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Abstract

The impact of a patient’s size on a spatial resolution of PET

scanner constructed of polymer scintillators

The aim of this thesis is to determine how size of a patient influences the
temporal and spatial resolution of a double module of Strip PET prototype
based on polymer scintillators. Such a scanner is currently being developed
at Jagiellonian University by the J-PET collaboration. All measurements
were conducted using a double module of a Strip PET prototype with a ?>Na
source. Four different sizes of phantoms filled with water or ethyl alcohol
were used as a simulation of a patient’s body. The achieved time resolution
along Line-of-Response is around 146 ps, and it is the same for all tested
phantoms within the uncertainty range and as a result spatial resolution
along Line-of-Response is equal to about 22 mm. Both these values are two

times better than in currently used PET scanners.






Streszczenie

Wplyw rozmiaréw pacjenta na rozdzielczo$¢ przestrzenng

tomografu PET zbudowanego z paskowych scyntylatorow

Glownym celem tej pracy jest wyznaczenie wpltywu rozmiaréw pacjenta
na czasowa i przestrzenng rozdzielczo$é paskowego tomografu PET zbu-
dowanego z polimerowych scyntylatorow. Taki wtasnie skaner jest obec-
nie budowany na Uniwersytecie Jagielloniskim. Wszystkie pomiary zostaly
przeprowadzone na dwu-modutowym prototypie PET uzywajac *?Na jako
zrodta promieniotworczego. Cztery réznej wielkosci fantomy, wypetnione
woda lub alhololem zostaty wykorzystane w ramach tej pracy. Otrzymana
rozdzielczos¢ pomiaru czasu przelotu wynosi okoto 146 ps. Wartosé ta jest
dla wszystkich fantomow taka sama w granicach niepewnosci pomiarowych.
Wyznaczona rozdzielczos¢ przestrzenna wzdtuz linii lotu kwantéw anihila-
cyjnych wynosi okoto 22 mm i w granicach niepewno$ci jest taka sama
dla wszystkich fantomoéw. Uzyskane rozdzielczosci sa dwukrotnie lepsze niz

w obecnie produkowanych tomografach.
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1 Introduction

Nowadays Positron Emission Tomography is one of main diagnostic tech-
niques used in medicine. PET is used for non-invasive imaging of physiolog-
ical processes occurring in the human body. It is very precise tool not only
for diagnostic, but also for monitoring effects of therapy in oncology, cardi-
ology, neurology and even psychiatry. It is also used to monitor progresses
of radiotherapy and also it allows for early detection of Huntington disease.
Development of Positron Emission Tomography has allowed for better under-
standing of ethology and progress of Alzheimer’s and Parkinson’s diseases,
as well as schizophrenia and epilepsy. Through PET, diagnosis of different

types of cancer in early stages is possible.

Commercial PET scanners are constructed of inorganic scintillators as ra-
diation detectors [2,4,8|. Because of that, these scanners are very expensive.
Currently at Jagiellonian University a novel PET detector based on polymer
scintilators is being developed. Using plastic scintillators one can reduce the

cost of a scanner.

In 1980 the new method of scan called Time-of-Flight was introduced.
First TOF-PET detectors were made of CsF and BaF, crystals, but those
detectors had very low spatial resolution and sensitivity in comparison to
BGO at that time. Availability of new scintillators (like LSO and LYSO)
[5,13], as well as improvements in the field of electronics and more choices of
cost effective photomultipliers made studies on TOF-PET available. In 2005
Siemens TOF-PET scanner based on LSO achieved 1.2 ns timing resolution
6], a first commercial TOF-PET was constructed in 2006 by Philips and was
based on LYSO crystals, this scanner achieved 650 ps (FWHM) resolution

time, later in in 2007 Gemini TF scanner based on LYSO crystals achieved

12



even better result - 600 ps (FWHM) [11] and finally in 2008 Simens made a
prototype scanner based on LSO crystals that achieved 550 ps (FWHM).

Spatial resolution along LOR is directly connected with time resolution
of detector, which makes it the most important parameter that characterizes
TOF-PET scanner. It gives us information about how well one can locate
the point of annihilation using time difference between two detectors and
it depends on few factors: type of photomultiplier and electronics used to

analyse signals and most importantly on the type of scintillation material.

The main aim of this thesis is to determine spatial resolution of Strip
PET as a function of the size of a patient’s body, which in this case was
imitated by phantoms filled with water and alcohol. In chapter 2 basics
of physics behind PET are presented with description and comparison of
currently produced PET scanners and Strip PET. In chapter 3, description of
an experimental setup is presented. All measurements were conducted using
a double detection module built out from BC420 plastic scintillator strips
(with dimensions of 5 x 19 x 300 mm? ) read out at two ends by Hamamatsu
R4998 photomultipliers. The measurements were performed using beam of
annihilation quanta from the ??Na isotope and the Serial Data Analyzer

(Lecroy SDA6000A) which enabled sampling of signals with 100 ps intervals.

