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Positron emission tomography is a technology that provides unique and exquisite possibilities
in functional diagnostics, in the sense that it is the most efficient and most reliable method for
obtaining information about biochemical activity and cellular metabolism in the body, by de-
termining exact localization and performing semi-quantitative assessment of the distribution
of a radioactive tracer. This paper compares the characteristics of recently introduced
lutetium based crystals to those of conventionally used bismuth-ortho-germanate scintilla-
tors; both options are used as scintillation detectors within the positron emission tomogra-
phy systems. Energy resolution and scintillation decay time of lutetium based crystals and bis-
muth-ortho-germanate crystals was experimentally tested. Main scintillation detector
parameters which affect the resulting detector response are considered and analyzed, since
they serve as the basis for a positron emission tomography medical image.
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INTRODUCTION

Positron emission tomography (PET) is a tech-
nology that provides unique and exquisite possibilities
in functional diagnostics, primarily of oncological, but
also neurological, coronary, infective and inflamma-
tory diseases, in the sense that it is the most efficient
and most reliable method for obtaining information
about biochemical activity, cellular metabolism, and
potential physiopatological processes in the body, by
determining exact localization and performing
semi-quantitative assessment of the distribution of a
radioactive tracer. PET tracers contain short-lived
B emitters, the energy of which gets degraded through
Coulombic interactions, from initial energies (in
the range from 0.63 MeV (8F) to 3.35 MeV (¥?Rb)) to
511 keV, when positrons “capture” electrons and un-
dergo positron-electron annihilation, which produces
pairs of gamma photons. The two photons in an anni-
hilation gamma pair are emitted at an angle of ~180°
(180 % 0.5°, due to residual positron momentum). Co-
incident detection of these photons, within a limited
time window, by scintillation detectors placed oppo-
site one another, along the line of response (LOR), rep-
resents the basic diagnostic information. Modern de-
tection systems are conceptually built up of 140-300
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blocks, with over 30000 individual crystals, in a
ring-shaped gantry. During a diagnostic procedure,
the patient is positioned on the patient's table, which is
moved in steps of certain length (the so called bed po-
sitions), and data is acquired during a preset time inter-
val, from the region of interest (ROI) which is within
detector's field of view (FOV). Distribution of radio-
activity is reconstructed from several hundred million
basic data. In addition to true coincidental events,
there are the undesired events that need to be sup-
pressed: scatter coincidences (when one or both anni-
hilation y-photons are scattered before detection) and
random coincidences (when two photons from two
different events are detected within the coincidence
resolving time). At the macro level, consequences of
detector intrinsic and geometrical imperfections need
to be reduced (e. g., intercrystal scattering, parallax ef-
fect, etc.), along with the impact of any patient move-
ment during the imaging procedure.

The main drawback of a basic Nal(T1) scintilla-
tion detector for use in PET diagnostics is the low de-
tection efficiency of y-rays with energies higher than
200 keV, due mainly to low density and low effective
atomic number Z. For this reason, bismuth
ortho-germanate — Bi,Ge;0,, crystal (BGO) was ini-
tially chosen for PET detectors, back in the early 1970.
BGO has a good response in the part of the energy
spectrum of PET emitters. The importance of this di-
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agnostic method drives the technological progress for-
ward, which results in new detector crystals being de-
veloped and implemented. Commercial successes on
the road to an “ideal” scintillator have been based on
lutetium, with cerium (Ce) as an activator. There are
presently two commercial versions — LSO (lutetium
oxyothosilicate, Lu,SiO4:Ce) and LY SO (lutetium-yt-
trium oxyorthosilicate, Lu, Y 4Si 5:Ce) [1, 2].

This paper compares the characteristics of
LYSO crystals to those of BGO scintillators, focusing
on particular physical and operating conditions that
exist during imaging procedures, as well as on the ex-
plicit effect on the resulting detector response, which
serves as the basis for a PET medical image. The ac-
cent is on the roles and importance of all relevant crys-
tal features, which provides guidance to the possibili-
ties of further development of PET scintillation
crystals and consequently PET detection.

