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Abstract

Purpose; In brain imaging, the spherical PET system achieves the higeesitivity whenhe
solidvangleis concerned. However it is not practical. In this work we desigmedlternative
spherelike scannerthe dodecahedraicannerwhich hasa high sensitivity in imaging and a
high feasibility to manufactur&Ve simulatedthis system and compared the performance with
a fewsother dedicated brain PET systems.

Methods: Monte Carlo simulations were conducted to generate data déthieated bria PET
system:with the dodecahedral geometry (11 regular pentagon detettwjata were then
reconstructed using thén-house developed software with thdully threedimensional
maximumlikelihood expectatiormaximization(3D-MLEM) algorithm.

Results./Results show that the proposed system has a higftigsiy distribution for the whole
field ‘ef<view (FOV). With adepthof-interaction (DOI)resolution around 6.67 mm, the
proposed system achiev the spatial resolution @98 mm. Our simulation study also shows
that the proposed system improves the image contrast and sedise compared with a few
other dedicated brain PET systems. Finally, simulations with the loffsphantom show the
potential application of the propossgstem in clinical applications.

Conclusions: In conclusion, the proposetbdecahedrdPET systenis potential for widespread

applications in higfsensitivity, highresolution PET imagingo lower the injected dose.

Key.words Dodecahedral PET systeionte Carlo simulationsystem evaluation

1. INTRODUCTION

The application of dedicated brain Positron Emission Tomography (PET) systemirin br
imaging? dates back to almost two decades a&jthough different designsfd®ET systems
such as hexagorfadnd sphericdlgeometrieshave beerproposed, the most popular clinical
PET system is composed of detior modules of stacking rin§3he ring detector PEight
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bea good choice fowhole bodyimaging while not optimized for specific organs such as the
brain, due to the low sensitivitin order to increase image qimalof the PET brain imaging,
dedicated brain PET systerwere designedwith small diameter detector ringsich aghe
High-Resolution Research Tomograph (HRRYstent® andthe one withfour-layer MPPC
DOI deteetors:® However, the sensitivity of these ring detector systems degiaeavily
with therinerease of the distance from axis in the transaxial plahe.low sensitivity of the
peripheral area in FOV affects quantitative accuracyséonebrainregiors, such as parts of
cerebellum regiof? while the cerebellum region is vital for brain imaging because this region
is usuallysused as the reference atelm addition, the low sensitivity of these ring PET
systems hampers the development of-tivse PET imaginéf

Recently=several designs of dedicated brain systems have been presenteét &tng
simulateda“helmet structure system that consists of six side rings wittretiff diameters, a
top panel, and a bottom panAl slightly different helmePET wasfirst presentedind then
upgraded.to.the helmehin systemrt** The scanner enhances the imaging performance for
both bottom.and top region of the brain. Moghadatm@i*® designed a spherical bnaPET
systemswith liquid xenordetectors with a largesolid anglé® but much complexity in

realizationin practice. Our previous stulyhas assessed different geometric brain PET

systems with large solid angels and found that the dodecahedral PET was a reasonable

approximation. of the spherical cap PET

In this study, we simulatedhis dedicated brain PET system with the dodecahedral
geometry using the GATE tooliét The system performance has been evaluated in term of
sensitivity, spatial resolutigrcount rate and reconstructed image quality, compared to the
helmet.system designed by Gosigil 2 the helmetchin PET proposed by Ahmetlal 2 and

theHRRT brain PET systern

2. MATERIALSAND METHODS
2.A. System design

The dedicatedodecahed brain PET scanner consists of 11 flat depitfinteraction (DOI)
detector modules arah open faceas shown in FigL. All detector moduleand the open face
are pentagons of the same size. The inscribed afdlee pentagon hasradius being 9.28
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cm. Thedodecahedrohas arinscribed spherwith radius 15 cmin other wordsthe distance
from the center to each detector plane is 15which makes every two opposite modules 30
cm apart The circumradiusof dodecahedrois 18.8 cmso that the longest distance between
two poins in the scanner does not exceed 37.6 The detectors consist of higlensity
pixelatedLYSQO crystals with the size of 2 mm x 2 mm x 20 mm (thicknes$)simulation
parametersraressummarizediablel.

We constructed the sitture of dodecahedromn GATE v7.1with the ‘generic repeat’
function.andsanalyzkthe simulated data in the ROOT program package all simulations
of the dodecahedral scanner, unless otherwise specified)elhgyevindowwaschoseno be
250-750 keV with the energy resolution being 14%, ahe coincidence timing windowas
6 ns. Parallaxterrors affect spatial resolufidaven at the center of the proposed system since
gamma“rays emitted from the centeay enter crystals obliquelyWe added the DOI

information to reduce the parallax erfr.

