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�� WhatWhat isis PETPET??
�� InstrumentationInstrumentation
�� ImageImage reconstructionreconstruction
�� WhyWhy isis necessarynecessary toto

havehave a a smallsmall animal animal 
PETPET??

�� ChallengesChallenges ofof smallsmall
animal animal PETPET
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�� PositronPositron EmissionEmission TomographyTomography
((PETPET) ) isis a non a non invasiveinvasive
techniquetechnique that provides three-
dimensional (3D) tomographic
images of radiotracer
distribution within a living 
subject

�� PositronPositron emittingemitting nuclidesnuclides: : 1111C, C, 
1313N, N, 1515O, O, 1818F, F, 6464CuCu

�� PETPET physicsphysics

PositronPositron annihilationannihilation

1 1
A A
Z N Z NX Y e ν+

− +→ + +
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ß+ decay
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�� CoincidenceCoincidence DetectionDetection
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�� InstrumentationInstrumentation
�� Material Material sensitivesensitive toto

radiationradiation: : scintillatorsscintillators ((��
�� visible light)visible light)

�� PhotomultiplierPhotomultiplier tubetube
(visible (visible lightlight ��
electrons)electrons)

�� SystemSystem electronicselectronics
((signalsignal processingprocessing))

Basic Basic tomographictomographic systemsystem geometriesgeometries

�� ScintillatorsScintillators usedused in in 
PETPET::
NaINaI, BGO, LSO, GSO, BGO, LSO, GSO
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�� ImageImage blurringblurring (I)(I)

�� RandomsRandoms
�� ScatterScatter
�� AttenuationAttenuation

�� DeadDead timetime
�� NoiseNoise
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�� ImageImage blurringblurring (II)(II)
�� SpatialSpatial resolutionresolution
�� PositronPositron rangerange
�� NoncolinearityNoncolinearity
�� Detector Detector intrinsicintrinsic

resolutionresolution
�� ParallaxParallax error: DOI, error: DOI, 

depth of interactiondepth of interaction
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This is...

what happened.what we measure.what we are looking for!
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Emission + Detection

Direct problem

Inverse problem

RECONSTRUCTION

�� The reconstruction problemThe reconstruction problem



������������������������ ���������������������������������������� ����������������	
�	
�	
�	
�	
�	
�	
�	
�

�� ImageImage reconstructionreconstruction algorithmsalgorithms

Analytical
FBP

Iterative

Algebraic
ART

Statistical

Least Squares

LS, PWLS

Max. Likelihood

MLEM, OSEM

Bayesians

MAP



Continuous-discrete problem

� Unknown, f(x,y,z): Spatial distribution of radioisotope 
(continuous function)

� Measured data,  g:

gi:  Number of coincidences registered by detector pair i
(discrete)

� System response, hi(x,y,z): Contribution of radioactivity 
located at (x,y,z) to measured counts by detector pair  i

������������������������ ���������������������������������������� ����������������	
�	
�	
�	
�	
�	
�	
�	
�

�� Problem formulationProblem formulation



gi V
f x , y , z hi x , y , z dx dydz

f(x, y, z)
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�� Problem formulationProblem formulation



Simplified modeling of detection process:

( ) ( )yx,fdxdy=s�,p ��

s
θ

� Radon transform
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�� Analytical MethodsAnalytical Methods
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�� Analytical Methods: FBP, Filtered Back ProjectionAnalytical Methods: FBP, Filtered Back Projection



The real object The unknown
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�� Iterative Methods: Iterative Methods: 



g A f

Discrete-Discrete Problem

Measurement vector � known

Image vector � unknown

System matrix  (modelling of system response)

� To be determined!!!

�

�
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�� Iterative Methods: Iterative Methods: 
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�� Iterative MethodsIterative Methods
�� SystemSystem matrixmatrix (describes (describes imageimage processprocess))

�� ItIt can can representrepresent attenuationattenuation oror anyany linear linear blurringblurring mechanismmechanism
�� ItIt can be can be estimatedestimated fromfrom knowledgeknowledge ofof thethe systemsystem designdesign, , 

measurementmeasurement ofof thethe patientpatient attenuationattenuation distributiondistribution, …, …
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The system matrix
i

j

ijA

Probability for any pair of photons emitted from voxel j
of being registered by pair of detectors i
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�� Iterative Methods: Iterative Methods: 



Projection
Estimate

Error-
Estimate

Estimated
Projection 

Measured  
Projection 

Error -
Projection Back-projection

Comparison

Object Space Projection Space

Correction
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�� Iterative Methods: Iterative Methods: 
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�� PETPET providesprovides spatialspatial andand temporal temporal 
measurementsmeasurements ofof thethe distributiondistribution ofof
biomoleculesbiomolecules withinwithin a living a living subjectsubject

�� Why is necessary to have a small animal PET?Why is necessary to have a small animal PET?