PET SCINTILLATOR PARAMETERS

A scintillator crystal has to be mechanically hard
and robust, non-hygroscopic, thermally stable, stable
in color and transparency and radiation hard. From the
perspective of detection, its most significant proper-
ties are sensitivity, energy resolution, light yield, scin-
tillation decay time and melting point [2].

Sensitivity is expressed as the fraction of inci-
dent photons that cause scintillations. Density p
[gem™] and effective atomic number Z.; of the
scintillator are responsible for radiation absorption
and photoelectric effect probability, which results in
better attenuation and energy discrimination.

Higher energy resolution (ER) means more re-
fined differentiation height of registered pulses, i. e.,
better function of the response of the detector at partic-
ular radiation energy. This means that the system can
discriminate better between true and scatter events,
and that narrower energy windows can be set, which
results in lower noise in the image. ER mostly depends
on light yield and intrinsic energy resolution.

Light yield is the conversion efficiency of radia-
tion energy into light (photon/MeV). Higher light yield
makes the value of energy deduced from the measured
signal more precise (i. e., measurement uncertainty of
incident PET photon energy is lower [3, 4]).

Intrinsic energy resolution of the crystal is re-
lated to crystal's dimensions and how the crystal has
been cut, how this has been performed, and how light
guidance has been implemented for each detector unit.
Smaller detector crystals enable a larger acquisition
matrix to be used, and therefore provide a better spec-
tral resolution. On the other hand, if detectors are too
small, inter-crystal scattering decreases the precision
of determining event positions or it could lead to paral-
lax effect: when an incident photon interact with de-
tector element at the angle which is not perpendicular,

the photon can penetrate and it could be detected by
the another detector element [5]. Intrinsic energy reso-
lution also depends both on the inhomogeneity pres-
ence or impurities in the crystal structures.

Scintillation decay time #, (DT) is defined as the
time needed for the pulse amplitude to decrease to the
fraction of 1/e of its maximum initial value. DT corre-
sponds to the interaction of a quantum of radiation
with an atom in the detector material, which brings the
atom into an excited energy state, from which it subse-
quently relaxes to the ground state by emitting visible
light. A shorter current pulse is, naturally, desired, be-
cause it permits shorter coincidence timing (mitigates
the influence of random effects, which makes the noise
lower), enhances detector efficiency at higher photon
fluence [6].

At high photon energies, electromagnetic show-
ers appear when radiation goes through matter. The
Moliere radius is a radius of a cylinder that on average
contains at least 90% of electromagnetic shower's en-
ergy deposition. It depends linearly on radiation wave-
length, as well as on the atomic number [7]. A smaller
Moliere radius means better shower resolution and
better shower separation, due to less overlapping.

Physical axial FOV represents the size of the
body segment scanned within one time frame. With a
larger FOV, a region being scanned can be segmented
into smaller parts, which then makes the scan time
shorter.

METHODS AND MATERIALS

Comparison of BGO and LY SO crystal parame-
ters has been performed through the experimental
analysis of the crystal energy resolution and scintilla-
tion decay time.

Energy spectrum (pulse height spectrum) has
been obtained by the single light pulses integration so
the energy resolution is obtained according to the well
known equation

ER =2EFwn 0, (1)
where AEpwmy is full width at half maximum of the en-
ergy Emax [1, 2].

In order to measure scintillation decay time the
methodology based on the principle presented by Bol-
linger and Thomas [8] has been adopted, since the
method (also known as delayed coincidence method)
estimates the real shape of the light pulse, without the
signal distortion caused by the signal traversing the
photomultiplier tube.

The measuring equipment consisted of:

(1) 10 BGO and 8 LYSO scintillation crystals (all
with same dimensions of 5 mm x 5 mm x 20 mm),

(2) photodetectors, with an internal high voltage cir-
cuit,
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(3) external voltage supply of 15V,
(4) avalanche photodiodes,
(5) radioactive source "*’Cs with activity of 160 kBq,
and
(6) radioactive source *Na with activity of 40 kBq.
In order to detect as much scintillation light as
possible the crystals were wrapped in a teflon tape on all
sides except the one coupled with the photodetectors.
Optical grease (with refractive index of 1.465) was used
in order to couple the crystal to photodetector.
Radioactive source '37Cs was used since it emits
gamma photons with an energy of 662 keV which is
close to the photon energy of 511 keV detected in PET
systems. Radioactive source ?Na undergoes the beta
plus decay, so it emits photons of 511 keV from the
positron-electron annihilation. This source also emits
photons of 1275 keV. It was used for the measure-
ments of energy spectrum linearity.