Description of measurement of speed of light along the scintillator strip
and a beam profile are presented in chapters 4 and 5. Determination of these
parameters is crucial for calculation of scanner resolution. In chapter 7, it is
explained why certain phantoms were used in case of this study. Finally, in
chapters 8 and 9 one can find the description of a method for determining time
and spatial resolution of double module of a Strip PET scanner prototype.
Calculations of both Time-of-Flight along the Line-of-Response and spatial

resolution are presented.
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2 PET detectors

PET scanners used nowadays in hospitals are constructed of many inor-
ganic scintillators as a detectors of gamma quanta produced in annihilation
process of electron and positron. These, in most cases two gamma quanta, are
flying in opposite directions along the line (referred to as a Line-of-Response:
LOR), with exactly defined energy equal to 511 keV. All detectors are formed
in a ring around patient’s body (Fig. 2.1). Two gamma quanta are considered
to be a pair from annihilation if they hit opposite detectors within 5-10 ns [8].
Fluorine '®F is the most common ST emitter used in hospitals due to its half
life time, long enough to perform a scan and short enough not to have neg-
ative influence on a patient. This radionuclide is combined with a chemical
substance and it is called radiopharmaceutical. This substance is responsible

for delivering a nuclide to part of a body which one wants to examine.

I8 PET Detectors

Figure 2.1: Schematic view of PET scanners used in hospitals. Figure adapted from [10].

When gamma quanta from annihilation hits a scintillator, it can transfer
its energy, partially or entirely to an electron. This electron induces flashes
of light in the process of ionization and excitation of atoms or molecules.

Light flashes are then converted into electric signals by photomultiplier tubes
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connected to scintillators.

Reconstruction of lines of response is essential to reconstruct tomographic
image, which reflects the distribution of the density of the radiopharmaceutic
in the body of the patient. PET is used to observe physiological processes
that occur in body. Standard radiation dose given to patient during ex-
amination amounts to about 7 mSv, which is similar to other diagnostics
techniques [13]. Therefore, PET has no negative influence on a patient, due

to hormesis mechanism it can even strengthen the immune system [11,12].

2.1 Depth of Interaction

Positrons in the body created from 57 decay of radionuclide are decelerat-
ing after being scattered during collision with electrons (their kinetic energy
decreases to the value close to zero) then annihilation process occur on the
average of few millimetres far from nucleus from which it was emitted. An-
other factor limiting accuracy of the detector is unknown depth at which

gamma quanta reacts in scintillator.

Figure 2.2: Schematic view of the reconstruction of the LOR with unknown depth of
interaction. Figure adapted from [10].
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Most inorganic scintillators are made in size of about 5 x 5 cm and 2.5 cm
thickness. Additionally, they are cut into smaller units 0.5 x 0.5 cm [14]. Hit
position reconstruction in crystal detector is based on the assumption that
the position where gamma quantum was absorbed is in the middle of the
unit. In Fig. 2.2 inaccuracy of this assumption is shown. Solid line shows
LOR reconstructed, when one assumes that signal is created in the middle

of the unit and dashed line presents the actual path of flight.

To improve an image reconstruction TOF method can be used, but in
order to do it one needs a detector with good time resolution. This is the

main reason why polymer scintillators were used in the case of this study.

2.2 Time-of-Flight

As it was mentioned before, by measuring the time difference between the
arrival of the gamma quanta to the detectors, one can determine the point

of annihilation along the Line-of-Response.

Figure 2.3: Schematic view of TOF-PET idea. Left figure is adapted from [10], right [21].

Reconstruction accuracy of the point where annihilation occurred rela-
tively to the center of the LOR is limited by the finite resolution of time

measurement (Fig. 2.3). As a result one can only determine the range in
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which annihilation took place. Therefore, the better time resolution is, the
more exact spatial resolution along Line-of-Response can be achieved. Time
resolution of current PET scanners based on crystals amounts to about 550 ps
(FWHM) [8,15], and it can be improved to about 265 ps when using a plastic

scintillators |7].

Time-of-Flight can be determined from:

xr L/2

TOF ==+ =2 (2.1)
C C
TOR; = 2 _ % (2.2)
C C

where: L denotes distance between detectors A and B, ¢ - speed of light
and x stands for the distance between point of annihilation and the center of
LOR.

Difference between TOF for two detectors is:

TOF = TOF, — TOFy = 2 (2.3)
C

Uncertainty of the determination of the point of annihilation along LOR

can be determined using following equation |2|:

ﬂ@:A?C (2.4)

where: o(z) - is localisation error, and At denotes error of determining

time difference (TOF) between detectors A and B.

In Tab. 2.1 value of time resolution and its corresponding spatial resolution
calculated with Eq. 2.4 is shown. TOF-PET detectors with inorganic scintil-
lators have resolution of about 500 - 600 ps (FWHM) and the TOF resolution
obtained for a single strip J-PET prototype is equal to about 265 ps |7].
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Table 2.1: TOF resolution between two detectors and corresponding spatial resolution
along the LOR line.

o(TOF) [ps] | o (x) [mm]
30 45
50 7.5
100 15
200 30
300 45
500 75
600 80

2.3 Strip PET detector constructed of polymer scintillators

Currently at Jagiellonian University a novel TOF-PET detector con-
structed of polymer scintillators is being developed. Schematic view of this
device is shown in Fig. 2.4. Nowadays all scanners used in hospitals are based
on crystal detectors, which have high density, detection efficiency and prob-
ability for photoelectric effect. For plastic scintillators these properties have
very low value and therefore they were not used previously. Nevertheless,
low density and efficiency can be compensated by improved time resolution

and by placing several layers of strips around patient’s body.

Figure 2.4: Strip PET detector. Patient would lie horizontally inside the barrel, along
scintillator strips. Courtesy of T. Bednarski.
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One of the biggest advantages of this device is not only the possibility
of obtaining a better time resolution but, above all low production costs
compared to currently used scanners. Mostly because the production of
plastic scintillators is much cheaper, and it is easier to get different shapes and
even very long strips, around 1 m. For example 1 em? of crystal scintillator
costs around 30 - 80 euro, while for polymer it’s around 1 euro [16,17,20].
Lower costs of production and improved resolution will certainty make PET

scanners more accessible for hospitals, especially in Poland.