�� ����� ����� ����� ����� ����� ����� ����� ������� ������� ������� ������� ������� ������� ������� ������� ���	
�	
�	
�	
�	
�	
�	
�	
�

�� Spatial resolutionSpatial resolution

�� SensitivitySensitivity

�� DoseDose andand MassMass InjectedInjected

�� Challenges of  small animal PET?Challenges of  small animal PET?
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�� Commercialized scanners: Commercialized scanners: 
microPET, MOSAIC, HIDACmicroPET, MOSAIC, HIDAC

�� FieldField: : 
�� NeurologyNeurology
�� CardiologyCardiology
�� OncologyOncology
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�� Current developments of Animal PETCurrent developments of Animal PET
�� Detector Technology:Detector Technology:

�� Scintilliator detectorsScintilliator detectors
�� Light detectors:Light detectors:

�� PMTPMT��PSPMTPSPMT
�� APD, Avalanche PhotodiodesAPD, Avalanche Photodiodes
�� SiPM, silicon photomultiplierSiPM, silicon photomultiplier

�� Semicondutor detectorsSemicondutor detectors
�� Detector Design: high resolution detectors Detector Design: high resolution detectors 

with DOI capabilitywith DOI capability
�� Distribution of scintillation lightDistribution of scintillation light
�� Multiple layers of detector materialMultiple layers of detector material
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�� ImageImage ReconstructionReconstruction::
�� IterativeIterative statisticalstatistical reconstructionreconstruction algorithmsalgorithms

thatthat accuratelyaccurately modelmodel
�� physicsphysics ofof thethe scanner (DOI, scanner (DOI, positronpositron rangerange, , 

noncolinearitynoncolinearity andand detector detector scatterscatter), ), 
�� geometrygeometry ofof thethe scanner (scanner (e.ge.g., ., depthdepth--dependentdependent

efficiencyefficiency alongalong lineslines ofof responses)responses)
�� StatisticsStatistics ofof thethe acquiredacquired datadata
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�� IntroductionIntroduction
�� Monte Monte CarloCarlo methodmethod: : theorytheory andand

computationalcomputational issuesissues
�� ApplicationApplication ofof thethe Monte Monte CarloCarlo methodmethod in in 

Nuclear Medical Nuclear Medical ImagingImaging techniquestechniques
�� Monte Monte CarloCarlo ComputerComputer CodesCodes
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�� IntroductionIntroduction::
�� Nuclear Medicine Nuclear Medicine imagingimaging modalitiesmodalities as singleas single--photonphoton

emissionemission computedcomputed tomographytomography ((SPET)andSPET)and positronpositron emissionemission
tomographytomography ((PETPET) are ideal ) are ideal forfor Monte Monte CarloCarlo modellingmodelling
techniquestechniques becausebecause ofof thethe stochasticstochastic naturenature ofof radiationradiation
emissionemission, , transporttransport andand detectiondetection processesprocesses..

�� TheThe use use ofof Monte Monte CarloCarlo techniquestechniques has has increasedincreased becausebecause ofof
thethe improvedimproved modelsmodels ofof radiationradiation transporttransport processesprocesses, , thethe
practicabilitypracticability ofof applicationapplication withwith thethe developmentdevelopment ofof
accelerationacceleration schemesschemes andand thethe improvedimproved speedspeed ofof computerscomputers..