RESULTS

Experimental results obtained from measure-
ments of BGO crystals energy resolution performed
without optical grease are shown in tab. 1. Energy
spectrum of BGO crystals is shown in fig. 1. Without
optical grease, the energy resolution was in the range
of 20.1-22.1%, with mean value and corresponding
standard deviation of 21.2 £ 0.6%. Energy resolution
measured for LYSO crystals was in the range of
12.9-15.3% with mean value and corresponding stan-
dard deviation of 13.6 = 0.1%, as it is shown in tab. 2.

Table 1. Energy resolution of BGO crystals obtained
without optical grease

BGO crystal no.| ER[%] |BGO crystal no.| ER [%]
1 21.5+0.1 6 21.3+0.1
2 21.8+0.1 7 22.1+0.1
3 21.7+0.1 8 21.1+0.1
4 20.9 +0.1 9 21.1+0.1
5 20.1+0.1 10 204 0.1
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Figure 1. Energy spectrum of BGO crystals obtained
without optical grease

Two randomly chosen BGO crystals were optically
coupled to photodetector and measurements showed
that the energy resolution was 16.5% and 16.3%. In
case of LYSO crystals, the 4-th crystal shown in tab. 2
was chosen for energy resolution measurements with
optical grease and the obtained value was 11.4%. Fig-
ure 2 shows the energy spectrum of LYSO crystals
both with and without optical grease. All measure-
ments were based on the channels which correspond to
the energy of 662 keV ('37Cs). Standard deviation was
less than 1% for BGO and less then 2% for LY SO crys-
tals, for the energy peaks of 511 keV and 1275 keV, in
respect to energy of 662 keV.

Experimental results of scintillation decay time
obtained for BGO crystals are shown in tab. 3. Ob-
tained mean value and corresponding standard devia-
tion was 301 £ 3 ns. Figure 3 shows scintillation decay
time obtained by the experiment along with the expo-
nential fit of the obtained results. Starting point for the
results fitting was 100 ns while the ending point was
600 ns. Scintillation decay time of BGO crystal has
biexponential behavior, i. e., there is one fast compo-

Table 2. Energy resolution of LYSO crystals obtained
without optical grease

LYSO crystal no.| ER[%] |BGO crystalno.| ER [%]

1 13.2£0.1 5 13.1£0.1
2 15.0+0.1 6 13.3+0.1
3 153+0.1 7 12.8 £0.1
4 129 £0.1 8 13.2£0.1
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Figure 2. Energy spectrum of LYSO crystals, obtained
without optical grease and with optical grease

Table 3. Scintillation decay time for BGO crystals

BGO crystal no.| DT [ns] |BGO crystalno.| DT [ns]
1 303+3 6 3013
2 307+£3 7 298 £3
3 303+3 8 318+3
4 300 +3 9 309+3
5 301 £3 10 3113
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Figure 3. Scintillation decay time curves for BGO crystal

Table 4. Scintillation decay time for LYSO crystals

LYSO crystal no.] DT [ns] |BGO crystalno.| DT [ns]

1 48.0+0.2 5 47.1+0.2
2 47.7£0.2 6 49.7+£0.2
3 49.5+0.2 7 47.4+0.2
4 46.4+0.2 8 48.2+0.2

2250

LY - - - - Experiment
2000 \ __ Exponential fit
1750

Counts

1500 \

1250 \

1000 \

e \

500 N\

250 \

0 50 100 150 200 250
Time [ns]

Figure 4. Scintillation decay time curves for LYSO
crystals

nent of the decay time with duration of about 60 ns and
its value is reduced e times after 100 ns, so its influ-
ence can be neglected. This component contains 10%
of overall light yield.

