Demonstration of an Axial PET concept for brain and smaliveiimaging
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Abstract

Standard Positron Emission Tomography (PET) cameras meeghth a compromise between spatial resolution and setysiti
To overcome this limitation we developed a novel concept®T.FOur AX-PET demonstrator is made of LYSO crystals aligned
along the z coordinate (patient’s axis) and WLS strips aythmally placed with respect to the crystals. This concéfars full

3D localization of the photon interaction inside the camdraus the spatial resolution and the sensitivity can be kamaously
improved and the reconstruction of Compton interactiosg&lmthe detector is also possible. Moreover, by means oPGsor
reading out the photons, both from LYSO and WLS, the detéstoisensitive to magnetic fields and it is then suitable taged in

a combined PE/MRI apparatus. A complete Monte Carlo simulation and deditaeconstruction software have been developed.
The two final modules, each composed of 48 crystals and 156 $ttif$3, have been built and fully characterized in a dedit st
set-up. The results, obtained witB%la point source (0.25 mm diameter), of the single modulegpeténces and a first estimation
of the performances with the two module system are reported.
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1. Introduction Taking into account these challenges, together with the di-

agnostic needs — which push towards multi-modalities exams
For a Positron Emission Tomography (PET) camera two pa€.g- PETMRI —has led our collaboration [1] to propose a com-

rameters are relevant: (i) a gospatial resolution which is  pletely diferent approach.

fundamental to permit precise localization of tiny struesifor

brain mapping and for tumor contour, and (ii) tetection ef- _

ficiency which must be kept as high as possible in order to re?- TheAxial PET concept

quire low dose injection into the patient’s body (or to ent&n

the image quality at the same dose level). Poor spatial reso- The basic idea of théxial PET (AX-PET) consists in the

lution and low dficiency limit the performances of the clini- axial arrangement, along the axis of the scanner (z axis), of

cal scanners. In standard cameras these limitations ardymai Scintillating crystal layers interleaved by layerswiéve Length

caused by the radial arrangement of the crystals with réspec Shifter(WLS) strips, perpendicularly placed to the crystals.

the patient’s axis: the poor (Or absent) know|edge Oﬂjhpth When a 511 keV phOton interacts inside one Cl’ystal, the

Of Interaction(DOI) of the photon inside the crystal spoils the light emitted within the total reflection cone travels thgtithe

spatial resolution making it non-uniform in the whdield Of  crystal until reaching the photo detector. The light estgpi

View(FOV) because of the parallax errors, which increase witHfrom the crystal side where the WLS are placed is absorbed

the crystal length. Reducing the length of the crystals ¢oul and re-emitted at dierent wavelength; then by internal reflec-

improve the resolution but, as drawback, reduces the detect tion, as for the crystal, it is transmitted and read out. See

efficiency. Moreover, the incapability of recognizing ComptonFig. 1 for a visual explanation of the process. Both the crys-

interactions in the common PET cameras further degrades ttials and the WLS strips are individually read out Ggiger-

image quality. mode Avalanche Photo Diod¢6-APD)2 The DOI informa-
tion (x coordinate in Fig. 1) is given by the knowledge of the

10n leave of absence from Universita e Sezione INFN di Crgltaly
2Currently with Technical University Miinchen, 85748 Gangh Germany 3Also known as SiPM and MPPC
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Figure 1: Two scintillating crystals (LYSO) placed parhtie the scanner axis
z, and three WLS strips orthogonally placed to the crysttiow the Axial-
PET concept. One side of the LYSO and of the WLS is equipped G#APD
(MPPC) while the other side has a reflective coating. The kghitted by the
crystal is in part detected by the MPPC (either coming diyeficom the point
of the scintillation or after having been reflected by thetiompon the opposite
side) and in part absorbed by the WLSs, whose signals peoméconstruct
the z coordinate.

layer of the hit crystal. So the crystal provides the rad@gip
tion of the interaction (x and y coordinates) and the energg
axial position (z coordinate) can be determined from thaaig
in the WLS stripst

3. The Axial-PET demonstrator

The components. As scintillating crystals we useYSQG

resistor turning the voltage signal into a high impedancestu
signal, to the’ATAGPZchip [5]; (ii) in parallel the signals from
the LYSOs are added together to build a pulse height sum which
is used in the trigger; (iii) the signals of each channel dse a
available for test purposes.

The VATAGPS chip has a fast and a “slow” branch. In the
sparse readoumode of the chip only channels with a signal
above a chosen threshold in the fast branch will be stored int
the readout register, and the corresponding slow shapdi-amp
tude of only these channels will eventually be read out.

