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Design Optimization of the PMT-ClearPET
Prototypes Based on Simulation
Studies With GEANT3

U. Heinrichs, U. PietrzykMember, IEEEand K. ZiemonsMember, IEEE

Abstract—Within the Crystal Clear Collaboration (CCC), four ~ developed dedicated small animal PET systems a high spatial
centers are developing second generation high performance smallyesolution of about 2 mm was the main research interest, it
animal positron emission tomography (PET) scanners for different |45 hecome evident that it is equally important not to sacrifice

kinds of animals and medical applications. The first prototypes are L . g L
photomultiplier tube (PMT)-based systems including depth of in- the sensitivity of the scanners since the specific activity of the

teraction (DOI) detection by using a phoswich layer of lutetium radio tracers used may be limited.
oxyorthosilicate (LSO) and lutetium yttrium aluminum perovskite  |n the framework of the Crystal Clear Collaboration (CCC)
(LUYAP). The aim of these simulation studies is to optimize sensi- \ya are developing a second generation high performance PET

tivity and spatial resolution of given designs, which vary in fields of d technologies to desi d build a total of
view (FOVs) caused by different detector configurations (ring/oc- scanner and use new technologies to design and burid a total o

tagon) and sizes. For this purpose the simulation tool GEANT3 five more or less identical small animal PET scanners, called

(CERN, Geneva, Switzerland) was used. ClearPET, for the associated medical institutes. For this pur-
The simulation has shown that all PMT designs with no pose, we are currently designing prototypes based on lutetium

homogeneous axial coverage obviously have a very nonlinearqyyorthosilicate (LSO)/lutetium yttrium aluminum perovskite

corresponding axial sensitivity profile. By shifting every other - . .
detector module by a quarter of a PMT length in axial direction (LuYAP) [1], [2] phoswich detectors. The first prototypes will

the Samp“ng of the FOVs became more homogeneous_ App|y|ng be based on deteCtOI’ mOduleS COUp|ed to multichannel phO—
an energy threshold of 350 keV, the regression coefficient increasestomultiplier tubes (PMTSs). In parallel, work in progress aims
from 0.818 for the nonshifted to 0.993 for the shifted design. Sim- at evaluating the potential of avalanche photodiodes that allow

ulating a point source centered in the FOV (threshold: 350 keV) nigher packaging fraction and higher guantum efficiency than
resulted in sensitivities of 4.2% for a 4x 20PMT (LSO/LUYAP a PI?/ITS P ging 9 q y

10 mm) and 3.8% for a 4 x 16PMT (LSO/LuYAP & 8 mm) ring

design. The 3-D MLEM reconstruction of a point source showsthe ~ The aim of this work is to perform Monte Carlo (MC)

enormous improvement of resolution using a crystal double layer simulation studies to optimize sensitivity and spatial resolution

with DOI'[3.1 mm at 40 mm from center FOV (CFOV)]instead of  of given designs, which vary in fields of view (FOVs) caused

a 20 mm single layer (7.1 mm). by different detector configuration (ring/octagon) and size. By
Index Terms—Axial shift, ClearPET, depth of interaction  computer based simulations it is possible to study and check

g?]%)a'd p%;ﬁg‘gg}nié;(?é Ltg:qﬁzram?,s(véﬁ% simulation, small  geyeral designs considering various technical specifications

' long before the first detector module is produced.

In the field of PET there are several public domain MC codes
. INTRODUCTION which can be divided into different groups. Codes like SORTEO
HE PrimatePET project is proposed by working groupls] are especially written for existing scanners, in this case for
of the Hermann von Helmholtz Association of Nafhe ECAT EXACT HRy-. Other codes like SimSET [4], Open-
tional Research Centers (HGF centers), namely the Resed E [5], Eidolon [6], PETSIM [7], which, in some cases, can
Center Juelich (FZJ) and Max-Delbrueck-Center of Molecul&€ used for both PET and single photon emission computer to-
Medicine (MDC). The aim of this project is to apply themography (SPECT), are mostly still under development and/or
noninvasive positron emission tomography (PET) techniqi@t sufficiently validated. EGS [8], [9] and MCNP [10], which
to in vivo investigations of signal transduction in nonhuma@'® said to be general purpose tools, have the main focus in

primates under physiological conditions. While in recentigalorimetry. . _
For these reasons here the simulation tool GEANT3 [11] was

