function of shielding thickness. The blue squares represent measurement
immediately after infusion (t = 0 h). Thered linerepresents measurementsrepresent 24 hours p.i. (t = 24 h).

In figure 15 can be seen observed that the SNRememglly lower for 24 hours p.i. This can be
explained by the shift in the level of signal ahd tevel of noise as time progresses. The amount of
activity in the blood is more rapidly decreasednhtttae amount of activity in the bodyEquations in
figure 15 can be used to calculate the thickneshiglding needed when a specific SNR is desired or
required.

An error of 1% can be reached when the SNR is 208NR 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 bedl} determine the signal to noise ratio. It hasb
known that the amount of activity in the blood ¢eirl.7 % of the injected amount) is decreased more
rapidly than the amount of activity in the bodyr¢ai 30% of the injected amount). The difference in
decrease of activity will result in a shift in tlsggnal to noise ratio. Signal to noise ratios can b
increased by lowering the noise which is achiewedding shielding.

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

An error of 1% is obtained when a SNR of 100 isiegdd. This SNR can easily be achieved by

applying a specific thickness of shielding. Howewke thickness needed to achieve a SNR of 100 is
different for the moment immediately after (t = @md 24 hours after infusion. For t=0 h 1.22 cm of

lead shielding is adequate to achieve a SNR. Fo24 hours at least 1.60 cm of lead shielding is

needed.

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

® The data is not shown but it is known that the am@f activity in the body, that is organs, tissuel 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 bloedd to be performed correctly, that is with a
relatively small uncertainty. This is only possilifi@etector properties are known. Not all propesti
are known and therefore have to be determined.altheis 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 @aly be conducted correctly and accurately once
detector properties are known. One of the importtéctor properties is the linearity. Linearitynca
be defined as the identical response of the deteotwarious amounts of activity.

During measurements on the linearity of a detedtmre are variables that can complicate
measurements and calculations. One of these vesiablthe geometry of the source. A point source
would be the preferred geometry during measuremetawever, in practice point sources cannot be
created. Sources will always have measurable dimesisLuckily the influence of the geometry can

be minimized.

Placing a source with relatively small dimensiohgedatively large distance from the detector will
create the opportunity to approximate the source jpgint source. The source will then comply with
the inverse squared law and the geometry can lily @aduded in all calculations. Thus making the
following equation usable for calculations:

¢ == (28)

4112

Wherey is the fluence rate [fs’], y is the abundance of the specific photon energyA-k the
amount of activity [Bq] and is the distance between source and detector [m]. 8dusition is used to
determine activities needed for the linearity measents (further described in materials & methods).

Detector efficiency

Another important property is the detector efficignThis detector efficiency shows the ease with
which the detector can measure radiation. It shbaldhentioned that this detector efficiency is gper
dependent. In addition, like with measurementsimeakity, measurements on the detector efficiency
may be complicated by geometry of the source. By alsing sources with small dimensions in
comparison to the detector surface the sourcesbeaapproximated as point sources. With this
specific condition met during measurement the fuilg equation can be used to calculate the
detector efficiency:

= = — =
ol 4id2 nrg?  YArg?

2
£ = bm _ R 4Rd (29)

Wheree is the detector efficiency [-R is the measured rate'jsd is the distance between source and
detector [m],y is the yield or abundance for specific photon gisr[-], A is the amount of activity
andry is the radius of detector surface [m]
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6.3 Methods & Materials

Each detector used for measurements consistedCaefBs scintillation crystal that was linked to a
photomultiplier tube. This entire set-up was linkedh offsprey (Canberra) communication and power

supply
Detector linearity

The average amount of activity in the blood foresal point in time has already been determined and
shown in chapter 5. In addition, the fluence ratdetector position for each point in time has adre
been determined by simulations. This fluence rate used to calculate the amount of activity needed
in a source of’’Lu when the source was placed at 2 m distance fhendetector. The results of the
simulations and calculations are shown in table®147 in appendix D3.

Measurements on the detector linearity are baseles® activities and were included with additional
activities. This was done to determine at whatvigtthe linearity would be compromised. Eventually
twelve different amounts of activity were measunedwo different vials. In specific, seven of the
twelve activities were measured in a volume of l0ima vial of 10 mL. The remaining activities
were measured in a volume of 100 mL in 100mL IVllest Measuring times were specifically chosen
for each activity. The aim was that the countingewould be less than 1 %.