The data acquisition works using theternal trigger which
selects only events whose energy sum in the module (or in
both the modules, see Sect. 5) is equal to 511 keV. Seie
triggering feature of the readout is used for specific tests and
for the energy calibration (see Sect. 4.1).
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bars from Saint-Gobain (PreLudeTM 420) of dimensions of

(3 x 3 x 100) mn?. The LYSO is non-hygroscopic with a Figure 2: Drawing of one AX-PET module. Six layers of 8 crysteach are
light yield of 32 photongeV, attenuation length (at 511 keV) interleaved with six_layers ofWLS: The MPPCs are mountedpd_nely onone
of 1.2 cm, scintillation decay time of 42 ns, single expongn-z'ries‘f;;g‘zr”;gi‘yi;?fc:‘;ﬁrdt]os?;’g'd dead areas. The crystaidjacent layers
tial. The WLS strips, from Eljen Technology (type EJ-280hwit

a dye concentration ten times higher than standard material
have dimensions of (8 x 3 x 40) mn?. They dficiently absorb
the 425 nm light from LYSO and re-emit it at 490 nm. Both the
LYSO and the WLS are readout by a G-APD, HamamMsilti
Pixel Photon CountefMPPC). For reasons of compactness, th
crystals and the strips are optically glued to their photecter
only on one side, while the other side is covered with an At-coa
ing to make it reflective. The MPPCs used for the crystals ar
of standard type (S10362-33-050C, 3600 cells X30) um?,
dimension (3< 3) mn¥), for the strips they are custom made by
Hamamatsu (OCTAGON-SMD, 782 cells (fD0)um?, dimen-
sion (322 x 1.19) mn?). The MPPCs have been individually
characterized in a dedicated set-up94].

Read out electronics. The signals out of the MPPCs are
transmitted to fast amplifiers (OPA846). The output of each The two modules were individually calibrated in a test get-u
amplifier is threefold: (i) a direct short connection, vial®kQ  ysing a point-like??Na source (activity of 925 kBq, diameter of
250um). Two tagging LYSO crystals of fierent dimensions,
readout by a fast PMT, were used for the energy calibration
and for axial spatial resolution studies. Théfelient tagging

Themodule. The AX-PET demonstrator is composed of two
identical modules. Each module has 48 crystals and 156 WLS
strips arranged in a stack of six layers, each layer with 8QYS
bars and 26 WLSs, see Fig. 2. The pitch of the crystal plane is
&5 mm, and 3.2 mm for the WLS plane. The distance between
two layers, in the direction of the impinging photons, is 7 mm
and each layer is optically separated from the next one bipa th
Rarbon fiber plate. The crystals in even layers are staggered
with respect to the crystals in odd layers by half the pitce si
so that the gaps between the crystals do not line up.

4. Single module characterization

4The 511 keV photon from the photo absorptions in the cryssaiasily

observable in the WLS, while for Comptoiffects the photon must have an
energy of at least 100 keV. Less energetic photons can beisélea crystals
but without the precise axial coordinate reconstructiar8]2

5The LYSO chemical formula is Lu1.8Y.2SiO5:Ce.

6Since the G-APDs are highly temperature dependent, thisypeter is con-
stantly monitored. The knowledge of the temperature permoitchange the
supply voltage of each photo detector in order to maintaiors@nt gain, or to
apply an diline correction.

crystals allowed to have either a uniform illumination o&th
module or a beam spot of about 1 mm on the module layer
closest to the source. Both the taggers and the source holder
were mounted on a computer controlled translation table for
precise positioning of the source image on the module in two
directions (y and z).



4.1. Energy calibration and resolution 4.2. Spatial resolution

To perform the energy calibration we used (i) data acquired
in self-triggering mode, which comprise two of the peak po-

i 176
fr:téoﬂjtg{“jrrf&L§SS:C:¥ingitg%mksbzgf da(?i;:i ;3; I;ivhié:ggsize. Only photoelectric events, with one hit in the LYSGg ar
P ’ d selected. The z position of the interaction inside the afyist

. 29 . .
with the “*Na source and the larger tagging .c_rystal, COVENNY etermined by means of a center of gravity of the WLS clus-
the photoelectric peak at 511 keV. The positions of the four, . . . L

}er. The measured spatial resolutiofheas includes the intrin-

peaks in the ADC VErsus E_nergy plot _(see F|g._3 asan exampsﬁc resolutionoiy: and the contribution of the beam spot size
of one crystal) are fitted with a negative logarithmic fuooti

E(ADC) = po — 1 - In(1 — AC). The about 5% saturation ef- ospoy Which increases with the distandefrom the sourcé:
0 )

fect of the MPPCs occurring at the photoelectric peak energymeas= /0Ty + T3por IN Order to extract the value of the in-
due to the finite number of cells capable to read out the pisotontrinsic spatial resolutionr?,.,sis extrapolated down td? = 0,
from the crystal, is taken into account. All the 48 crystdis 0 see Fig. 5. The result fari, is 0.76 mm.

each module are calibrated by means of this “self calibndtio

To estimate the resolution in the axial coordinate we col-
lected data with the smaller tagger, to have a collimated spo

technique. ) _
Prob 0.9398
N'E 7 po 0.5816 = 0.1561
E p1 0.001374 + 9.245e-05
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zero distance (p0) givesﬁm.