Organic scintillarors are composed mainly of carbon and hydrogen [10].
Small atomic number is the reason for the negligible probability for photoelec-
tric effect in polymer scintillators, which current scanners use for detection
of gamma quanta. For crystals, energy window applied is in the range from
350 keV to 650 keV [18] and it corresponds to angular range of scattering
from 0 to around 60 degrees. In polymer scintillators, Compton scattering is
the main source of interaction. To get the same angular range of scattering

one has to use an energy threshold of around 200 keV [9].

Linear absorption coefficient of gamma quanta with energy 511 keV for
polymer is 0.098 ¢m ™!, it is eight times smaller than LSO (0.821 em™1) [8].
As a result, probability that two gamma quanta react in 2.5 cm thick layer
is 16 times smaller for plastic scintillator than LSO one [9]. In spite of this,
small efficiency can be compensated by the large acceptance and by placing

multiple layers of strips in barrel.

Another advantage of Strip PET will be the possibility of imaging whole
patient body in one scan. Additionally, large acceptance capability and good
TOF resolution has increased the possibility of using a 3D mode of image

reconstruction.
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3 Experimental setup

If one wants to have the best possible time and spatial resolution of the
Strip PET scanner, one needs to properly calibrate the setup. What is im-
portant is to test which kind of photomultipler, scintillator alignment and
strips covering allows us to get the best time- and spatial resolution. In or-
der to achieve this, tests with two different kind of photomultipliers, different
scintillators alignment and foil covering strips were conducted. All measure-
ments were done with double module of a Strip PET prototype constructed

of polymer scintillators.

3.1 Velocity measurement

Setup shown in Fig. 3.1 was used for most measurements conducted with
double model of Strip PET, inter alia to measure speed of light along scintil-
lator strip. Setup for beam profile and phantom measurement was different,

these differences are described in chapters 3.2 and 3.3

BC420 scintillators (Tab. A.1) made of polyvinyltoluene with dimensions
of 5 x 19 x 300 mm? were connected with optical gel EJ550 to R4998 photo-
multipliers (Tab. B.1), made by Hammamatsu. Both strips were in horizontal
alignment and wrapped in vikuiti foil. Photomultopliers were connected to
CAEN SY4527 high voltage power supply. Signal from each photomulti-
plier was transferred via SMA cables to the corresponding channels of digital

oscilloscope (LeCroy SDA 6000A) and probed within 100 ps intervals.

Applied voltage was set in a way that the gain on all photomultipliers was
the same. ?2Na source were placed inside of lead collimator with a 1.5 mm slit.
Sodium source had activity of around 18.5 MBq. Each lead slice of collimator

has dimensions of 5 x 10 x 20 cm. Mechanical step motor was used to move
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collimator to the exact position along whole length of scintillator with an

accuracy better than 0.1 mm.

Photomultiplier 30cm |
o
c2 Scintillator Ej
‘ —
A
=
(&}
™~ Rail
[at]
=i
= /
Q
gl
- Collimator with source Motor
od
i
Y

L } —
c3 | Scintillator c4

HV
Signal cable
/ HV cable

Scope

Figure 3.1: Setup used for tests measurements and determination of velocity. C1, C2,
C3, C4 stands for SDA channel number to which corresponding photomultiplier was con-
nected. Signals from photomultiplier were sampled in time domain by scope LeCroy
SDAG000A. Radioactive source was placed inside of lead collimator which could be moved
by motor along scintillators. Abbreviation HV denotes high voltage power supply CAEN
SY4527.

3.2 Beam profile measurement

For beam profile measurement photomultipliers were changed to R9800
(Tab. B.2). To measure the profile of annihilation gamma quanta, lead
"shadow" was placed between the collimator and a scintillator, as it is shown
in Fig. 3.2. Shadow consisted of two or one lead bricks, depending on the

method of measurement. The thickness of the brick was equal to 5 cm.

Slit between lead bricks and collimator were exactly parallel to each other

and centers of both slits were on one line. When only one brick was used,
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the second one was taken out without any other changes in the setup.

Photomultiplier 30 cm
r—— e,
] c2 Scintillator C1
=t ]
r~ Rail
od
-
= /
[&]
w |
S
- Collimator with source
o
—
Y
Y ) )
Cc3 Scintillator c4

HV
Signal cable
/ HV cable

Scope

Figure 3.2: Setup used for beam profile measurement. As one can see on setup shown
in Fig. 3.1 lead bricks with thickness of 5 ¢cm were added as a "shadow" between the
collimator and one of the scintillators.

3.3 Phantom measurement

Setup for the phantom measurements is shown in Fig. 3.3. As one can
see, there is no collimator, and radioactive source was sealed in a plastic
round radioactive source with diagonal of 2 cm. This box was then placed
inside the phantom, which was then filled with water or alcohol. Phantom

was placed at the central position with respect to scintillators.

In this part of measurements four phantoms with different sizes were used.

Their dimensions and description are given in chapter 6.
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30cm

Photomultiplier

c2 Scintillator Ej
ﬁ_J H
/ Phantom

14.2 cm

28.5cm

Source

14.3 cm

15cm

L -
c3 | Scintillator Er‘

HV \\
/Signal cable

HV cable

Scope

Figure 3.3: Setup for phantom measurements. Radioactive source is sealed in a round
pan, which is placed inside of the phantom. Source is placed exactly at the central position

relative to the scintillators.

