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Positron Emission TPositron Emission T
""TomoTomogram" = "pgram" = "po oo og a pg a p

β+
(511 keV γ-rays)

emitters
eg F18

Coincidence Detection

2
511-keV

Detector 1
Output

only when 2
inputs received
simultaneously

Singles count 
rate C1

Coincidence
Circuit

b+

e-
~1 mm

511 keV
Matter/

Anti-matter
Annihilation

Photons

Detector 2

2 inputs received within same2 inputs received within same

Singles count 
rate C2

""TruTru2 inputs received within same2 inputs received within same
coincidence timing windowcoincidence timing window ττ

10 10 nsecnsec = 1 x10= 1 x10--88 secsec
→

Tomography (PET)Tomography (PET)
picture of picture of sliceslice""p ctu e op ctu e o s ces ce

Acquire data spanning 15-25 cm of the
body at each of 6 8 bed positions for ~6body at each of 6-8 bed positions for ~6
min each – emission data and transmission
data for attenuation correction

Images are quantitativeImages are quantitative 
(μCi/cc or SUV)

uesues" Count Rate" Count Rate
=   C=   C11 CC2  2  ττ



PET SPET SScannersScanners



“Events” “Events” in PETin PET

Applies only
To certain

β+ emitters
eg I124, Y86



EnergyEnergy--dependent positron Rdependent positron Rrmsrms::
0 76 mm for F18 to 9 8 mm for Ga660 76 mm for F18 to 9 8 mm for Ga66

Physical LimitaPhysical Limita
0.76 mm for F18 to 9.8 mm for Ga660.76 mm for F18 to 9.8 mm for Ga66
Lower limit of PET resolution?Lower limit of PET resolution?

pppositronpositron +  p+  pnegatronnegatron ≠≠ 0     0     ⇒⇒
Annihilations Annihilations γγs:s: deviate from 180deviate from 180°°

by by ++ 0.250.25°°

TheThe largerlarger thethe PETPET ringring diameterdiameter
thethe worseworse thethe degradationdegradation ofof resolutionresolution

WBWB >> BrainBrain >> SmallSmall animalanimal

ations of PETations of PET
Cascade γ-rays

eg Y86 I124

Low β+ Branching Ratio

eg  Y86, I124

r,r,
nn

Low β+ Branching Ratio



Determinants of SpDeterminants of Sp
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patial Resolutionpatial Resolution
FWHMFWHMhapehape FWHMFWHM

ContributionContribution

d/2 - 1.5 mm

0 - 1 PMT/detector
2.2 mm - 4 PMTs/detector

d/2 1.5 mm

?

~6 m

(Anger logic)

1.3 mm - Head
2 2 mm Body

? m
m

 FW
H

2.2 mm - Body

0.2 mm - F18
3.3 mm - Ga66

H
M

 for F1

cative factor cos θ + (D/T) sin θ ≈
X1.3 for θ = 10°

~2

18

X1.2



PET DetectorPET Detector
Cylindrical Multi riCylindrical Multi-ri

Scintillator

* Most common dedicated PET scanner design

r Configurationr Configuration
ing Block Detector *ing Block Detector *



Newer Design iNewer Design i
The Pixelated "ContinuThe Pixelated "ContinuThe Pixelated ContinuThe Pixelated Continu

PixePixe
DeteDete

"Desi"Desi
for for 3D3D

<20% v<20% v
in light cin light c

PhilPhil
AllegrAllegr

Gemini Gemini 

in PET Systemsin PET Systems
ous"ous"--Detector ScannerDetector Scannerousous --Detector ScannerDetector Scanner
latedlated
ectorector

BlockBlock
DetectorDetector

ignedigned "Designed"Designed
DD PET"PET"

ariationariation
collectioncollection

for for 2D2D PET"PET"

>100% variation>100% variation
in light collectionin light collection

llipsllips
ro PET,ro PET,
PETPET--CTCT

Siemens/CTSiemens/CT
HR+, Accel, PETHR+, Accel, PET
Biograph PETBiograph PET--CTCT

GEGE
Advance PET,Advance PET,

Discovery LS/STDiscovery LS/ST



Modern BloModern BloModern BloModern Blo
PET ScPET Sc

D t t iDetector ring
Blocks per rin

Scintillator thickness, ,
Cuts per scintillato

Detector elements per scintillato
Detector element size, D

Detector ring (bore) diamete
Transaxial field of view (FOVTransaxial field of view (FOV