Each measurement was conducted three times tordeéerepeatability and make proper statistics
possible. All measurements were conducted for wee detector simultaneously. This was possible
due to the placement of the detectors with resfmeeach other. The detectors were placed opposite
from each other with 4 m distance between the t@tec

Detector efficiency

The detector efficiency was determined for bothedietrs by measuring the amount of photons for
different distances between the source and detdatwing measurements, the measurement time was
kept constant at 60 seconds. The measurementsoardeicted using two amounts of activities of
Y u in small volumes of 25 pL each.

Activities used were: circa 12.6 MBq and circa 28Bq (exact values are presented later). The lower
amount of activity was used in measurement in wiighdistance between the source and detector
was varied from 7.0 to 13.0 cm. The higher amotigictivity 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 dekdround radiation, and the total amount of
disintegrations during the measurement time wasutated. Calculations were done with the equation
presented in appendix D1. The results of measurengerd calculations for each detector and each
photon energy were collected and plotted in sepagatiphs including the inaccuracy of each
measurement.

Detector 279

In figure 16 and figure 17 the results of the limyameasurements for the detector designated @s 27
are shown. The corresponding values and inaccgraaie be found in tables 14 to 17 in appendix D3.
Figure 16 shows the linearity plot for 113 keV pire.
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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 timeinterval for detector 279.

The linearity of the detector is determined by gyl linear regression theorem on both figure 16 an
figure 17. This regression analysis showed thatdéector is linear for the various amounts of
activity used since the r proved to be 0.993. Tdsponse of detector proved to be (0.062 + 0.002)
count/disintegration for 113 keV photons.
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Figure 17. Graph in which the amount of detected 208 keV photonsis displayed as a function of the number of
desintegrations during the measurement timeinterval for detector 279.

The detector linearity for 208 keV was analyzed isimilar manner as for the 113 keV photons. Thus
regression analysis was also performed on the salsed for figure 17. This resulted in conformation
of linearity of the detector for all amounts of isity used. And showed that the response of the
detector for 208 keV photons is (0.064 + 0.002)ntalisintegrations.

These results show that the detector responsgligihfor 208 keV photons than for 113 keV photons
albeit marginally higher. This suggests that désacfor low energy photons is more difficult. A
reasonable explanation could be that low energyguisomight lose energy before they could excite
atoms in the crystal and therefore less signaraslyced. However, another reasonable explanation
could be that the difference in response is with&tcuracy interval of the measurements.
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Detector 276

The results of measurements for detector 279 weatyzed in a similar manner as was done for
detector 276. Figures 18 and 19 show the measuterasult for 113 keV and 208 keV photon
energies respectively. All corresponding valueduidiog inaccuracies are presented in tables 18 to 2

in appendix D3.
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Figure 18. Graph in which the amount of detected 113 keV photonsis displayed as a function of the number of
desintegrations during the measurement timeinterval for detector 279.

Regression analysis on detector linearity for 1&¥ land 208 keV was performed. This analysis
resulted in a response of (0.062 + 0.002) coursigigigration for 113 keV and a response of (0.063 +
0.002) counts/disintegration for 208 keV photons.
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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 overlapaendloser together than for detector 279. This
shows that the inaccuracy in measurements indeetharesponsible for the deviation in response for

the two photon energies.
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Detector efficiency

The number of photons detected were corrected dokdround radiation. Subsequently, the number
of photons in each measurement were converted tea ta addition, the theoretical rate was
calculated. The detector efficiency could then dlewdated using equation 29. The detector effigrenc
is plotted in a graph as function of the distanegveen the source and the detector. This typeagfigr
will

Detector 279

In figure 20 the results are presented for 113 lkeld 208 keV photon energies respectively. The
inaccuracy in the measurements are included ifighee.
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Figure 20. Graph in which the detector efficiency is plotted as a function of the distance between the source and
detector. Thebluelinerepresents 113 keV energy photonsand thered line 208 keV energy photons.