Obtained mean value with corresponding stan-
dard deviation for LY SO crystals was 48.0 £ 0.2 ns, ac-
cording to the results shown in tab. 4. Scintillation de-
cay time curve is shown in fig. 4. Since the LYSO
crystal has the only one component of decay time the
starting point for exponential fit is not of great signifi-
cance. Time used for the ending point during the re-
sults fitting was 160 ns.

DISCUSSIONS

Obtained results of measuring the energy resolu-
tion and scintillation decay time (considering mea-

surement uncertainty [9-11]), showed that LY SO crys-
tals took advantage over BGO crystals in both investi-
gated domains. It is important to notice that in both in-
vestigated types of scintillation crystals the better
energy resolution is achieved by using the optical
grease. Experiments also showed a higher fluctuation
of the energy resolution with LYSO crystals. This
could be explained as a consequence of the optical
transport [12, 13]. It is proved that BGO crystals have
longer scintillation decay time.

In addition to experimentally tested parameters
of scintillation crystals there are more important pa-
rameters to compare which are being considered and
currently investigated in order to find the optimal scin-
tillation crystal for PET applications.

BGO crystal is a pure inorganic crystal that
needs no activators. Its most significant advantage
over lutetium crystals is its much higher efficiency for
511 keV photons [14]. Detector efficiency depends not
only on material properties, but also on the width of the
crystal. Currently employed BGO crystals are typi-
cally 3 cm wide, while LSO alternatives are 2 cm in
width. Based on the ratio of corresponding efficiencies
(90% : 65%), obtained at 511 keV photon energy and
for specific activity of 37 MBq per 10 kg of body mass,
which is an average activity in today's practice, the ef-
ficiency is found to be 38% higher in the first variant
[15].

According to a Monte Carlo study [5], BGO de-
tector has a better detection precision and lower
inter-crystal scatter compared to lutetium alternatives.
This is in accordance with the fact that its effective
atomic number is almost 14% higher than that of LSO,
which makes a higher probability for the photoelectric
effect. As a result, the photoelectric (total absorption)
cross-section at 511 keV is almost 60% higher in BGO
crystals than in LSO alternatives [14].

Shortcomings of BGO crystals also include low
light yield (about four times lower than that of lutetium
crystals), larger physical axial FOV and more stringent
environmental conditions (fluorescent intensity). The
Moliere radius is also lower for both lutetium detector
variants than for BGO [16].

Uneven sensitivity along detector's profile,
caused by lower sensitivity around crystal edges is
also considered. Regarding this issue, a minimum ax-
ial overlap of FOV with the next bed position is de-
fined, with the effective axial FOV determined as the
physical axial FOV minus the overlap. Smaller over-
lap is presently achieved in BGO detector systems
[17].

Investigations are also directed to the finding the
optimal scintillation detector size as well as its techni-
cal processing so that a smaller cross-sectional area is
achieved, and thereby a larger acquisition matrix and
better spatial resolution. Special attention is devoted to
the manufacturing, growth, finishing and polishing of
crystals and implementation of special reflective ma-
terials between crystal elements [2].
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Alternative lutetium-based solutions have now
reached experimental phase (as Lu, 3Gd,,SiO5:Ce,
LGSO) as well as crystals based on other elements, es-
pecially LaBr; (with 5% Ce) [18] and Ce:
Gd;Al,Ga;0,,(Ce:GAGG) [19]. In addition to the de-
velopment of detector block geometry (including in-
vestigations which combine various crystals within
blocks, such as the GSO/LSO/BGO/CsI(TI) structure
with layers of scintillators with different decay times
and dual-sided readout [19]), much work is dedicated
to elimination of collection variability around detector
edges, detector system design (including ways of en-
larging the FOV size), implementation and improve-
ment of silicon photomultipliers [18, 20] and other
technical enhancements that contribute to the develop-
ment of PET.