All settings, such as voltage applied, threshold and trigger for each mea-
surement are described in Appendix C. Additionally, some properties of scin-

tillators and photomultipliers are also presented in Appendixes A and B,

respectively.
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4 Determination of a beam profile

Spatial distribution of the beam of annihilation quanta used in the mea-
surements influences the results obtained for parameters such as time- or
spatial resolution. These parameters become very important when it comes
to acquiring a high quality image of a patient’s body. Therefore beam profile

was determined using two different methods.

In this thesis two methods to determine beam profile are described. In
first method only one lead brick was used as a "shadow", shown in Fig. 3.2.
Second brick was removed for the time of measurement. In second method
both bricks were used at the same time. Measurements were done by moving
collimator along the rail. Number of events with coincident signals in both

strips were measured for 15 minutes per each position.

4.1 Method I

In order to determine the beam profile h(x) the detector is irradiated by
the tested beam which can be shifted with respect to the detector along the
x-axis. The measured number of events as a function of  can be expressed

as a convolution of the beam profile and the detector acceptance function:

400
M(zx) = h(z) x g(x) = / h(x — 2')g(2")da' (4.1)
In the case of large single shadow block absorbing gamma quanta in the

range from xy to +00. The function of the acceptance of a detector can be

approximated by:
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[0 if x € [z, +0]
9(x) = { 1 if x & [xg, —<] (4:2)

This implies that all events which are within this section are being ac-
cepted, other signals are being rejected. Applying equations 4.1 and 4.2 one

obtains:

)
M(x) = h(z) * g(x) = / h(z — 2)dz’ (4.3)
By derivation of equation (4.3) one can extract the relation for the beam

profile:

d
%M(aj) = h(z — xy) (4.4)
In this part of beam profile measurements only one brick was used. It was
placed near C1 and C2 PM side (as shown in Fig. 3.2). Its position relative
to the strip has not changed, simply one of the bars was removed. In Fig. 4.1

(left) an exemplary distribution M(x) obtained in the measurement is shown.

This distribution corresponds to the function M(x) defined in equation 4.3.

To extract shape of beam profile numerical derivative of M(x) needs to be

calculated using Eq. 4.5:

_dM Ny — N
dr xe— 1y

h(z) (4.5)

where: Nj, Ny denote number of counts in consecutive measurements,

x1, To - consecutive positions. The uncertainty of h(x) was calculated as:

vV Ny + Ny
g=Y27 "1 (4.6)
T2 — I
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In Fig. 4.1 M(x) distribution (left) and beam profile h(x) (right) from
measurement with step of 0.1 mm are shown. To each h(x) Gauss function
was fitted in order to extract FWHM and sigma values that corresponds to

the beam profile width.

4000 r T v T T T

x . Y .
L— Valu Standard Error
£ 2500 id o § sigma 0,27503 o a;,a;;:z 4
£ HHHEE (L] P S 3000 } FWH 0,87148 0,10132
w ]
< 2000 [ L
& . 2000 |
g L]
3, 15001 - i 1000 |
3 L]
= 1000 - . _ ot
| |
500 - x -1000 [
-2000 |
0 L seese® g uappaes®
A 1 " 1 i 1 " 1 i 1 A -3000 1 L 1 L 1
148 149 150 151 152 153 154 148 149 150 151 152 153 154
Position [mm] Position [mm]

Figure 4.1: (left)Number of coincidences as a function of the relative position between the
collimator and left bar of the shadow positioned close to the scintillator strip read out by
photomultipliers C1 and C2. The slit of the collimator was equal to 1.3 mm. Scintillators
were aligned horizontally. The measurement started at position 148.4 mm, was conducted
with step of 0.1 mm and finished at 153.4 mm.(right) Derived beam profile with fitted
Gauss function.

Additionally, using data from spectra shown in Fig. 4.1, new spectra were
created, where each point was the average value of the two values, respec-
tively, the x and y axes of neighbouring points. Then, to this points Gauss
function was fitted in order to extract beam profile. Results are shown
in Fig. 4.2.

As one can see in Fig. 4.2 beam profile is smoother than before. The reason
for big errors and spread of points in Fig. 4.1(right) was smaller statistics per
measurement point. Calculating the average of two points allows to decrease
the statistical errors. It is important to note that before and after averaging

the determined beam profile width is the same within uncertainties.
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Figure 4.2: (left)Number of coincidences as a function of the relative position between
the collimator and right bar of the shadow positioned close to the scintillator strip read
out by photomultipliers C1 and C2. The slit of the collimator was equal to 1.3 mm.
Scintillators were aligned horizontally. Data points were calculated as the average value
of two neighbouring points from Fig. 4.1.(right) Derived beam profile with fitted Gauss
function.

4.2 Method I1

In this part of experiment additional lead brick was placed, as it is shown in
Fig. 3.2. So now we have a slit in the "shadow" parallel to the collimator slit,
as a result we receive beam profile directly from the measurement, without

any additional calculation.

In Fig 4.3 method of measurement is shown in a pictorial way. Measure-
ment was done by moving collimator by a few centimeters around from the
center with a step of 0.3 mm.

Below in Fig. 4.4 results from all measurement with two lead bars as
a shadow are shown. For each Gauss function was fitted in order to extract
FWHM and sigma values that corresponds to the beam profile width.