�� ApplicationsApplications areasareas ofof Monte Monte CarloCarlo techniquetechnique in nuclear in nuclear 
imagingimaging: detector : detector modelingmodeling andand systemssystems designdesign, , imageimage
reconstructionreconstruction andand scatterscatter correctioncorrection techniquestechniques, , internalinternal
dosimetrydosimetry andand phamacokineticphamacokinetic modelingmodeling
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�� Monte Monte CarloCarlo MethodMethod (I)(I)
�� IngredientsIngredients

i.i. ProbabilityProbability densitydensity functionsfunctions
((pdfpdf))

ii.ii. RandomRandom numbernumber generatorgenerator
iii.iii. SamplingSampling rulerule
iv.iv. ScoringScoring
v.v. Error Error estimationestimation
vi.vi. VarianceVariance reductionreduction

techniquestechniques
vii.vii.ParallelizationParallelization andand

vectorizationvectorization algorithmsalgorithms
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�� Monte Monte CarloCarlo methodmethod (II):(II):
�� RandomsRandoms numbersnumbers generationgeneration

�� AllAll randomrandom numbernumber generatorsgenerators (RNG) are (RNG) are basedbased uponupon
specificspecific mathematicalmathematical algorithmsalgorithms, , whichwhich are are repeatablerepeatable
(pseudo(pseudo--randomrandom))

�� TheThe RNG RNG isis oneone ofof thethe crucial crucial subroutinessubroutines in in anyany Monte Monte 
CarloCarlo simulationsimulation codecode

�� PhotonPhoton transporttransport ((photoelectricphotoelectric, , incoherentincoherent
scatteringscattering, , coherentcoherent scatteringscattering))

�� ElectronElectron transporttransport ((notnot consideredconsidered, , depositiondeposition ofof
theirtheir energyenergy atat thethe pointpoint ofof interactioninteraction) ) 
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�� Monte Monte CarloCarlo methodmethod (III):(III):
�� AnalogAnalog samplingsampling

�� SimulateSimulate thethe full full statisticstatistic developmentdevelopment ofof thethe
electromagneticelectromagnetic cascadecascade

�� DirectDirect methodmethod
�� RejectionRejection methodmethod
�� MixedMixed methodsmethods

�� NonanalogNonanalog samplingsampling “variance reduction “variance reduction 
techniques”techniques”
�� ToTo biasbias thethe samplingsampling by by introducingintroducing differentdifferent typestypes ofof

importanceimportance samplingsampling andand otherother variancevariance reductionreduction
techniquestechniques toto improveimprove thethe computationalcomputational efficiencyefficiency toto
improveimprove thethe computationalcomputational efficiencyefficiency ofof thethe Monte Monte CarloCarlo
methodmethod
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�� ApplicationsApplications ofof thethe MC MC methodmethod in nuclear in nuclear 
imaging(Iimaging(I))
�� Detector Detector modelingmodeling

�� DetectionDetection efficiencyefficiency withwith thethe aimaim toto designdesign anan optimizedoptimized
detector detector forfor nuclear nuclear medicienmedicien studiesstudies

�� ComparativeComparative studystudy ofof severalseveral crystalscrystals usedused in timein time--ofof--flightflight
PETPET

�� CompensationCompensation forfor crystalcrystal penetrationpenetration �� modules that modules that 
measure DOImeasure DOI

�� ImagingImaging systemssystems andand collimatorscollimators designdesign
�� AnalyzeAnalyze thethe performanceperformance ofof newnew collimatorcollimator designdesign forfor

planarplanar gamma camera, SPECT gamma camera, SPECT andand PETPET
�� StudyStudy potentialpotential designsdesigns ofof dedicateddedicated smallsmall animal animal positronpositron

tomographtomograph
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�� ApplicationsApplications ofof thethe MC MC methodmethod in nuclear in nuclear 
imaging(IIimaging(II))
�� ImageImage reconstructionreconstruction algorithmsalgorithms

�� ComparingComparing differentdifferent algorithmsalgorithms forfor performingperforming
imageimage reconstructionreconstruction

�� ConvergenceConvergence propiertiespropierties ofof thethe MLEM MLEM algorithmalgorithm
�� ValidateValidate newnew algorithmsalgorithms
�� BuildBuild a a systemsystem matrixmatrix
�� StudyStudy thethe noisenoise propiertiespropierties ofof thethe MLEM, MLEM, 

MAPEM MAPEM andand OSL OSL algorithmsalgorithms andand toto testtest thethe
predictionprediction ofof thethe theorytheory
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�� ApplicationsApplications ofof thethe MC MC methodmethod in nuclear in nuclear imaging(IIIimaging(III))
�� AttenuationAttenuation andand scatterscatter correctioncorrection techniquestechniques

�� InformationInformation ofof thethe differentdifferent processesprocesses occurringoccurring withinwithin thethe
phantomphantom andand thethe detectorsdetectors ((scatterscatter fractionfraction).).