In figure 20 can be seen that the detector effayies increased as the distance between the santte
the detector is increased. In addition, it candmnghat the detector efficiency depends on théopho
energy. The same can be observed in figure 2liglmd 21 the results of measurements on detector
276 are presented.
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Figure 21. Graph in which the detector efficiency is plotted as a function of the distance between the source and
detector. The blue linerepresents 113 keV energy photonsand thered line 208 keV energy photons.
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In both figure 20 and figure 21 it can be obseryed the decrease in efficiency can be approximated
with a power fit. And that this power fit approashe inversed square law.

The equations from the fits create the opportutotgalculate the detector efficiency for a specific
distance between source and detector. The souecgually being the arm. A known efficiency of the
detector will make the estimation of the amounaaivity in the blood possible.

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

This can also be expressed as a response, ancespisnse proved to be equal for both detectors.
However, this is only the case for 113 keV photdtsotons energies of 208 keV show a similar but
not equal response with the detectors. The respémsed1l3 keV photons is (0.062 + 0.002)
counts/disintegration. For 208 keV photons the oasp is shown to be (0.063 = 0.002)
counts/disintegration and (0.064 + 0.002) couns#itiégration for detector 276 and 279 respectively.

The detector efficiency has also been determinedydth detectors, and for both 113 keV and 208
keV photon energies. The efficiencies for 113 kdiétpns proved to be (76 £ 5) % and (73 £ 6) % for
detector 276 and detector 279 respectively. ForkBd8photons, the efficiencies proved to be (54 + 5
% and (56 * 5) % for detector 276 and detectorr2gpectively.

6.6 Discussion
The detectors proved to be linear for a range w¥ities. The actual linearity of the detectors cary
be determined once the response starts to deViagzefore, absolute linearity measurements of the
detector demands that the range of activitiesasemsed to the point that the response startsviatde

The detector efficiency was determined with a reddy large inaccuracy. This inaccuracy might have
been caused by the use of two separate sourcethekrexplanation could be found in the solid angle
during measurement. This solid angle is changdbeadistance is increased. For larger distances the
photons tend to enter the detector more paralbémost perpendicular to the detector surface. The
path length for photons then becomes practicaliyaegnd will only then give an accurate detector
efficiency.
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7. Investigations on optimal detector position with respect to the
arm.

7.1 Introduction & objective

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

7.2  Theoretical foundation
Measurements on the volume activity in blood cay be conducted once the volume of blood can be
determined accurately. The measurable volume addbie determined by the field of view of the
detector. An unshielded detector can measure gctiviginating from any direction. In addition, an
unshielded detector could not be used in measurtsn@nce the volume corresponding to the
measured activity would be unknown. Thus, shield{ngllimating) the detector will create the
opportunity to determine the measurable volumdaddh

Although the field of view may be critical in deteining the measurable volume of blood, it is n& th
only parameter in that has to be determined acelyrathe geometry of the source, in this case the
forearm, is another important parameter. The imibgeof the geometry should and can be minimized
during measurements. This can be achieved by isiogdhe distance between source and detector.
With increasing distance the source will approxenatpoint source geometry. A point source has in
fact no measurable geometry. For point sourcestiequ28 can be used.

There is a disadvantage in increasing the distbatgeen 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 deterthintheoretical detectable fluence rate
at detector position in case the detector is plawsd the wrist/forearm. This determination hasbee
done for two points in time. The points in time enoments immediately after and 24 hours after
infusion. In the simulations the geometry of theefom was regarded as a cylinder (as was done in
8..). The dimensions of the geometry were equdhéodimensions used in paragraph 6.2. However,
the simulation was conducted for three differemysie length’

e 7.2CM
e 10.0cm
e 125cm

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

" The section of forearm as observed by the detéstefined as the sample. The sample length kéih talso
represent a section of the arm with a specifictleng
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* 0.0 cm (detector placed on the skin)

« 20cm
« 40cm
« 6.0cm
« 80cm
e 10.0cm

The resulting fluence rates were combined withethdier determined detection efficiency to estimate
(calculate) the number of detected photons afteeasuring time of second seconds. This estimation
has also been conducted for the two points in tasenentioned earlier.

Theoretical field of view

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

Measurements on the field of view

Measurement have been conducted to determine whietlvas possible to create a specific field of
view by shielding the detectors. In the measureraesturce of’Lu has been used. This source was
created by placing a volume of less than 5 uL small vial (Mobitec). This vial then contained an
activity of (2.2 + 0.1) MBq.