The reason for the asymmetric shape of the beam profile most probably

was that the bar’s surfaces were not perfectly smooth.
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v

Figure 4.3: Scheme illustrating method of the measurement./N; and Ny denote number of
events measured in a given time interval at positions x; and z9, respectively.
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Figure 4.4: Number of coincidences as a function of the relative position between the
collimator and the shadow. The shadow with a slit of 0.3 mm was positioned close to
the scintillator strip read out by photomultipliers C1 and C2. The slit of the collimator
was equal to 1.3 mm. Scintillators were aligned horizontally. The measurement started
at position 146.8 mm, was conducted with step of 0.3 mm and finished at 155.2 mm.

In Table 4.1 beam profile width values for both measurements methods

are presented.

Table 4.1: Values of FWHM as a beam profile width from Gaussian fit.

Measurement FWHM [mm]
Method I 0.87(10)
Method I - average of two points 0.90(11)
Method 11 0.96(04)

28



As one can see from Table 4.1 the width of the beam profile is basically
the same within measurement uncertainty range for both methods and it is
equal to ~1 mm. Method II can be used as a model for the profile, but it cuts

out all gamma quanta, which don’t travel perpendicular to the scinillator.

It can be noted that the above described methods allow to define the
profile of a collimated beam used for determining the parameters, such as

time- and spatial resolution of the Positron Emission Tomography:.
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5 Speed of light signals along a scintillator strip

In order to determine the Time-of-Flight resolution of PET scanner one
needs to know the speed of light signals along a scintillator strip. To this
end, a scan of a whole strip was done, and then straight line was fitted to
the time difference At as a function of the irradiation position x. From fit

one can extract the velocity v. Time difference is equal to:

At =tp—1; (5.1)

where: tz - time from right photomultiplier and ¢, left photomultiplier.

Scan of the scintillator was done using setup shown in Fig. 3.1. Measure-
ment was performed for 20 positions of irradiation. Time difference at 80 mV
threshold was derived for both scintillators as a function of the irradiation
position. The result is shown in Figs. 5.1 and 5.2. Velocity was calculated
as:

(5.2)

v=-
b
where b denotes the slope parameter from fitted line.
The walk effect was not taken into account in case of this thesis. In future
study both walk effect and the variation of the average amplitude of signals as

a function of the distance between the interaction point and photomultipliers

will be included.

Results are shown in Fig. 5.1 and 5.2 and calculated velocity for both
strips is presented in Table 5.1. Straight line was fitted to all points except
to the first and the last one to avoid influence of border effects.

The resulting speed of light given in Table 5.1 determined for a single
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Figure 5.1: Mean time difference as a function of the irradiation position x with fitted
straight line for first scintillator.
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Figure 5.2: Mean time difference as a function of the irradiation position x with fitted
straight line for second scintillator.

module of the Strip PET prototype is compared with velocities for both

organic and inorganic scintillators (Tab. 5.2).

The speed of light signals depends not only on the material used but also
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Table 5.1: Speed of light signals along the scintillator for both strips.

Scintillator | Velocity [cm/ns|
C1C2 12.51(05)
C3C14 12.80(05)

Table 5.2: Speed of light signals along the strip for different kinds of scintillators.

Name | Type | Dimensions [cm?] | Velocity [cm/ns]
BC420 | Polymer 0.5x1.9x30 12.51

BGO | Crystal 4 x 19 x 300 16.05 [22]
BC404 | Polymer 2x10x 95 15.7 [23]
Plastic | Polymer 0.8 x 12 x 40 10 [24]

on the cross section of the strips. In general the lower is the velocity the

better the spatial resolution.
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6 Phantoms as a simulation of the patient’s body

The aim of this thesis is to determine the impact of the patient’s body
size on a spatial resolution of a Strip PET. Since all studies for this thesis
were done using double module of a PET prototype there was no possibility
to do measurement on actual patient. As such, object that would simulate a
body was needed. To do so, phantom was made from substances which have

similar density as human tissues 26, 28].

To this end we have used plastic boxes filled with water or ethyl alcohol.
The plastic material was 2 mm thick only, and its density is comparable
with the density of the water. Phantoms were filled first with water that
has similar density as a soft tissue and then with ethyl alcohol which density
correspond to fat tissue. In case of this thesis four different sizes of phantoms

were used.

All measurements were done without collimator. Sodium source, that was
sealed in round plastic pan, was placed directly in the center of each phantom.
Then phantom was filled with appropriate fluid to a hight of around 3.5 c¢m,

so the pan was completely covered.

In Table 6.1 sizes of phantoms used for studies of PET resolution are
presented. Also picture of a phantom placed in setup, which one can also
see on scheme in Fig. 3.3, is shown in Fig. 6.1. All phantoms measurements
were done in a way that source was placed exactly at a central position with

respect to the scintillator.

Similar phantoms are used to calibrate different kind of tomographs in hos-
pitals [29]. Water is the best substance which imitates human tissue, due to

its density, in case of these kinds of experiments. Basically phantoms that are
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Figure 6.1: Picture of a phantom used for measurement, inside one can see pan with the

source.

Table 6.1: Sizes of phantoms used for measurements.