2.B. Phantoms

To evaluate the performance atir proposedbrain systemwe simulatedsix phantoms to
be consistent witthose forthe helmet syste|+?, the helmetchin PETY and the HRRT
systen? Tablell lists all six phantomsThe firstthree of them werdirectly defined in GATE.
The uniform water cylinder phantopwith a diameterof 24.5cm andthe axiallength of 19
cm2 was used for comparison sénsitivity. And a hemisphergohantomwith a diameterof
22.8 cm’ was used to assess theise equivalent count raNECR). Besides, the point
source phantom was designed to measure the resolution at different positions in thie FOV.
consists-efl9radioactivepoint sources eitheplaced along the positive-Xxisin the plane
Z=0 cmor along the Zaxis. All point source havea diameter of 1 mandare2 cmapart
from the adjacensource The last ree phantomsDerenzo phantomlaszczak phantof

andHoffman phanton?® wereimportedinto GATE.

2.C. Imagereconstruction
The simulated PET data were reconstruaieshg our in-house developed reconstruction
software. The software was developed according the fully threedimensional
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maximumilikelihood expectationmaximization(3D-ML EM) algorithmon list mode dat&’
We have validated our software via reconstrustiofiimages forthe ECAE2 and mCH#

90  systemsusing Software for Tomographic Image Reconstructi8TIR)*® as the benchmark.
Throughoutthis study, 20 iterations were used in the reconstruction. The matrix size of
reconstruétédiimages was seRfBX 256X 250with a voxel size of X 1X 1 mm?® except or
the Hoffmanphantom whichhas a matrix size of 240240X 80 with a voxel size of XX 1X
2.5 mmi;

95
2.D. Performance assessment

The system performanceas evaluatedusing a few metrics explained in this subsection.
In orderstoreompare the proposed system with the commercialized system HRRT, we also
simulated"HRRTwith the exact same physics model and calculated these metri¢soweverfor
100 the helmet and helmehin systems, due to their complicated geometries, we referred to
figures of meritin literatures.
2.D.1. Sensitivity
Theweverall sensitivity performance was evaluated ushey uniform water cylinder
phantom(as in Tabldl) injected with 1 MBq'*-FDG. The phantom was positioned in the
105  center of the FOV with its axis alongaxis. In GATE simulation, true and scattered events
were recorded separatelMie then obtained e overall sensitivity as the ratio between the
number/of detected true events and the total number of annihilations in the phantom.
To illustrate the uniformity of sensitivityhe point source was positioned in each voxel of a
water sphere withdiameter26 cm, and therspatial sensitivity mapwere obtained by
110 calculating-the sensitivity at each voxel for planes at specifixiZ coadinates.
2.D.2. Resolution
Spatial resolution represents the ability of the system to resolve small objeais
approaches were used to assess the spatial resolution. One measured the size of the
reconstructed image of a point sourdéer the image of the point sourgeasreconstructed
115  and fit with a Gaussian function, the full width at half maximum (FWHM)hef Gaussian
function was calculateés the metricln this study,we usedthe point sowe phantom
containing 19 points as described in SectkB. The otherapproachused the visual
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observatioron the imageof a modified Derenzo phantortWe simulated an injection &.7
MBq ®F-FDG withacquisition timebeing10 sfor this phantom introduced in Tatle
120  2.D.3. Noise equivalent count rate (NECR)

The NECRpof the scanner provides a global measure of the noisenpsrter of the
system,ssincet is not sensitive to regional variations of the source distribuienin the
helmetechin®PETstudy”’ NECR wasassessedising the hemispherical phantoamd the
energy window was sets 400600 keV.At a fixed activity, NECR was calculatedising the

125  formula.given.by Strothest al:3!

T2
T+S+2R

NECR =

1)
where TxS and Rrethe true, scatter and random count rates, respectively.
2.D.4. Contrast-to-noiseratio (CNR) and contrast recovery coefficient (CRC)
Noise_property in the reconstructed image is essential to clinical praticempare the
130 mears of CNRand CRCfor differentsystens using the Jaszczak phantdas in Tabldl), we
simulatéd an injection of 7 MB{F-FDG with acquisition timebeing 100 s in GATE. The
activity concentrations were 3:1 for the hot spheresth@tackground.n thereconstructed
PET imagesitwo types ofregiors of interest (ROIs) were drawi®ne was placed in the
background=of the image. And the otleais placed inside the hot ayemvering the entire
135  area of théhot spot The activity difference between these two ROIs was then normalized by
the standard deviation of the backgroundrepresent the noise level in the reconstructed

images, a.k.a, the contrastnoise ratio. Thus CNR igpresented as

CNR = Mror—Mpe (2)
NSD

where Mkior and Mgg arethe evaluatedneanactivity concentratiorin the hot ROI andhe
140  background:RQlandNSD is the standard deviation of the background ROI.