This vial was placed opposite from the detectaa distance of 10 cm between source and detector.
This detector was wrapped cylindrically in leaddagreating a shielding thickness of 1.5 cm. The

detector was placed within the shielding in whibk shielding extended 5.8 cm with respect to the

detector.

In measurements the source was moved sideways alstrgight line. This would create the change
in angle between the detector centre and the sotilee was done for circa 7.5 cm in both positive
and negative direction. The positive direction wdafined as being positions right to the centethef t
detector and the negative direction was defineloe@tsy positions left from the center of detectdreT
measuring time was kept constant at 60 second=afdr measurements.
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7.4 Results
Measurable number of photons at detector position

The fluence rate at detector position has beerrrdeted for different sample lengths. The resulting
fluence rate has been used to estimate the nunfljgrotons that will have been detected after 60
seconds of measurement. Simulations and estimatiame been conducted for both the moment
immediately and 24 hours after infusion, and 118 k&d 208 keV photon energies.. All results of
simulations and estimations (calculations) havenbamlected and organized in tables 26 to 31 in
appendix E2.

The results shown in the before mentioned tableskan plotted in graphs. However, only results for
the 208 keV photons have been shown in the grdphs, the results for the moment immediately
after infusion are shown in figure 22.
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Figure 22. Graph in which the theoretical detectable number of 208 keV photons is plotted as a function of the
distance between the sour ce and detector for moment immediately after infusion (t=0 h). In the graph threelinesare

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 estimateaber of detected photons is higher for longer
sample lengths. However, this is only for smaltahses between the sample and detector. Increasing
the distance between sample and detector will résub similar estimated number of detected

photons.

Figure 22 can be used to determine the distanseebetsource and detector when a specific number
of detected photons is required. In addition, igare can be used to chose a specific sample length
For the detector system purposes a minimum of 1@008ats is desired. This number of counts can be
achieved when the distance between sample andaeigtess than 6 cm, as can be seen in figure 22.
However, a larger distance is desired. A largetadise and the desire for at least 10000 counts can
also be reached by elongating the counting tinfertexample 120 second. It will then be possible to
enlarge the distance between sample and detectOram.
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As in figure 22, the estimated number of detecteodtqns is plotted as function of distance between
source and detector. However, in this plot thelteswe shown for simulations and estimations fbr 2
hours after infusion.
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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 tlvenber of detected photons is decreased once the
distance between source and detector is incre&i®aever, in contrast to figure 22 the number of
photons is reduced by a factor of approximatelitd@00 depending on the distance. It can also be
observed that the value of 10000 counts will notdaeched by any distance. This value can only be
reached by increasing measuring time 5 to 100 titinegnitial measuring time of 60 seconds. This
depends on the distance between the detector anckso

Theoretical Fields of view

The measurable sample length is determined byigltedf view. Each sample length and distance
between sample and detector requires its own dildew. 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 wheikeFOV was easily adjustable by means of
shielding. In addition, the experiments have beseduo the determine the effects on the detected
number of counts after narrowing the FOV. This basn done for each detector separately. Results
for both detectors are shown in tables 33 to 3pipendix E4

In figures 24 and 25 the results for both 113 ked 208 keV photons are shown for detector 276 and
279 respectively. In each figure the number of ctet& photons has been plotted as a function of the
angle between detector and sample. In both figinegaccuracy in measurements has been shown. It
should be stated that an angle dfr@resents sample position directly opposite efdénter of the
detector.
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Figure 24. Graph in which the detected number of photonsis plotted as a function of the angle between source and
detector for detector 276. In thisgraph data on both 113 keV and 208 keV photonsis plotted separ ately.

In figure 24 can be seen that the number of dedegt®tons is practically similar for angles 1@

17°. Beyond these angles, in both positive and negatirections, the number of detected photons is
decreased rapidly. Beyond angles of°-ahd 32 no photons, originating from the sample, will be
detected. These effects can be explained by teddsig surrounding the detector.
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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 thisgraph data on both 113 keV and 208 keV photonsis plotted separately.