Axial (longitudinal) field of view (FOV
# Transaxial section

Transaxial section thicknes

ckck--DetectorDetectorckck DetectorDetector
cannerscanners

4gs: ~4
g: 100 to 200
T: ~1 cm

or: 6-8
or: 6 x 6 = 36  to 8 x 8 = 64
D: 3 x 3  to 6 x 6 mm
er: 80 to 90 cm
V): 50 to 70 cmV): 50 to 70 cm
V): 20 to 30 cm
ns: ~50
ss: 2 to 4 mm



CurrentCurrent--GG
PET ScPET ScPET ScPET Sc

•• Spatial ResolutionSpatial Resolution
•• SensitivitySensitivity

•• Energy resolutionEnergy resolutionEnergy resolutionEnergy resolution
•• Axial field of viewAxial field of view
•• Transaxial field of viewTransaxial field of viewTransaxial field of viewTransaxial field of view
•• Attenuation CorrectionAttenuation Correction
•• Scatter CorrectionScatter Correction

•• ReconstructionReconstruction

•• Absolute QuantitationAbsolute Quantitation

GenerationGeneration
cannerscannerscannerscanners

44--6 mm FWHM6 mm FWHM
2D  2D  -- <100 cps/<100 cps/μμCiCi
3D  3D  -- ~500 cps/~500 cps/μμCiCi
2020 -- 40%40%20 20 -- 40%40%
25 cm25 cm
60 cm60 cm60 cm60 cm
PETPET--CTCT
2D  2D  √√
3D  ?3D  ?
OSEMOSEM
RAMLARAMLARAMLARAMLA
√√



ComparisComparis
Detector (CrysDetector (Crys

BGOBGO
BismuthBismuth LL

GermanateGermanate
oxysilicateoxysilicate oxoxoxysilicateoxysilicate oxox

Mass density,Mass density, ρρ 7.17.1
Effective atomic number, Effective atomic number, ZZeffeff 7474{

ee

Light decay time, Light decay time, ττ 300 300 nsecnsec 44
Light output. Light output. ηη 4.8 /4.8 /keVkeV 33
E Resolution (FWHM)E Resolution (FWHM) ~25%    ~25%    

1.3 2.0

LYSO

GSO

son of PETson of PET
stal) Materialsstal) Materials
LSOLSO GSOGSO LYSOLYSO

LuteciumLutecium GermaniumGermanium LuteciumLutecium--
OrthoOrtho-- OrthoOrtho YttriumYttrium

xysilicatexysilicate OrthoOrtho--xysilicatexysilicate OrthoOrtho
oxysilicateoxysilicate

7.47.4 6.76.7 5.45.4
6666 5959 5454

40 40 nsecnsec 60 60 nsecnsec 50 50 necnec
30 /30 /keVkeV 6.4 /6.4 /keVkeV 30 /30 /keVkeV

~20%~20% ~15%~15% ~20%~20%
}

GSO

LYSO



PET:  Breaking the
~10 min~60 /day

~30 min~20 /day 30 min20 /day

~60 min

WBPatient

~10 /day

WB
Scans

Patient
Throughput Tarant

• New faster detectors?
AA ≈ 40 mCi?

• Longer axial FOV?

e 10-min Barrier?

3D / LSO*: τ = 40 nsec

Decreasing τ
Increasing NECR
Decreasing scan time

3D / BGO: τ = 300 nsec

2D

ola, Zito et al.  J Nucl Med 44: 756, 2003.

~10 cGy~10 cGy
max normal-tissue 

absorbed dose

* GSO: τ = 60 nsec
LYSO: τ = 50 nsec



CorrectionCorrectionCo ect oCo ect o
•• RandoRando
•• AttenAtten
•• ScatteScatte

** Essential for activity quantitationEssential for activity quantitation
Generally applied to Sinogram data, Generally applied to Sinogram data, nn
In contrast to SPECT, corrections are In contrast to SPECT, corrections are ,,

ns in PET *ns in PET *ss
omsoms
uationuation
erer

notnot Reconstructed imagesReconstructed images
independentindependent of depth (position)of depth (position)pp p (p )p (p )