�� FactorsFactors mostlymostly responsibleresponsible forfor spectralspectral contaminationcontamination
((overlappingoverlapping ofof unscatteredunscattered andand scatteredscattered eventsevents throughoutthroughout thethe
energyenergy spectrumspectrum))

�� ScatterScatter compensationcompensation requiredrequired forfor quantitativequantitative SPECTSPECT
�� ScatterScatter componentscomponents in in PETPET divideddivided intointo primariesprimaries, , objectobject scatterscatter, , 

gantrygantry scatterscatter andand mixedmixed scatterscatter andand theirtheir effectseffects onon thethe
degradationdegradation ofof reconstructedreconstructed imagesimages

�� ComparisonsComparisons betweenbetween thethe approachesapproaches forfor scatterscatter correctioncorrection andand
thethe simulationssimulations

�� DosimetryDosimetry andand treatmenttreatment planningplanning
�� Derive Derive specificspecific absorbed absorbed fractionsfractions andand delivereddelivered dosesdoses forfor

electronelectron andand photonphoton sourcessources uniformlyuniformly distributeddistributed in in organsorgans ofof
mathematicalmathematical phantomsphantoms

�� PharmacokineticPharmacokinetic modelingmodeling
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�� Monte Monte CarloCarlo computercomputer codescodes (I)(I)

Dedicated PETDedicated PET
CC

EIDOLONEIDOLONDedicated SPECTDedicated SPECT
FORTRANFORTRAN

SIMINDSIMIND

Dedicated PETDedicated PET
FORTRANFORTRAN

PETSIMPETSIMDedicated SPECT & PETDedicated SPECT & PET
CC

SIMSETSIMSET

Dedicated SPECTDedicated SPECT
FORTRANFORTRAN

MCMATVMCMATVGeneric CodeGeneric Code
FORTRAN and CFORTRAN and C

GEANTGEANT

Dedicated SPECTDedicated SPECT
FORTRAN/CFORTRAN/C

SIMSPECTSIMSPECTGeneric CodeGeneric Code
FORTRANFORTRAN

ITSITS

Generic CodeGeneric Code
FORTRANFORTRAN

MCNPMCNPGeneric CodeGeneric Code
FORTRANFORTRAN

EGS4EGS4

General General 
DescriptionDescriptionMC MC codecodeGeneral General DescriptionDescriptionMC MC codecode
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�� Monte Monte CarloCarlo computercomputer codescodes (II): (II): 
GATEGATE
�� EncapsulatesEncapsulates GEANT4 GEANT4 librarieslibraries in in 

orderorder toto achieveachieve a modular, a modular, 
versatileversatile, , scriptedscripted simulationsimulation toolkittoolkit
adaptedadapted toto thethe fieldfield ofof thethe Nuclear Nuclear 
Medicine.Medicine.

�� UserUser friendlyfriendly
�� ProvidesProvides thethe capabilitycapability forfor modellingmodelling

time time dependentdependent phenomenaphenomena suchsuch
as detector as detector movementsmovements oror sourcesource
decaydecay kineticskinetics

GEANT4GEANT4

DedicatedDedicated toolstools
forfor PETPET andand

SPECTSPECT

GATEGATE
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�� MADPETMADPET--IIII
� 2 independent radial layers
� 18 dual-layer modules

� One module: 2 detector blocks
� Each block: 4 x 8 array of LSO crystals
� Crystal size: 2 x 2 x 6 mm3 (front layer)

2 x 2 x 8 mm3 (back layer)

� Individual Read-out:
� One-to-one coupling to a 4 x 8 APD array
� Each crystal read out by an independent electronic channel

� Coincidences sorted post-acquisition in software from singles 
list-mode data

� Total number of crystals and electronic channels: 1152

FrontFront LayerLayer

Back Back LayerLayer

4x8 LSO 4x8 LSO ArrayArray
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�� WithWith GATEGATE itit isis possiblepossible toto simulatesimulate MADPET IIMADPET II::
�� Study Study randomsrandoms (primary source of background noise (primary source of background noise 

and image and image distorsiondistorsion in a PET scanner)in a PET scanner)
�� Build system matrix (iterative reconstruction methods)Build system matrix (iterative reconstruction methods)
�� Normalization (correct for the different detector Normalization (correct for the different detector 

efficiencies)efficiencies)



�� Example of photon transport using GATE Example of photon transport using GATE 
to simulate MADPET IIto simulate MADPET II
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