Phantom number | Size [cm]
I 8x8
II 10.5 x 10.5
IT1 12.5 x 12.5
IAY 22.5x 14.5

used allow doctors and technicians in hospitals to calibrate and check scanner

by themselves, without any external assistance, which definitely lowers the

costs of maintenance.
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7 Studies of time resolution

Due to fast signals from plastic scintillators one can achieve high resolu-
tion for Time-of-Flight measurements. The higher the resolution is the better
the time difference between two signals can be established. The time reso-
lution depends on the amount of number of photo-electrons produced in the
converter to the duration of the signal [1]. That quality is better for plastic
scintillators, which have decay time less than 2 ns and large light output of
10 000 photons/MeV, while inorganic scintillators such as LSO have decay
time 40 ns and light output of 32 000 photons/MeV. The fact that in poly-
mer scintillators this parameters are better than in inorganic ones decreases
the noise along the Line-of-Response and makes it possible to have good 3D

image reconstruction for the detector with large Field-of-View [2].

Since 1980 companies tried to create PET detectors based on the Time-
of-Flight method. Because of a very slow signals in inorganic scintillators
is not very effective. After the discovery of LSO and LYSO crystal in 2006
first commercial TOF-PET scanner was constructed by PHILIPS, achieving
a TOF resolution of 650 ps (FWHM) using LYSO scintillators. Two years
later, in 2008 SIEMENS made a prototype based on LSO scintillators with
resolution of about 550 ps (FWHM). That value corresponds to the spatial

resolution along the Line-of-Response of about 8 cm |2, §].

7.1 Time-of-Flight calculation

Firstly, one has to determine the distribution of time differences between

arrival of signals from each side of a module (Fig. 7.1):

ATc109 =to1 — teo (7.1)
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ATczcs = toa — tes (7.2)

where: Teic; - time difference for single module, ¢¢; - time when signal

was register from C'v photomultiplier was registered.

Secondly, the time at which gamma quantum hits the module needs to
be determined. It can be done by calculating the arithmetic mean of times

measured on both sides of each module:

t t
T, = ter +ice (7.3)
2
T, = w (7.4)

where: | - left strip, r - right strip, t¢; - time when signal was register from

C'i photomultiplier was registered.

C1 ca

Cc2 C3

Figure 7.1: Scheme of two modules of the J-PET detector.

Registration of two gamma quanta in coincidence allows to determine the
Line-of-Response, based on coordinates of reaction points reconstructed in

both strips [10]. Time-of-Flight was determined using equation:
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t t t t
TOF — 01;- o2 0442- C3 (7.5)

7.2 Method of determination of the Time-of-Flight resolution

In order to calculate TOF value for each phantom, several operations had
to be done. Phantoms (Tab. 6.1) with radioactive source were measured using
the setup shown in Fig. 4.3. Only those signals that appeared simultaneously
on all four photomultipliers were measured, thus allowing for collection of

signals coming from annihilation events.

After rejecting of noise, for further analysis only these signals were used
which charge was larger than 30 pC. An exemplary charge spectra before
and after cut for measurement with empty phantom without fluid is shown

in Fig. 7.2.

For all events after the cut on the charge, time differences in a single
module at threshold 80 mV were calculated using Eq. 7.1-2. In Fig. 7.3 one

can see results for both strips from measurement with phantom without fluid.

As one can see the spectra has width of about 5 ns, what corresponds
to the length of the scintillator (30 cm). Offset between both spectra has
no implication for the further study and is related to the different length of
cables. Because all these measurements were not done with collimated beam,
to calculate TOF, one needs to divide this spectra into intervals to have data
from each centimeter of the strip separately. Knowing the speed of light along

scintillator strip, one can calculate that to travel the distance of 1 cm signal
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Figure 7.2: Charge spectra for measurement of phantom not filled with water or alco-
hol. (up) Spectra before cut on charge (bottom) after cut on 30 pC. C; - stands for it
photomultiplier.

needs 0.16 ns (chapter 5). Taking mean of time difference distribution for
each strip as a value corresponding to the center of the strip, whole spectra

was divided into 0.16 ns intervals corresponding to 1 cm length.
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Figure 7.3: Distribution of time differences between arrival of signals to opposite ends of

the strip.

Time differences for all ranges per strip for both scintillators from mea-
surement without fluid are shown in Fig. 7.4. Offset for all measurements

was around 0.4 ns.

39



300

Counts

250

200

150

100

50

I} I} 1 1 | I} I} I} I} ‘ I} I} I} ‘ | I} I} ‘ I} I} 1 I} I} I} I} ‘ I} I} I} I} ‘ I} I} 1 1
-4 -3 -2 -1 0 1 2 3 4 5
Time difference [ns]

1 ©
[$)]

Counts

250

200

150

100

50

IH\‘I\H‘I\H‘HI\‘HI\‘HI\
=

0 | | | | ‘ 1 1 | | ‘ | ‘ ‘ | | ‘ \I ‘ I | | | | | | ‘ 1 1 | | ‘ | | | | ‘ | | | |
-4 -3 -2 -1 0 1 2 3 4 5
Time difference [ns]

1
(3)]

Figure 7.4: Distribution of time differences between arrival of signals to the opposite ends
of the module. The spectra are divided into intervals corresponding to 1 cm range of the
strip. On the upper spectrum results for the C1C2 strip, on the bottom for C3C4 strip
are shown.
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In Fig. 7.5 exemplary histograms of central interval from Fig. 7.4 are

shown.
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Figure 7.5: Distribution of time differences between arrival of signals to the opposite ends

of the module for center interval for both strips. On the upper spectrum results for the
C1C2 strip, on the bottom for C3C4 strip are shown.
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In order to calculate TOF a timing of both strips has to be properly
matched with each other. Looking at Fig. 7.1 one can imagine scintillators
being divided into thirty 1 cm long intervals. As a first pair, intervals closest
to C1 and C3 were taken, then next and so on. In this case the last pair of

intervals correspond to the range of the scintillators closest to the to C2 and

C4.