CorrectioCorrectio
RandomsRandomsRandoms Randoms 

Random
event

Most events detected in

ons in PETons in PET
CorrectionCorrectionCorrectionCorrection

n PET are randoms



CorrectioCorrectio
AttAttAttenAtten

UncorrectedUncorrected

CylinderCylinderyy
uniformly filleduniformly filled

with F18with F18
Transverse imageTransverse image

Rb82 MyocardialRb82 Myocardial
Perfusion StudyPerfusion Study
ShortShort--axis imageaxis image
of left ventricleof left ventricleof left ventricleof left ventricle

ons in PETons in PET
titiuationuation

dd CorrectedCorrected



Attenuation and AtAttenuation and At
AttenuationAttenuationAttenuation Attenuation 

of position (depof position (dep

UncorrectedUncorrected

ttenuation Correctionttenuation Correction
isis independentindependentis is independentindependent

pth)  along the LORpth)  along the LOR

CorrectedCorrected



Attenuation CorreAttenuation Corre
T i iT i i•• Transmission scanTransmission scan

♦♦ ββ++--emitting Ge68/Ga68 sourcemitting Ge68/Ga68 sourc
♦♦ SingleSingle--photonphoton--emitting Cs137emitting Cs137

Requires good E resolution toRequires good E resolution to
γγ--rays from the 511rays from the 511--keV annihikeV annihi

♦♦ CT (PETCT (PET CT)CT)♦♦ CT   (PETCT   (PET--CT)CT)
-- Conversion of HUs Conversion of HUs -- 140140--kVpkVp

“Scaling factor” “Scaling factor” differentdifferent forfor
S ft ti ) l i (BS ft ti ) l i (BSoft tissue), calcium (BoneSoft tissue), calcium (Bone

-- Contrast via enema yields arContrast via enema yields ar
bladder / intestinal lumen bubladder / intestinal lumen bu

•• SegmentationSegmentation
♦♦ Use transmission scan to deUse transmission scan to de

S ft ti d l l t AS ft ti d l l t Avs Soft tissue and calculate Avs Soft tissue and calculate A

ection (AC) in PETection (AC) in PET

ces ces -- $10K /yr to replace$10K /yr to replace
7 sources 7 sources -- No replacementNo replacement
o separate 667o separate 667--keV Cs137keV Cs137
ilation photons ilation photons -- GSOGSO

p/~80 keV p/~80 keV μμss toto 511511--keV keV μμss

r air (Lung), waterr air (Lung), water
) d b i (C t t)) d b i (C t t)e), and barium (Contrast)e), and barium (Contrast)

rtifactually high activities inrtifactually high activities in
ut ut notnot softsoft--tissue lesionstissue lesions

lineate Lungs (air) vs Bonelineate Lungs (air) vs Bone
AC b d tiAC b d ti ifiifiAC based on tissueAC based on tissue--specific specific μμ



CorrectionCorrection
ScatScat

ns in PETns in PET
ttertter



ComptonCompton
Incident photon doIncident photon doIncident photon doIncident photon do
but is scattered wibut is scattered wi

Incident
X- or g-ray

Eg

Major problem in

Orbital
electron

j p
radionuclide imaging

• Mispositioned Counts
Degrade image quality

• "Extra" Counts

PETPET d t td t t t i lt i l hh BGOBGO dd LSLS

Complicate quantitation

PETPET detectordetector materialsmaterials suchsuch asas BGOBGO andand LSLS
-- comparedcompared toto onlyonly 1010%% forfor NaI(Tl)NaI(Tl) uu
RequiresRequires useuse ofof "wide""wide" photopeakphotopeak energyenergy ww

n Scattern Scatter
oesoes notnot disappeardisappear

Scattered, lower-energy photon

oes oes notnot disappeardisappear
ith a ith a lowerlower energyenergy

Scattering angle, θ

Ejected electron:

Nucleus

Ejected electron:
Recoil electron (RE)

SOSO hh l til ti tt 5050%%SOSO havehave poorpoor energyenergy resolutionresolution -- upup toto 5050%%
sedsed inin gammagamma camerascameras ⇒⇒

windows,windows, 250250--650650 keVkeV,, inin PETPET



CorrectioCorrectio
Scatter CScatter CScatter CScatter C

Counts

PSF:
Point-Spread

FunctionFunction
(in 1 dimension)

Positi

ons in PETons in PET
CorrectionCorrectionCorrectionCorrection

Observed PSF =
True PSF  ∗ Scatter

True PSF  =
Scatter-corrected PSF  =

Observed PSF ∗ Scatter-1

De-convolution

on



CorrectioCorrectio
Randoms / ScaRandoms / ScaRandoms / ScaRandoms / Sca

ons in PETons in PET
tter Correctionstter Correctionstter Correctionstter Corrections