CRCiisrguantified by thegocent contrast for each hot ROl as

CRC = Mrot/Mpa=1 o 40, 3)

aror/apc—1

whereoro andagg arethe meanactivity concentratiogin the hot spheres and backgroénd.

145 3. RESULTS
3.A. Comparison of sensitivity
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Theoverall sensitivity performands shown inTablelll for the proposed systertogether
with the HRRT system and the helmet PET sy&teAccording to the result, our proposed
PET system has an improvement in the sensitivity by 72% compared with the sgdtesh
and by 4.91 times compared with the cylinder brain scanner. The scatter frattiomshoee
systemsraretalso shown Tablelll. The result showthat the dodecahedf brain PET has
higher scatter fraction respect the helmet systenThis is due to théargersolid angle and
smallersolid spacef the dodecahedral system

The spatial,sensitivity maig shown inFig. 2 for six axial planes in the whole FO¥ the
proposedusystenin eachtransaxialplane, the sensitivity is higher at the edge than in the
center section, while higher uniformity is evident in the center medibis is due to the
attenuation=ofithe sphere water phantom. As expected, sensitivity decreases albagishe
since the"open flat was located at Z=15 cm. Standard deviation of each slice was catculated
assess the uniformity along theakis. As slbwn inFig. 3, higher variation is observed in the

transaxial. planes closer tioe open flat.

3.B. Spatial resolution

To_evaluatespatial resolution of the proposed system, we first calculated the FWHM of
reconstructed point sourcd3ue to the higtparallaxerrors of the compact design, the spatial
resolution.isvorsethan 24 mm. We then included the DOI informationraxluce thegarallax
errors For DOJ detectors, the crystals were divided into multiple layers in the radkatidir
with equal lengte We compareé FWHM along three directionwith DOI resolutiors being
20, 10,6.67, anddb mm, correponding tol, 2, 3, and4 layers of crystals Results are shown
separateljor-points along Zaxis (Figs. 4(a), (c) and (€) and along Xaxis (Figs. 4b), (d) and
(f) in the center plandt is evidenthat the more the layers, the better resolutiorsytstem
achievesWhen the DOI resolutiors designed to be 6.67 mithe best spatial resolution of
our dedicated brain systeisachieve near the center of the FOWhich is 1.98 mmbetter
than thehelmetchin system (2.5 mm with DOI resolution being 5 yfand the HRRT
system (2.5 mm with DOI resolution being 10 nw)e then chose DOI resolution of 6.67
mm for simulations in the rest of this work.

To assess the spati@solutionvia the Derenzo phantgririg. 5 showsthe centesslice of
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the reconstructed images where each voxel has lwemlized to the maximum activity in
the image.Our dodecahedral systeandthe HRRT systenare both ableto distinguish the
smallestrods with thediameterof 2.4 mm which is better than that of the helmet system (2.7
mm)22 The profile showsthat our systenmesolves the smallest rodietter than the HRRT

system,

3.C. NECR

The NECR,curves of the HRRT system aridur proposed systearereportedin Fig. 6.
The peakNECR for HRRT is 3071 kcps when the phantom is filled with a uniformly
distributed activity ofl17.5MBq. The peakNECR of the dodecahedral systen®®l.2kcps
at 258 MBgwThe helmethin PET has the peaECR values of 26%cps at55 MBq!
Comparisorof the peakNECR is listed inTablelV. Our dodecahedral scanner increases the
peakNECR by1.61times compared to the helragin scanner and bi.25 timescompared

to the HRRT.scanner

3.D. CNR.and CRC evaluations

CNRsvalues were calculated using Eq. (2) for 6 hot ROIs indicated by red circles in
Fig. 7(a), where the background RQ@is in blue in Fig7Z(a), was chosen to be the disk with
48 mm in. diameter at the center of theszczakphantom. k. 7(b) shows CNR®f the 6
ROlsfor the dodecahedral system ahd HRRT system. ie proposediodecahedratystem
has & averagemprovementin CNR by 74% compared with tHdRRT system

The percentage CRCs of 6 ROIs are listed in Tabl&he dodecahedralystem shows

better-ability-ef contrast recovery, compared to HRRT.