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

It should be mentioned that the slope of the deered number of detected photons can be altered by
changing the shape (geometry) of the shieldinglifeation). For correct sample length (volume of
blood) measurements the slope should be as stegpsatble. However, the number of detected

photons should be similar for all angles within fieéd of view.
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7.5 Conclusions
Simulation results confirm that the influence oé theometry is decreased as the distance between
source (forearm) and detector is increased. Resluite that for distances equal to and larger tian 1
cm the will result in fluence rates that are simitedlependent from the sample length. It has aésmb
shown that a minimal number of 10000 counts caadbigeved within or after a measurement time of
60 seconds by positioning the detector at a maxirdistance of 6 cm for the moment immediately
after infusion. This number of counts cannot beead within or after measuring for 60 seconds.

For each distance the necessary field of view vedsutated except for a distance of O cm. At this
distance the detector surface would be in direntam with the source (forearm) surface. It wikth
be impossible to create the large FOV necessary.

Results from experiments showed that it is possibleuse lead shielding around the detectors
(cylindrical in shape) to alter the field of vieihe position of the detectors within the shieldinig
determine the field of view.

7.6  Discussion
Although the minimal number of 10000 counts canetachieved at t =24 hours with the set-up
described in this chapter, the set-up might beadtenhanced in a manner that this number can be
achieved. For example, a detector with a larger sigstal can be used. Another possibility, however
the less preferred possibility, is increasing meament time.

Measurements on the FOV showed to have relatiatyel inaccuracies. These inaccuracies can be
minimized by using a large distance than 10 cnxpeements. Displacement of the source, over the
same distance as done in the experiments desdnilteid chapter, will then result in a smaller chan

of the angle.

In addition, the slope in detected number of phetoan 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 whedhdetector system could be developed that would
be able to measure the amount of activity in bloodthese investigations several criteria were
examined like positioning and signal to-noise ratin addition, detector properties were also
examined. Properties like linearity, response dfid@ncy.

It has been reasoned that the detector system edpe$t positioned around an extremity. As a

consequence, the distance between the body ardkteetor system can be increased. Subsequently,
the detected number of photons originating from ltleely is reduced. For the best reduction the

extremity should be extended out as far as posdgl#ating the largest distance possible. The

forearm/wrist was preferred of all extremities.

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

However, it has been determined that the fluenteatthis position is not reduced sufficiently.isTh
will lead to an undesirable signal-to-noise ratiackily, this SNR could be improved by the use of
lead shielding. The thickness of shielding needeathieve a SNR of at least 100 is 1.60 cm.

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

The response of the detectors proved to be equallf® keV photons with a value of (0.062 + 0.002)
counts/disintegration. In contrast to the respdnse€08 keV photons the detectors did not show an
equal value. For 208 keV photons the response.@&30+ 0.002) counts/disintegration and (0.064 *
0.002) counts/disintegration for detector 276 an@ 2spectively.

The detector efficiencies were also determinedals confirmed that the detector efficiency depends
on photon energy. For detector 276 and 279 theiefity proved to be (76 £ 5) % and (73 = 6) %

respectively for 113 keV photons. For 208 keV phetdhe efficiencies proved to be (54 + 5) % and
(56 = 5) % for detector 276 and detector 279 respsy.

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

Now that all these criteria are determined furtinestigations can be conducted. These results do
show that external measurements with this set-opldtbe feasible.

NB. All inaccuracies shown here have ds degree of accuracy (68%). These inaccuracresasily
be calculated to ac3degree of accuracy (99.7%). This applies to thigeereport.
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9. Recommendations
Further investigations are needed to create atdetegstem that will be able to measure the amotint
activity in blood with the highest accuracy possildffor one, the collimation needs to be designed
correctly to reduce leakage of photons that origirfeom outside of the field of view. This can be
done theoretically. Another possibility is to ennatly determine the optimal geometry of the
collimating shielding.

Once the correct collimation has been designefbifmving subjects can be investigated.

 Phantom measurements
* Level of attenuation of the wrist/forearm
« Patient measurements

Phantom measurements could be conducted by malaplinaer of Plexiglas in which a small tubing
with a specific amount of activity is placed, aiilinfy the cylinder with water. This experimentsubd

be extended by placing actual bone in the Plexigyéinder and even adding more tubing to represent
more arteries and veins.

These phantom measurements could be used to estineaattenuation of the activity. However, the
attenuation of the forearm could also be determietheans of a CT scanner. A patients arm can be
scanned and the data can be used to determin&ehaation of each specific tisSue

Finally, the detector system should be used orpiEtito examine whether the amount of activity in
blood of patients can be determined accuratelys Wil be done by taking blood samples and linking
this the results of the blood sample to the measein¢ with the detector system.