Reconstruction AlgReconstruction Alg
2D Al ith C t (G2D Algorithms - Current (G
• Filtered back-projection, It
• Requires 2 resolution-deg

1) 3D re-binning
2) 2D re-binning

3D Algorithms - Current (Ph
• Row-action maximization-

algorithm (RAMLA)
• Eliminates resolution degr

ith bi i 3D d t i twith re-binning 3D data int
Modeling (including statisti
algorithms - Developmenta
• MaximumMaximum aa posterioriposteriori (MA(MA
List-mode algorithms - De
• Eliminates resolution degrg

with re-binning list-mode d
and 3D data into 2D projec

gorithms in PETgorithms in PET
E Si /CTI)E, Siemens/CTI)
terative (OSEM)
rading steps

hilips)
-likelihood

radation associated
t 2D j tto 2D projects
ics)
al
AP)AP)
evelopmental
radation associated
data into 3D data
ctions



Image Reconstruction 
Filtered Back-ProjectionFiltered Back-Projection
• Widely used
• Fast
• P t “ t b t”• Prone to “starburst”

artifacts around“hot
spots” (eg bladder)

Algorithms in PET
Iterative ReconstructionIterative Reconstruction

• Serial “guesses” (iterations)
at correct solution

• Slow Feasible clinically• Slow - Feasible clinically
only with latest “fast”
computers

• “Better” image quality /• Better image quality /
No “starburst” artifacts

• More accurate corrections
for attenuation scatterfor attenuation, scatter,
detector response etc



Filtered
Back-ProjectionBack-Projection

(FBP)

ShapeShape
(Hanning, Hamming,(Hanning, Hamming,

Butterworth, Parzen Butterworth, Parzen etcetc))

CutCut--off Frequencyoff Frequency, , ννcc
The lower the The lower the ννcc, the less noisy but the , the less noisy but the 

coarser resolution are the imagescoarser resolution are the images

Characteristic
starburst artifact
(“1/r” blurring)( 1/r  blurring)



Iterative RecoIterative Reco

•• Iteration 1 = Uniform activity (Iteration 1 = Uniform activity (
Filtered backFiltered back--projeproje

•• Iteration                         Iteration                         IterationIteration
n =n = BackBack--n           n           BackBack

image        image        ProjectionProjection IteratioIteratio

•• “Convergence” (reconstruction c“Convergence” (reconstruction cConvergence  (reconstruction cConvergence  (reconstruction c
[Projection data  [Projection data  -- Iteration nIteration n

is is notnot significantly lsignificantly l
[Projection data[Projection data -- Iteration (nIteration (n--[Projection data  [Projection data  -- Iteration (nIteration (n--

•• Typically converges in 4 iterationsTypically converges in 4 iterations
reconstructed images “noisier”reconstructed images “noisier”reconstructed images noisierreconstructed images noisier

onstructiononstruction

(or count) image  (or count) image  oror
ection image ection image (Preferred)(Preferred)

(n(n--1) image  + 1) image  + 
Projection dataProjection data --Projection data  Projection data  

on (non (n--1) image projection1) image projection

omplete):omplete):omplete):omplete):
n image projection]n image projection]
less thanless than
--1) image projection]1) image projection]--1) image projection]1) image projection]

s s -- Further iterations will make Further iterations will make 



Iterative Reconstruct
• Expectation Maximization (EM)

At each iteration, maximize the 
probability  that the image recop y g
iteration is the “correct” image.

• Maximum likelihood Expectation Mp
♦ Apply all raw data (projection

to expectation maximization
♦ Converges slowly♦ Converges slowly

• Ordered Subset Expectation Maxim
♦ Apply only a part (sub-set) a♦ Apply only a part (sub set)  a

(projection images over a specified a
expectation maximization)

- “Level” = # of sub-sets- Level  = # of sub-sets
♦ Converges 10X faster than M

tion Algorithms

logarithm of the 
nstructed at that 
.