Figure 3: ADC vs. Energy plot showing the mean values of thesSian fits to
the ADC distributions of the Lu intrinsic radioactivity, tie K, escape line,
and of the photo peak. The thicker line is the inverse of thyatiee logarithmic
function used to fit the data. The deviation from the linea(sfitaight line) is
due to the MPPC saturation.

5. Measurementswith the two module in coincidence

After the calibration, the average of the energy resolutibn
the LYSO crystals i\E/E = 11.6% FWHM (at 511 keV). Al- The two modules were mounted in front of each other at
ternatively, as shown in Fig. 4, using the event by eventggner 15 cm distance with thé&’Na source in the middle, see Fig. 6.
sum in one module the resolution results to be 12.25% FWHMData were collected with the external trigger, see Secte3, r
quiring the energy sum to be equal to 511 keV in each of the
two modules in coincidence.

LYSO Sum Sum all lyso
Entries 299574
4500— Mean 510.9
E RMS 31.55
4000 N 4167 = 10.4
E mean 513.6 = 0.1
3500— sigma 26.78 = 0.05
F N_Lu 233.4=5.0
30001 sigma_Lu 246 0.4
2500~ R_FWMH = 12.25%
2000[—
1500/
1000;
SODE
E I, ol ‘ Ll Lo, Figure 6: Set-up for the two module coincidence data taking.
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Figure 4: Energy distribution of the sum of all the crystdl®oe module. The
relative width of this distribution iIAE/E = 12.25% FWHM at 511 keV.

"The diameter of the spot is supposed to vary linearly withdiséanced
from the source.



5.1. Spatial resolution

To estimate the axial spatial resolution in the two module se
up we select photo peak events in both of the modules. Extray
olating the intersection on the central plane of the gedoadtr
Lines Of RespongeOR), see Fig. 7 left, a resolution of 1.5 mm
at FWHM is found, see Fig. 7 right. It is worth noting that the
source size and the finite positron range are still included.

Figure 9: Reconstruction of a uniform cylinder source seted in realistic run
conditions. From the left to the right: x, y and z projectiod@D image.

Z_proj
tean otsos The image reconstruction softwards based on the
s wem|  Maximum-Likelihood Expectation MaximizatighlLEM) al-
gornt 10t 3 gorithm [6]. The geometrical components of the System Matri
. have been computed using Siddon’s ray-tracing techniglie [7
in addition crystal attenuation and penetratiffieets have been
taken into account. The code has been tested with several
Monte Carlo phantoms. As an example in Fig. 9 the recon-
\ struction of a simulated cylindrical source of 10 mm diamete
LN ] and 10 mm hightis presented. A FOV of (25x 25) mn? in
5 0 * Zmm cubic Voxels of 1 mm each and six steps have been considered.

Figure 7: Left: side view of the two modules with the geonetiLOR se- 7. Conclusions and future plans
lecting only photo peak events in both of the modules. Rigipread of the

geometrical intersection of the LOR in the central planevieen the two mod- The AX-PET camera provides a three dimensional, parallax-
ules, providing an evaluation of the spatial resolutionhef &xial coordinate. error free localization of the photon interaction, the filoitisy
of optimizing spatial resolution and sensitivity indepenty
from each other, and the capability of recognizing Comptoen i
teractions inside the detector. Then, the Compton eventbea
either discarded to fully maintain the resolution, or thayp be
ngeconstructed, increasing in this way the sensitivity. the-
Cept and all its components are MRI compatible and could be
gxtended to perform Time-Of-Flight PET.

Two modules of the AX-PET demonstrator have been built
and characterized. Preliminary results are very encongagi
An energy resolution of 11.6% FWHM at 511 keV as average
of the single crystals is obtained. The spatial resolutiothe
axial direction is found to be 1.8 mm FWHM for photoelectric
events, using a collimated beam spot. From the geometrical
LOR intersections with the two modules in coincidence, the z

6. Simulation and image reconstruction

For a complete performance estimate of the entire syste
the AX-PET demonstrator is fully simulated usiGBANT4 and
GATE Monte Carlo packages. The former is used to model th
optical transport and the geometry while the latter is a P&d-d
icated software capable of simulating time dependent pineno
ena, scanner rotation and soypteantom. In Fig. 8 the energy
spectrum of the crystals is shown, demonstrating the exuell
data-Monte Carlo agreement.

0.024

0.022E- AllLyso spatial resolution is 1.5 mm at FWHM.
0.02F T data The two modules will be mounted on a horizontal gantry,
i = simulation
0.018E where the source and one of the modules can be rotated. In
0.016F Spring 2010, at the ETH Zurich, first tomographic reconstruc
0.014F tions of small animal phantoms will be performed, followad b
0.012E- the optimization of the Monte Carlo and reconstruction aode
0.01F In about one year, by means of further studies and simuktion
0.008F possible specific geometrical options for a full scannel él
0.006- evaluated.
0.004;—
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trum. The histograms have been normalized to one.
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