3.E. Potential Clinical Application

Tolillustrate the potential clinical application of our proposed systerBD Hoffman
phantom was imported intthe GATE toolkit to coordinate the activity distribution with the
brain regions. The digital phantom was segmented into 116 volumes of if\Ddsy based
on magnetic resonance images. The average sensitivity of each VOIs of the Hoffman brain
phantom was calculated and then the average values were mapped to each corresponding
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brain regions to obtain the sensitivity map. The sensitivity maposEection, sagittal plane
and coronal plane were shownHig. 8. The average sensitiviground 9% can bebserved

in brain regions corresponding to a lot of comnwain diseases, for instandég angular
gyrus, parietaklobe, occipital lobe and frontal lobee high sensitivityndicates that wittthe
proposed system higher sensitivity (or lower dosagay be possiblen diagnose of some
brain diseasesuch asAlzheimerand Rirkinson Besides, we planned to integrate the system
with virtual reality goggles to image patients withaustrophobiaand to perform other
cognitivesstudies.

For thesHoffman phantom data, we simulated an injection of 2.67 MB&DG with
acquisition timebeing1000s. Fig. 9 compars three representative (top, middle and bottom)
slices ofstherHoffman phantom rewiructions for the dodecahalPET system and the
HRRT systemFor all slices, the dodecahedraPET produces images witlower noisethan

the HRRT systeniThis is consistent with the sensitivity improvement.

4. DI SCUSSION

Thismwork simulated a highkensitivity brain PET systeniThe system has a great
improvement insensitivity respect tahe HRRT system and the helmsistens® The peak
NECR of the proposed systemsignificantly improvedcomparedo the HRRT system and
the helmetchin systerf (see Table V) due to the increased sensitivilfhe CRC of our
proposed system islightly better than that othe HRRT system.Furthemore the
dodecahedral system proeslimages withless noie than the HRRT systerand shows
higher CNR valuesThough a detailed comparisavill be conductedn the future based on
our simulatien, we notice th#éte dodecahedral systeaisooutperforms the brain PET with
four-layer MPPC DOI detectors in terms of sensitifisince the lattef2.14%) has lower
sensitivity than thélRRT systen(2.5%)°

For.a compact design such as tleglecahedral system, DOI information is critical to the
image quality. The HRRT system used 10 mm LSO and 10 mm LYSO for DOI; the

122 simulated the helmet

helmetchin system used 4 layers in the 20 mm crystal;Goget al
systen with 3 layers of crystal, which made the DOI resolution 6.67 thexring PE¥ with
4-layer MPPC DOI detectors was designed with crystal lengithl, 5 and 8 mnfior each
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layer. In our resolution comparisorfrif. 4 and5), when the DOI resolution is 6.67 mie
dodecahedral system achéma slightly better spatial resolution than HHRRT, helmet, and
helmetchin systemsThuswe chose this threlayer DOI in other simulations. Howevenet
ring PE® with, 4-layer MPPC DOI detectors shows even better resolutianksto the
smaller cfyStasectional arefl.2x 1.2 mnf) andthe shortercrystal lengts.

In ordersfora“fair comparison, we simulatedth HRRT and thedodecahedral systemn
GATE. However, the simulations of the helmet and helch@t geometries are not trivialve
thus onlyborrowed resultsfrom literatures.Meanwhile, for HRRT and thedodecahedral
system wessimulatedhe same phantom and matched aloquisitionconditiors asin those
literatures. /For instance, when comparing overall sensitivity, we simulated a big cylinder
water phantom to be consistent with the oné&amg et al.® This is different from what is
suggested'by NEMA and resedtin lower sensitivity for the HRRT system than thaSiossi
et al.2 When NECR was concerned, the sasaenariowas simulated as in theslmetchin
PET,which.useda hemispherwith a radius of 114 mrmstead of line source$Vith different
phantoms the/value is differentvhile the trend is similarFor instance, thérend of CRC
values for HRRT ageewith thatin Sossiet al 2

This,werk provided detailed simulations for a brain PET system underectnst. There
are a few issues to be improved both in software design and hardware design. Images in
Figs.5, Zand9 were reconstructed with all detected eventhe energy window a250-750
keV, includingitrue and scattered events. For both HRRT and the proposed system, no scatter
correction has beedone in this workWhile scatter correction is necessagiven the high
fraction“of scattering photonMeanwhile, he scanner is simulated withixelatedcrystals of
2 mmg whiehlimits the spatial resolution of the reconstructed images.pl&a to use
monolithic crystals to further improve the resolution and compare the performance with the

4-layer MPPC.PET.