8 This data may already be available for a numbgratients.
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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 depattoieruclear medicine of EMC. A project of
measuring directly the radioactivity in the excecetgine in toilet pot is being investigated by RIH,
cooperating with EMC. Meanwhile, the whole body mting method has being investigated as well,
accompanying with the urine collection method. Tddioactivity in whole body could be determined
by the urine measurement or whole body counting.

Objectives

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

Generally the activity in blood is determined bkitg the blood samples at a given timeline
after infusion. Taking blood samples frequentlpdsing for patients, and also leaves a radiatisk ri
for the staff who handles the activity measuremehitdood samples. Thereby it is needed to measure
the activity in blood without taking the blood sdegp Can the activity in blood be determined by
measuring activity in the wrist?

Target

The target is to reduce the frequency of takingpthlsamples so that it is much comfortable for
patients, and also reduce the radiation risk ferstiaff.

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

Activities/Study design

The radioactivity in wrist could be measured withwast measurement under a proper shielding
against activity in the whole body. A well detegtathich the diameter of the well volume should be
suitable to wrist and hand size, could be used.ance, a pressurized ionization chamber in dose
calibrator VDC 505 or a well Nal detector could dayood choice. Alternatively, two scintillation
detectors (cylinder) could be put on the opposidessaround the wrist.

Modeling

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

The simulation will be validated by the typical eximent with an arm phantom. The simple arm
phantom could consist of a plastic cylinder filleith water which simulates normal tissue in arm,
inserting a plastic tube which simulates vessetstdood in it. The radioactivity in normal tissueda
blood could be changed by tH&_u activity in the cylinder and vessel tubes.

Patient measurements

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

R(t) = Ar:(t()t)

Where, n(t) is the count rate (cps) of the wrisamgement at time t, At) is the activity (MBg/mL)
in the blood sample, R(t) is the response.

For the normal wrist measurement, a blood samplleb&itaken immediately after infusion,
which is used as the reference value of the patieditvidual calibration. The baseline wrist
measurement at t=0 h can be used as the calibsatidividually. Then the activities in blood can be
determined by the count rates of the wrist measeingsnwith the correction factors at other times.

- n@®
A= R(O) f(t)

Where, A(t) is the activity (MBg/mL) in blood, R(0) is thalibration factor and the f(t) is the
correction factor.

Data analysis

The measurement uncertainty of the activity in blesll depend mainly on the variations of the ratio
with time. The activity in wrist consists of thrparts, e.g. activity in blood, normal tissue insw&and
bone (including bone and marrow in the bone intyriBhe activities in normal tissue and bone could
come from the gamma camera scanning at t=24 h dilg. time-activity curves in the different
organs, e.g. blood, normal tissue and bone of tigt 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 fronDélft and EMC Rotterdam. They are:
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TU Delft: Peter Bode, Boxue Liu (fulltime), FolkdbtP. Geurink, students (probably)
EMC Rotterdam: Wout Breeman, Mark Konijnenberg

Result publication/PR and Communication

The results will be presented in the annual confegef 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 deter mine the geometry used in simulations.
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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 wherethe arm would be extended forward.
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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 wherethe arm would be extended sideways.
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Appendix B2: Tables regarding position dependent fi uence rates

Table 1. Results of the simulations on height dependent fluencerates

without build-up with build-up without build-up with build-up
E [KeV] 113 113 208 208
him] ¢-10°[cm?-s™] @-10° [cm?- s @-10° [cm?- s @-10° [cm?- s

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] @ - 10° [cm?-s7] @ 10° [ecm?- s @-10°[cm?-s'] ¢ -10°[cm?-sT]

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 ssimulations on distance dependent fluencerates

without build up with build-up without build up with build-up
E [keV] 113 113 208 208
dim]  ¢@-10°[cm?-s7) ¢@-10°[cm?-s] @ -10°[cm?-s] @ -10°[cm?-s]
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 fluencerate for two arm positions.

arm sideways arm forward
E
[keV] 113 208 E [keV] 113 208
@-10°[cm?-s
h[m] ¢-10°[cm?-s"] ¢@-10° [cm?-s™ h [m] ¢@-10°[cm?-s] 11
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)

Ratio arm forward/arm sideways 113 keV  Ratio arm forward/arm sideways 208 keV

h [m] photons 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 fluencerate for two arm positions.

arm sideways arm forward
E [keV] 113 208 E [keV] 113 208
d[m] ¢-10°[cm?-s' ¢ -10° [cm?-s7] d[m] @-10°[cm?-s] ¢ -10°[cm?-s7]
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)

Ratio arm forward/arm sideways 113 keV  Ratio arm forward/arm sideways 208 keV
d[m] photons 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.
Y

4

—

Z

Figure 29. Geometry used to represent the forear m/wrist in simulations on the fluencerate at detector position.