In comparison to alternative commercially
available variants with lutetium crystals, BGO PET
devices are much cheaper, especially when all the op-
tionally offered assets of lutetium crystals are imple-
mented, such as the hardware upgrade of the basic ver-
sion which enhances the FOV and shortens scan time
per bed position.

Lutetium carries the issue of natural radioactivity,
with "°Lu isotope (2.6% natural abundance) being ra-
dioactive (half-life of (3.56 +0.07)-10'" years). The de-
cay of '7°Lu emits 3~ particles and y-rays in the energy
range from 88 keV to 400 keV, which do not present a
problem for standard PET imaging, but affect low count
rate measurements conducted in specific QC proce-
dures for attenuation correction, when Ge-68 phantoms
are used, with activities of the order of 5 kBq [21-23].

CONCLUSIONS

Experiments showed that LYSO crystals took
advantage over BGO crystals in both investigated pa-
rameters, especially in decay time, which is about 5
times less with LY SO, compared both with and with-
outoptical grease. Moreover, 4 times higher light yield
of LYSO crystals over BGO provides much higher po-
tential in rejecting the spurious events. Energy resolu-
tion and scintillator decay time directly affect the noise
equivalent count rate and PET image noise.

From the other hand, detector sensitivity is one
of the main detector characteristics, since good image
quality requires as many photons to be detected as pos-
sible, and, furthermore, higher sensitivity makes the
imaging procedure quicker and the administered ac-
tivity lower. In commercially available devices, maxi-
mum PET system sensitivity of 10 cps/kBq has been
achieved with BGO crystals (and through optimiza-
tion of detectors and of the front-end electronic de-
sign).

Work with standard radionuclides ('*F or ''C)
and administered activities, with modern smart soft-
ware solutions and smaller basic voxel cells for recon-

struction make arguments in favor of lutetium crystals
not convincing enough to discard cheaper and reliable
BGO PET detector devices for routine PET imaging.
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Bojucnas M. AHTU'R, Koswska . CTAHKOBUWh,
Munow Jb. BYJUCHUH, IIpeapar B. OCMOKPOBU'h

YTULAJ U3b0PA CHUHTUITALIMOHOI' KPUCTAJIA HA
OA3UB NETEKTOPA IIET YPEBAJA

ITo3uTpoHcka emMucnona Tomorpadwuja je TEXHOJOTHja Koja MpyKa jefMHCTBEHE W M3y3EeTHE
MoryhHocTy y (pyHKIIMOHANIHO] AujarHoctuiy. Hanme, momohy 1o cajia HajepuKkacHuje U Hajuoy3faaHuje
MeTOjIe IoJIa3u ce 10 MH(popManije 0 OMOXEeMHjCKOj aKTUBHOCTU M hennjckoM MeTabonmu3Mmy y Tedy,
ofpebuBameM TauyHe JOKaNu3alnuje W BpIICHEM CEMHKBAHTUTATUBHE MpPOIEHE JUCTpUOynuje
pagroaKTHBHE CyIICTaHIUje. Y OBOM pajly ynopebene cy KapakTepHUCTHKe HEIaBHO YBEAECHNX KPHUCTala Ha
6a3m myTenmjymMa ca KapaKTepucTruKaMa KOHBEHIIMOHAIHIX OM3MyT-OpTO-TepMaHaT CIMHTHIATOpA; 00e
BapHjaHTe ce KopucTe Kao cuuHTmianuonn fetekropu Kop IIET ypebaja. ExciepumenTainHo je Tectupana
GHepreTcka pe3ojyldja M BpeMe raiiema CBETJIOCHOI uMmmyica y kpuctaixy 3a LYSO u BGO
cupHTHIaTope. PasmaTpanu cy n aHanm3uWpaHU TIaBHU MapaMeTpH CHUHTIIAIWOHUX IETEKTOpa KOjI
yTH4y Ha pe3yinTyjyhn of3uB neTekTopa, Koju ciyske Kao ocHoBa 3a [1ET MeauuHCKy clnuKy.

Kmwyune pequ: Ho3UMPOHCKA eMUCUOHA THOMOZPADUA, CUUHTUUAAYUOHU KPUCIAA, 003U8 OellleKitiopa