5. CONCLUSION

We have performed simulation studies to evaluate the performance of a dodecahedral PET
scanner for brain imaging and compared it with three other dedicated brain PE&rsc@ur
study shows that the proposed system improves the overall sensitivity by a fadtéd of
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compared with the cylindrical brain PET system (e.g., HRRT) and by a fact@2%f
compared with the helmet system designed by &bal The proposed system alswreases
the peakNECR by 1.61 times compared to the helmghin scanner and b{.25 times

270 compared to the HRRT scann&econstructed phantom images demonstrated high image
quality with"DOI information. With a DOI resolution being 6.67 mm, the propogsttms
achieves'bestrspatial mdgtion of 1.9 mm nearthe centerpettercontrast recoverability,
andhigher contrasto-noiseratio than the HRRT system. Using a Hoffman phantom we also

demonstrated, the potential clinical application of the proposed system.
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FiG. 1. Geometry of the proposed dodecahedral scanner.

FIG. 2. The distribution of sensitivityn ROI. (a) z=1 cm and z% cm. (b) z=5 cm and z5

cm. (e):z=10.em and z%0 cm.

FIG. 3. Standard deviation of sensitivity.

FiG. 4. Effect of DOI on spatial resolution. The first column (a, ¢, and e) shows FWHM fo
points.along Zaxis, while the second konn (b, d, and f) for points along-&xis at Z=0.

From top to bottom, each row shows FWHM along radial, tangential and axialiatisgct
respectively.

Fic. 5. The reconstructed images for Derenzo phantom from the HRRT system and the
dodecahedral system. (a) The center slice for the HRRT system. (b) Profile alongetlireeblu
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in (a) corresponding to the hot rods with diameter of 5.0 mm (peaks on the left) and 2.4 mm
(peaks on the right). (c) The center slice for the dodecahedral system. (& Riariig he

blue line in (c) corresponding to the hot rods with diameter of 5.0 mm (peaks on the left) and
2.4 mmg(peaks on the right).

Fic. 6. NECRcurves of the HRRT system and the dodecahedral system.

FiG. 7. Comparison of CNR between the dodecahedral systenthandRRT system. (a)
ROls ingthe hot regions (red circles with diameters of 14.4 mm, 19.2 mm, 27.2 mm, 33.6 mm,
43.2 mmy59%2 mm) and in the background (blue circle with diameter of 48 mm). (b) CNR for
the six ROIs’in the HRRT system and the dodecahegstém.

FIG. 8. Three perspectives on the sensitivity of brain regions. (a) Cross sectierbadith (b)
Sagittal"planeof the brain. (c) Coronal plane of the brain.

FIG. 9. Thereconstructed images of the Hoffman phantom for the HRRT system (tomdow) a

the dodecahedral system (bottom row). (a) Top slice. (b) Center slice. (c) Btitem
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TABLE |. Simulation parameters of the proposed brain PET

Parameters
Crystal material LYSO
Crystal size (mrf) 2X2X20
Inradius (cm) 15
Circumradius (cm) 18.8

Angle between adjacent faces (degree 116.6

Open face inscribed circle radius (cm) 9.28

Energy window (keV) 250750
Energy resolution 14%
Coincidence timing window (ns) 6
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TaBLE II. Digital phantoms. D stands for diameter. L stands for axis length.

Phantom Physical dimensions (mm) Application
Cylinder D: 245 L: 1963 Sensitivity
Hemisphere D: 2287 NECR
Point seurces D:1 Spatial resolution
Derenzo D:24,63.4,5.0,6.6,8.4, 9.8 Spatial resolution
Jaszczak D: 14.4,19.2, 27.2, 33.6, 43.2, 59.2 Contrast/Noise
Hoffman Sagittal: 224,Coronal: 224, Verticall80 Image visualization
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TABLE lll. Sensitivities of different geometries

System Sensitivity Scatter fraction
HRRT PET 1.04% 36.24%
Helmet 3.58%" 31.20%"
Dodecahedral PET 6.15% 33.90%

Author Manuscr
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TABLE IV. Peak NECR comparison

Model HRRT Helmet-chin Dodecahedra

It

NECR(kcps)  307.1 265.0% 691.2

Author Manuscr
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TABLE V. CRC at contrast level of 3:1

144 mm 19.2mm 27.2mm 33.6 mm 43.2 mm 59.2 mm

HRRT (%) 60.39 65.46 66.04 68.69 69.23 71.69

Dodecahedral (%) 68.95 70.47 71.60 74.39 79.64 83.38
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