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

V = nr?l (30)
Determining the combined radius of the geometnsiimulation purposes:
Viotar = Vi + Vo + V3 + 1, (31)

Viotar = Tl + 2l + ars?l+ nnl = nl (2 + n?2 + 2 + %) = nlR? (32)

_ Viotal
R= /—m (33)

Determining the length of the geometry for simolajpurposes:

l — Viotal (34)

TTR?2
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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] At [h] A [GBq] AA [GBq] A-10°[Bg/mL]  AA-10’° [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 thewrist.

E [keV] 113 208
t [h] @ [cm?-s7] @ [cm?-s7]
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 fluencerate (noise) in presence of different thicknesses of shielding (t =0h) .

E [keV] 113 208
shielding thickness [cm] @ - 10° [cm?/s™] @ - 10° [cm?/s™]
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 fluencerate (noise) in presence of different thicknesses of shielding (t =24 h)

E [keV] 113 208
shielding thickness [cm] @ - 10° [cm?/s™] @ - 10° [cm?/s™]
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 SNRI[-]
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 duringaserement time:

n= [ Age™Mdt = 2 (1—e™) (31)

Wheren is the number of disintegrations [A, is the amount of activity at start measuremeni,[Bq
is the decay constant of the radionuclid§ ndT is the measurement time [s].

Calculating the response of the detector:
N
R=— (35)

Calculations on the uncertainty
Calculating the uncertainty in the number of detegbhotons:

S
AN = — (36)

WhereN is the uncertainty in the number of detected pm®{@ounts]sis the standard deviation in
the measurement [Counts] amés the number of measurements][-].

Calculating the uncertainty in the number of disgmations:
dn
M= |3 (1—e™ )| - 04 (38)

Where4n is the uncertainty in the number of disintegragipih, 4A is the uncertainty in the amount
of activity at start measurement [BdJis the decay constant of the radionuclid§ pndT is the
measurement time [s].

Calculating the uncertainty in the response ofdb&ctor:
AR = |§—§ . AN + |Z—7’j . An (39)

AR = |3 - . An (40)

Calculating the uncertainty in the detector effiaig:

4Rd?

= VAT 42 (41)

Ag = T - - Ary (42)
| 4a? 8Rd 4Rd2 4Rd?

de = |2 | AR+ |yA 3| - Ad | | AA+ |—2yArd3 Ary (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 measur e these fluence
ratesat 2 m distance.

E [keV] 113 208 113 208
t [h] @ [cmZs™) @lem?s] A - 10’ [MBq] A - 10’ [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
9% 0.35 0.51 0.028 0.02
168 0.27 0.39 0.021 0.02

Appendix D3: Detector linearity

Table 14. M easur ed and used activities, and corresponding number of 113 keV photons measured in linearity
measur ements with detector 279.

A-10°[MBq] J4A-10°[MBg] N-10°[Counts] AN - 10° [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, deter mined
using values from table 13 (detector 279).

n-10° an - 10° R-107 AR -107
[disintegrations] [disintegrations] [counts/disintegration] [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. M easur ed and used activities, and corresponding number of 208 keV photons measured in linearity
measur ements with detector 279.

A-10°[MBq] A4A-10°[MBqg] N - 10° [Counts] AN - 10° [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, deter mined
using values from table 15 (detector 279).

n-10° an - 10° R-107 AR -107
[disintegrations] [disintegrations] [counts/disintegration] [counts/disintegration]
4.0 0.006 6.32 0.17
35 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. M easur ed and used activities, and corresponding number of 113 keV photons measured in linearity
measur ements with detector 276.