Within each pair of intervals Time-of-Flight was calculated using equa-
tion 8.5, gauss function was fitted to the histogram and sigma value of this
fit was used as a measure of the TOF resolution. In Fig. 7.6 exemplary TOF

histogram from measurement with empty phantom is shown.

) B Entries 363

5 L Mean 6.305

8 L RMS 0.1576

100 — %2 / ndf 8.391/9

B Constant 08.88 + 6.64

— Mean 6.309 + 0.008

80 — Sigma 0.1483 + 0.0062
60—
a0l
20

0 7' | | | 1 ‘ | | | —— ‘ | ‘ | 1 1 | ‘ | ‘ 1 1 | | ‘ 1 1 | | ‘ 1 | |
4.5 5 5.5 6 6.5 7 7.5 8
TOF [ns]

Figure 7.6: Time-of-Flight for central pair of intervals from measurement with empty
phantom.

In the end, Time-of-Flight resolution as a function of pairs of intervals was
drawn. Uncertainty of each point is taken from gauss fit. For some phantoms
measurements first and last point were not taken into account, due to very

low statistic in that range.
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In Fig. 7.7 result for measurement with empty phantom is shown. Intervals
pair number 1 corresponds to intervals closest to C1 and C3, while interval

number 30 is closest to C2 and C4.
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Figure 7.7: Time-of-Flight resolution as a function of position along the strip from both
scintillators for measurement without fluids.

7.3 Results of Time-of-Flight resolution for different phantom

sizes

Results of determination of the time difference between arrival of signals
from the ends of a module for all phantom measurements are shown in Ap-
pendix E.

In order to determine Time-of-Flight resolution for each phantom filled
with water and ethyl alcohol, arithmetic mean of sigma TOF value for each
pair of intervals was calculated with standard deviation as an uncertainty.
Resultant spectra with TOF resolution as a function of pairs of intervals for

all phantoms are shown in Appendix G.
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In Tab. 7.1 results of the determined Time-of-Flight resolution for different
phantom sizes are presented. Phantoms were filled with water and ethyl
alcohol, and measurement with empty phantom without water was used as
a reference. Numbers [-IV correspond to sizes of phantoms, presented in

Tab. 6.1.

Table 7.1: Time-of-Flight resolution for different phantom sizes.

Phantom | o(TOF) [ps]
Water I 147 + 14
Water II 145 + 16
Water 111 145 + 17
Water IV 148 + 14
Alcohol 1 147 £+ 15

Alcohol 11 147 £+ 18

Alcohol IIT 145 £+ 17

Alcohol IV 145 £+ 16

Empty 144 + 15

For all phantoms, both those filled with water and with alcohol Time-
of-Flight resolution is the same within the uncertainty range and equal to
around 146 ps. This results is two times better than TOF resolution of

commercial scanners used in hospitals nowadays.
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8 Studies of spatial resolution as a function of the phan-

tom size

Because of finite resolution of time measurement, one can only determine
a range along LOR in which annihilation took place. Nowadays TOF-PET
scanners with inorganic scintillators give a spatial resolution along the LOR

of about 550 ps (FWHM).

Much better time and as a consequence spatial resolution along LOR is
achievable with plastic scintillators, which were not used before due to their
low efficiency for detection of gamma quanta, but efficiency can be improved

by increasing thickness of scintillator.

Next important factor influencing the resolution of PET images can be
size of a patient’s body. However, in scanners used nowadays in hospitals
it plays a big part in adjusting method of reconstruction, so that size of a
body did not influence the resolution [31]. But mostly these scanners do
not use Time-of-Flight method. Experiments in which standard and TOF-
PET were compared, showed that using TOF method one can achieve better
resolution [26]. Spatial resolution for different sizes of phantoms proves to

be more or less the same [27,28].

8.1 Method for determination of spatial resolution along the LOR

Position Az (Fig. 7.1), is the distance between the point where anni-
hilation took place and the central point of two strips, along the Line-of-

Response. It is determined from time difference between two modules [9,27].

<t01 +itoo  toyg+ tcg) c TOF xc
Ar = — * 5 = —

5 5 5 (8.1)
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Therefore spatial resolution along the Line-of-Response is equal to:

o(TOF) x ¢
2
where: o(TOF') denotes the resolution of TOF determination and ¢ de-

o(Azx) = (8.2)

notes speed of light in vacuum.

8.2 Results of spatial resolution for different phantom’s sizes

Spatial resolution for each phantom was calculated as an arithmetic mean
from o (Ax) for all intervals. Uncertainty of this determination was calculated

as a standard deviation.

Results for all phantoms are presented in Tab. 8.1. Numbers I-IV corre-

spond to sizes of phantoms, presented in Tab. 6.1.

Table 8.1: Spatial resolution along Line-of-Response for different phantom sizes.

Phantom | o(Az) [mm]
Water 1 22.0 + 2.2
Water 11 21.7 + 2.3
Water 111 21.8 £ 2.5
Water IV 22.2 + 2.1
Alcohol 1 22.1 £ 2.3

Alcohol 11 22.0 £ 2.7

Alcohol IIT | 21.7 &+ 2.5

Alcohol IV | 21.8 2.4
Empty 21.6 £ 2.2

For all phantoms spatial resolution along Line-of-Response is the same
within the uncertainty range and it is equal to around 22 mm. This result is
better by the factor of two in comparison to commercial TOF-PET detectors
based on inorganic scintillators [27]. Taking into account that all measure-

ments were done without walk correction, given result can be improved. Def-
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initely after applying this correction and collecting data with much higher

statistic even better spatial resolution of Strip PET will be achievable.
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9 Summary and conclusions

The main aim of this thesis was to determine the spatial and Time-of-
Flight resolution of the double module of Positron Emission Tomography
prototype constructed of polymer scintillators, as a function of the patient’s
size. For the purpose of the investigation described in this thesis a radio-
pharmaceutical was simulated by a 2?Na radioactive source and the human

body was imitated by water or ethyl alcohol filled in the plastic containers.