_ _ _ used for the mentioned purpose. The GEANT3 package is a
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(a) eight detector heads three cassettes each or (b) a ring design (right).
Fig. 1. PMT-ClearPET prototype detector cassettes.

Il. MATERIALS AND METHODS
A. PMT-ClearPET Prototype Detector Cassette

~“every other detector

Initially the PMT prototype detector cassette was designed by cassette is shifted by
arranging a unit of four multichannel PMTs (R7600M64, Hama- @ Guarter of ine FMT o
matsu) in-line including the corresponding front-end electronics distance

(Fig. 1). For optimal readout the dual layer of crystals is coupled
directly to the PMTs. The dual layer phoswich matrices con-
sist of 8x 8 LSO and LUYAP crystal elements, the latter being
closest to the PMT. Each crystal element has a face surface of
2.0 x 2.0 mnt and the element pitch is 2.3 mm. The length ofig. 3. In this simplified illustration of ClearPET primate version, the axial
the crystals for the different ClearPET designs varies betweesh8ting of every other detector cassette in axial direction is shown. Only the
and 10 mm. As reflector material0.3 mm TyveR [12] paper PMTs and crystal matrices are shown.

is used. The PMTs have a sensitive area of $8.18.1 mn?

which is well suited for the Crystal matrices. For the multlrlngD Comparison With Existing Concorde MicroPET Designs

ClearPET versions these cassettes can be arranged in different _ _ )
designs. Beside several single ring designs the CCC also favors two

four-ring ClearPET systems, one with 20 PMTs (LSO/LUYAP a
B. Monte Carlo Simulation: GEANT 3 10 mm) and fle_xible detector diameter for primates and one \_/vith
) i i i 16 PMTs per ring for rodents (LSO/LUYAP a 8 mm) both with
For the simulation the different scanner designs are only COfys axial shift shown in Fig. 3. In parallel, the two microPET
posed of the crystal matrices including the reflector materidlegnners R4 and P4. described by &al. [13] and Concorde

The scanners are arranged in an environment of air with no Macrosystems [14] are simulated for comparison (Fig. 4).
netic field. In the four-ring designs a PMT center-to-center dis- 1y gensitivity: In order to study the axial sensitivity in de-
tance of 28 mm in axial direction is adopted. Anidgaksource ) "5 point source in air positioned along the scanner axis and
ignoring momentum and positron range is used and all poss'@?ﬁitting 1000 000 positrons every 2 mm is simulated.
interactions down to 10 keV are taken into account. The infor- 5 Image ResolutionTo determine the image resolution of
mation about the energy deposition and the crystal identificatigh, ‘yifrerent designs six point sources are positioned separated
is stored in a list mode file format specified by CCC. Timing ingy, 1 ¢m starting in the CFOV, each emitting 5 000 000 positrons.
formation and light transmission are not provided by GEANT$ents are labeled to differentiate the crystal layer they are de-
o . ) . ) tected in, in order to study the influence of depth of interac-

C. Multiring Versus Multihead Design Simulation tion (DOI) on the image resolution. To estimate the resolution

1) Octahedron versus Ring Desigifor the design of the on reconstructed images a 3-D maximum likelihood expecta-
PMT-ClearPET prototypes the axial sensitivity profile and thiion maximization (MLEM) algorithm [15] is used. However,
sensitivity in the center field of view (CFOV) were the decino correction for normalization has been applied yet, though this
sive factors. For the ClearPET-Primate version a FOV of 12 cshould be tolerable for point sources.
diameter was required. This led to two possible designs, an oc-
tahedron or a ring with 24 cassettes each (Fig. 2).