A-10°[MBq] 4A - 10° [MBq] N - 10° [Counts] AN - 10° [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, deter mined
using values from table 17.

n - 10° 4n - 10° R-107 AR - 107
[disintegrations] [disintegrations] [counts/disintegration] [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. M easur ed and used activities, and corresponding number of 208 keV photons measured in linearity
measur ements with detector 276.

A -10°[MBq] AA - 10° [MBq] N - 10° [Counts] AN - 10° [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, deter mined
using values from table 19.

n - 10° 4n - 10° R-107 AR - 107
[disintegrations] [disintegrations] [counts/desintergration] [counts/disintegration]
4.0 0.006 6.15 0.16
35 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 deter mination of the detector efficiency for 113 keV photons.

d [cm] Ad[cm] A[MBq] AA[MBq] R-10°[CPS] AR -10°[CPS] £ [%] Ae [%]

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 0.1 141 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 valuesfor deter mination of the detector efficiency for 208 keV photons

d[cm] Ad[cm] A[MBq] AA[MBq] R-10°[CPS] AR-10°[CPS]  &£[%] Ace [%]

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 valuesfor deter mination of the detector efficiency for 113 keV photons

dlem] Ad[cm] A[MBq] AA[MBq] R-10°[CPS] AR -10°[CPS] € [%] Ace [%]

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 0.1 224 0.3 2.1 0.01 83 3
20 0.1 224 0.3 1.1 0.01 80 3
25 0.1 224 0.3 0.7 0.01 79 3
30 0.1 224 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] Ad[cm] A[MBq] AA[MBq] R-10°[CPS] AR-10°[CPS] &[%] Ae [%]

7.0 0.1 12.6 0.1 53 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 0.1 224 0.3 2.6 0.01 59 2
20 0.1 224 0.3 14 0.01 59 2
25 0.1 224 0.3 0.9 0.00 58 2
30 0.1 224 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:

4
— -1 2
6 = tan <d)

Calculating uncertainties

Calculating the uncertainty in the angle:

aé

_ |49 . a] .
no =2 - AL+ |dld Ad
2 1 1
£ = |—2— - AL+ [——- —— - ad
1+<%l> 1+<§>
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Appendix E2: Tables with wrist simulation results (

t=0h)
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Table 26. Table with results of the wrist measurement for different distances between detector and wrist (1 =7.2 cm).

E [keV] 113 208 113 208
d [cm] @-10°[cm?-s"] ¢ -10*[cm?-s?] |N-10° [counts] N -10*[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 14
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. Tablewith results of the wrist measurement for different distances between detector and wrist (| =10 cm).

E [keV] 113 208 113 208
d [cm] @-10°[cm?-s"] ¢ -10*[cm?-s?] | N-10° [counts] N - 10*[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 (1 =12.5

cm).

E [keV] 113 208 113 208

d [cm] @-10°[cm?-s"] ¢ -10*[cm?-s?] |N-10° [counts] N -10*[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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Table 29. Tablewith results of the wrist measurement for different distances between detector and wrist (| = 7.2 cm).

E [keV] 113 208 113 208

d [cm] @ [em?-s7] @ [em?-s7] 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. Tablewith results of the wrist measurement for different distances between detector and wrist (| =10 cm).|

E [keV] 113 208 113 208
d [cm] @ [em?-s7] @ [em?-s7] 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. Tablewith results of the wrist measurement for different distances between detector and wrist (1 =12.5

cm).

E [keV] 113 208 113 208

d [cm] @ [em?-s7] @ [em?-s7] 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 15 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

THEHAGUE

and detector.

I [cm] 7.2 10 12.5

d [cm] d[°] FOVI[’]| &[] FOV [°] 3 1[°] FOV [°]
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. Tableswith result of measurement on the FOV for 113 keV photons.
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x[cm]  Ax[cm] 3] A%[°] N-10°[Counts] AN - 10°[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. Tableswith result of measurement on the FOV for 208keV photons.

x[cm]  Ax[cm] 3] A%[°] N-10°[Counts] AN - 10°[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
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Table 35. Tableswith result of measurement on the FOV for 113 keV photons.
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x[cm] Ax [cm] 2 A8 [°) N - 10° [Counts] AN - 10° [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. Tableswith result of measurement on the FOV for 208 keV photons.

x[cm] Ax [cm] 21[° A9 [°] N-10°[Counts] AN - 10’ [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 0.2 242 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
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