Gamma quanta from the annihilation of positron in the center of the
phantom were registered by the double strip prototype of the J-PET detec-
tor. Each scintillator was read out by two photomultipliers, thus giving four

signals in case if both annihilation quanta were registered.

Four different sizes of phantoms were measured, and for each one about
10* events were collected. In the analysis for each event a time differences
between registration of light signals by photomultipliers were calculated and

the TOF distribution was established for each 1 cm range of the tomograph.

The determined TOF resolution amounts to about 146 ps (sigma) and is
fairly independent of the position of interaction. This results implies that
the spatial resolution of the reconstruction of the annihilation point along
the Line-of-Response is equal to about 22 mm (sigma). Obtained results are

about two times better with respect to the current commercial PET scanners.
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Appendix A

Properties of scintillator materials - comparison of crystal and

polymer detectors

Table Al: Properties of scintillators material [20,32-34].

Name | Type | Density | Decay Time | Photons/MeV | Mean free path
g/cm? [ns] [cm]
BGO | Crystal 7.13 300 6k 1.04
GSO | Crystal 6.71 50 10k 1.49
LSO Crystal 7.40 40 29k 1.15
BC404 | Polymer 1.032 1.8 10k -
BC420 | Polymer 1.032 1.5 10k 10.2
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Appendix B

Properties of photomultipliers

Table B1: Properties of R4998 photomultipliers made by Hammamatsu [35].

Type Head - on type
Spectral response [nm)| 300 - 650
Dynode Structure Linear-focused
Dynode Stages 10
Gain Typ. 5.7*%10°

Rise Time [ns] 0.7
Transit Time Typ. |ns] 10
Transit Time Spread |ns] 0.16

Photocathode Material Bialkali

Table B2: Properties of R9800 photomultipliers made by Hammamatsu [36].

Type Head - on type
Spectral response [nm)| 300 - 650
Dynode Structure Linear-focused
Dynode Stages 8
Gain Typ. 1.0%10°

Rise Time [ns] 1.0
Transit Time Typ. [ns| 11
Photocathode Material Bialkali
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Appendix C

Settings of the experimental setup.

Table C1: Settings of experimental setup for a beam profile measurement.

Table C2: Settings of experimental setup for velocity measurement.

Table C3: Settings of experimental setup for phantom measurement.

Type Value
Voltage on C1 [V] | 1333
Voltage on C2 [V] | 1381
Voltage on C3 [V] | 1388
Voltage on C4 [V] | 1325

Probing interval | 100 [ps]

Type Value
Voltage on C1 [V] | 2400
Voltage on C2 [V] | 2528
Voltage on C3 [V] | 2400
Voltage on C4 [V] | 2460

Probing interval | 100 [ps]

Type Value
Voltage on C1 [V] 2199
Voltage on C2 [V] 2376
Voltage on C3 [V] 2203
Voltage on C4 [V] 2219

Threshold 110 [mV]
Trigger window 60 [ns|
Probing interval | 100 [ps|
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Appendix D

Charge spectra for all phantoms measurements before and after
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Figure D1: Charge spectra before (left) and after (right) cut for phantoms I - TV filled
with water. The spectra are ordered in rows which number corresponds to the phantom
number. From up to down (from I to IV).
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Figure D2: Charge spectra before (left) and after (right) cut for phantoms: 1 - IV filled
with alcohol. The spectra are ordered in rows which number corresponds to the phantom
number. From up to down (from I to IV).
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Appendix E

Distribution of time difference between arrival of signals to op-

posite ends of the strip for all phantoms measurements
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Figure E1: Distribution of time differences between arrival of signals to opposite ends of
the strip for phantoms: I(top left), II (top right), III (bottom left), IV (bottom right)
with water.
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Figure E2: Distribution of time differences between arrival of signals to opposite ends of
the strip for phantoms: I(top left), II (top right), III (bottom left), IV (bottom right)
with alcohol.
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Appendix G

Time-of-Flight resolution as a function of pairs of intervals for

all phantoms measurements
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Figure G1: Time-of-Flight resolution as a function of position along the strip from both
scintillators for phantoms: I(top left), II (top right), III (bottom left), IV (bottom right)
with water.
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Figure G2: Time-of-Flight resolution as a function of position along the strip from both
scintillators for phantoms: I(top left), II (top right), III (bottom left), IV (bottom right)
with alcohol.
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Appendix F

Time difference divided into 1 cm intervals in time domain of

modules for all phantoms measurements
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Figure F1: Distribution of time differences between arrival of signals to the opposite ends
of the module C1C2 (left) and C4C3 (right) for phantoms filled with water. The spectra
are ordered in rows which number corresponds to the phantom number. From up to down
(from I to IV).
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Figure F2: Distribution of time differences between arrival of signals to the opposite ends
of the module C1C2 (left) and C4C3 (right) for phantoms filled with alcohol. The spectra
are ordered in rows which number corresponds to the phantom number. From up to down
(from I to IV).
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