2) Shifting in Axial Direction: To compensate for the 10 mm lll. RESULTS
axial gaps between the crystal matrices (Fig. 1) an axial move- o . . . .
ment of either gantry or object could be considered. This would; Multiring Versus Multihead Design Simulation
however, decrease the temporal resolution of the system. Insteatl) Octahedron versus Ring Desigiin the question of mul-
the shifting of every other detector cassette in axial directiontising versus multihead design the simulations of the system’s
considered as a design parameter and the simulation was yseak sensitivity show a clear significant increase from 2.9% for
to find the optimal translation (Fig. 3). the octahedron to 3.7% for the ring design. The fact that the




1430 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 5, OCTOBER 2003

ClearPET primate version: 4x20 PMTs microPET P4: 4x42 PMTs 1
DOI: Lu(Y)AP /LSO a2 x 2 x 10 mm? Detector Diameter: 26 cm 0.99 TN
Detector Diameter: ~14 cm LSO a22x22x10 mm? 0.98 /1 N
FOV: ~10 cm FOV: 19 cm 007 N
I:'E 0.96 / \\
S 095
2 V4
£ 0.94 / \
8093 \
2 092 ,/ N
§ 0.91 / N\
7 /
D o9
D089
= oss /
0.87
0.86 -
0.85
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
shifting in axial direction [mm]
microPET RA: 4x24 PMTs ClearPET rodent version: 4x16 PMTs  Fig.6. The regression coefficient for the best linear fit as a function of the axial
LSO a2.2x2.2x 10 mm DOI: Lu(Y)AP/LSO a2x2x8mm*  ghifting. Best linearity is reached at a shifting of 7 mm, where the regression
Detector Diameter: 14.8 cm Detector Diameter: ~10 cm coefficient has its maximum of 0.993
FOV: 10 cm FOV: ~8 cm : :
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microPET designs R4 and P4 using an energy threshold of 350 keV.
Fig. 5. Axial sensitivity profile of the nonshifted 4 20 PMT ClearPET ring
design using an energy threshold of 350 keV. High fluctuation caused by the . .
axial gaps (left). Linearized profile using a 7 mm axial shifting of every othdi0 10 cm compared to the originally planed 24 PMT design.

detector cassette (right). For larger objects the FOV can be enlarged (see below). In the
case of 12 cm FQV the system’s peak sensitivity is still 2.7%.
sensitivity of a ring design is about 25% higher than in an oc- Fig. 7 shows the axial sensitivity profiles of the two
tahedron design with the same number of PMTs is the decisivécroPETs and the two four-ring PMT-ClearPETs. It is
factor for constructing the PMT-ClearPETs in a ring geometrgbvious that the microPET curves are more linear than the

2) Shifting in Axial Direction: All four-ring designs have PMT-ClearPET curves, because of the higher crystal packaging
a very nonlinear axial sensitivity profile with high fluctuationdensity in axial direction. The longer crystals more than com-
caused by the axial gaps (Fig. 5 left). The regression coefficigignsate for the lack of crystal packaging in the PMT-ClearPET
of the best fit straight line is, in the nonshifted case, 0.818. Bystems. The absolute values of the system’s peak sensitivity
shifting every other detector cassette by a quarter of the PNGr the different designs are shown in Table 1. In addition to this
center-to-center distance in axial direction the sensitivity prgne ClearPET FOV’s axial length (112 mm) is nearly a factor
files of the scanners can be improved considerably. Fig. 6 shogtsl.5 longer than that of the microPETs (78 mm).
the change of the regression coefficient depending on the axiap) Resolution: To determine the transaxial image resolution
shifting. The best results can be achieved by a shift of 7 mm cetie uncorrected simulated list mode data are reconstructed with
responding to 0.993 in the regression coefficient shown in Figa®-D MLEM reconstruction tool [6] using an energy threshold
right. of 350 keV. A Gaussian is fit to the 2-D plots of every re-

) i o _ _ constructed point source and the full width at half maximum
B. Comparison With Existing Concorde MicroPET Designs gy indicates the transaxial image resolution (Fig. 8).

1) Sensitivity: The 20 PMT-ClearPET design for primates Fig. 8 shows two reconstructed slices with six point sources
is a compromise between the increase of the system’s péakir. To study the effect of using DOI information two data sets
sensitivity (3.0% to 4.2% at the CFOV with 350 keV energgre generated. In the radial profile a significant improvement up
threshold) and the reduction of the FOV diameter from 12 cto 20 mm in radial distance from the center could be seen in the
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TABLE | - &= :4x20 PMTs 20mm no DOI
—4— 4x20 PMTs 10-10mm DOI
~B 4x16 PMTs 8-8mm DOI .

SIMULATED SENSITIVITY OF A POINT SOURCE IN THECFOV

»
3

I
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4rings a 0 keV 250 keV 350 keV £ 35| TCMoOPETPA .
16 PMTs (8/8) 9.8% 4.8 % 3.8% s,
20 PMTs (10/10) 10.1 % 52% 42% S
o 25
MicroPET .5 2
R4 24 PMTs (10) 8.8% 43% 35% 3
P4 42 PMTs (10) 5.0% 25% 2.0 % g1
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Ty Fig. 9. Radial image resolution of the two ClearPET versions compared to the
VLA WA WY microPET designs. Furthermore the resolution of & 20 PMT ring design
p— with 20 mm crystals instead of a dual layer with 10 and 10 mm and using DOI
is shown.
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Fig. 8. Reconstructed images of the six point sources with distances of 10 mm
with and without using the DOI information and their profiles.

images. In Fig. 9 the radial image resolution of the four scanners
is shown as well as the resolution of thex420 PMT design
using 20 mm crystals instead of evaluating DOI.

The 3-D MLEM reconstruction of a point source shows the
enormous improvement in resolution using a double crystal
layer for DOI detection (3.1 mm at 40 mm from CFOV) instead Gantry - Design
of a 20 mm single layer (7.1 mm). N catm i

3D view 2D view

C. Design: PMT-ClearPET Primate Version

The diameter of the detector ring can be varied between 130
and 300 mm (see Fig. 10). The gantry allows rotation of the
detector modules around the field of view as well as tilting up to
9(°. This design is essential for the measurement of nonhuman
primates sitting in an upright position.

detelclor casseftes

IV. DIscussiON ANDCONCLUSION

The simulation has shown that all PMT designs with inhGsg. 10. Design of the PMT-ClearPET primate version. 3-D view of the
mogeneous axial coverage obviously have a very nonlinear cghiiting in axial direction, 2-D view of the layout including the front-end
responding axial sensitivity profile. By shifting every other deg'ectronics, and a 3-D view of the flexible gantry.
tector module by a quarter of a PMT length in axial direction the

sampling of the FOVs became more homogeneous. Applying arsome of the design calculations have also been performed
energy threshold of 350 keV the regression coefficient increagfgsed on the GEANT4 package and were consistent with those
from 0.818 for the nonshifted to 0.993 for the shifted design. gphove.

Depending on crystal length and energy threshold there arepn the basis of simulation studies with GEANT3, we have
significant differences in sensitivity between the individual desyccessfully improved the axial sensitivity curves. These results

signs. Simulation of a point source centered in the FOV resultggk used for design decision in the PrimatePET project.
in a 25% higher sensitivity for a ring design compared to an

octahedron with the same number of PMTs per “ring.” These
results show a preference for a circular design of detector mod-
ules. The 3-D MLEM reconstruction of the point sources shows The authors would like to thank T. Rustige and the members
the enormous improvement in resolution using a double crystdlthe GATE project represented by C. Morel (IPHE, Uni Lau-

layer for DOI detection instead of a 20 mm single layer. sanne), S. Tavernier (Vrije Universiteit Brussel), and O. Dietzel
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