Maximization - MLEM
n images) simultaneously

mization - OSEM
at a time of projection dataat a time of projection data 
angular interval) to

ss
MLEM



Absolute QuantiAbsolute Quanti
Corrected forCorrected for RandomsRandomsCorrected for Corrected for RandomsRandoms,,
Attenuation, and ScatterAttenuation, and Scatter
Count Rate (cps) / VoxelCount Rate (cps) / Voxel
in Reconstructed Imagesin Reconstructed Images

••
in Reconstructed Imagesin Reconstructed Images

F18 CalibrationF18 Calibration
Factor (cps/Factor (cps/μμCi)Ci)

BranchinBranchin
RatioRatio••

Measured

Administered ActivityAdministered Activity 1 0001 000 Ci / CCi / C

μμCi / mmCi / mm33 •• 100%100%

Measured

Administered ActivityAdministered Activity
(mCi)(mCi) •• 1,000 1,000 μμCi / mCCi / mC

μμCi / mmCi / mm33

Administered ActivityAdministered Activity
(mCi)(mCi)

•• 1,000 1,000 μμCi / mCCi / mC

μμCi / mmCi / mm33

1 0001 000
,, μμ

Body MassBody Mass
(kg)(kg)

1,0001,000
gm / kggm / kg••

itation with PETitation with PET

ee λλ((ttimageimage –– ttinjinj))

ngng ΔΔxx ΔΔy y ΔΔzz
mmmm33 / voxel/ voxel••

=  =  μμCi / mmCi / mm33

ii 1 /1 / 33
=  % ID / gm=  % ID / gm

i  i  •• 1 gm / mm1 gm / mm33

StandardStandard

Ci  Ci  •• 1 gm / mm1 gm / mm33

UptakeUptake
ValueValue
(SUV)(SUV)

==

gg



D thD th ff I tI t
Physical LimitatioPhysical Limitatio

DepthDepth--ofof--InteracInterac
Degrades spatiDegrades spati

* Worsens towards periphery of FOV and

ti (DOI) Eff tti (DOI) Eff t
ns of PET ns of PET contcont

ction (DOI) Effectction (DOI) Effect
ial resolution ial resolution **

Assumed DOI: 
Mid-depth

Actual DOI: 
Unknown

Effective  > Actual
detector sizedetector size

d for smaller-FOV tomographs



DepthDepth--ofof--InteracInterac
(Partial) Recovery of “30%(Partial) Recovery of “30%(Partial) Recovery of 30%(Partial) Recovery of 30%

PhoswichPhoswich
DetectorsDetectors

BiBi--layerlayer
scintillatoscintillato

eg

Error in LOR path 

eg

½D [cos θ  + (D/T) sin

Assumed D
Mid-dep

of total thic
of single ma

1

2
T

θ

∗
of single-ma

detecto
2

Light deLight de
Li ht dLi ht d

D
Actual DOI Light deLight de

LOR pLOR p

ction (DOI) Effectction (DOI) Effect
%” Degraded Resolution:%” Degraded Resolution:%  Degraded Resolution:%  Degraded Resolution:
detectordetector comprisedcomprised ofof 22
orsors withwith differentdifferent ττss

g LSO and LYSO

 ≈

g LSO and LYSO

Significant only for
R d t d B i PETn θ]  Rodent and Brain PETs

DOI: 
pth
kness
aterial

τ2τ1aterial
or

ecay time = ecay time = ττ11, interaction in , interaction in 11
titi i t ti ii t ti i 22ecay time = ecay time = ττ22, interaction in , interaction in 22

path error reduced by ~50%path error reduced by ~50%



DepthDepth--ofof--InteracInterac
Recovery of “30%” DRecovery of “30%” DRecovery of 30%  DRecovery of 30%  D

PhotodetectorPhotodetector--based Dbased D

Transparent to
511-keV γ-rays

∗

SP

ction (DOI) Effectction (DOI) Effect
Degraded Resolution:Degraded Resolution:Degraded Resolution:Degraded Resolution:
DOIDOI--Measuring ModuleMeasuring Module

SPMT

∗

T

≈
DOI SPD

PD
≈

T - DOI SPMT



WholeWhole--body PEbody PE
PETPET w/w/ GeGe6868 ACAC
AcquireAcquire datadata spanningspanning 1515--2525 cmcm ofof thethe bodybody
tt hh ff 66 88 b db d itiiti ffatat eacheach ofof 66--88 bedbed positionspositions forfor::
~~99 minmin eacheach –– emissionemission datadata (~(~66 min)min) andand

transmissiontransmission datadata (~(~33 min)min) forfor ACAC
→→ ~~11 hrhr perper patientpatient

PETPET--CTCT
AcquireAcquire datadata spanningspanning 1515--2525 cmcm ofof thethe bodybody
atat eacheach ofof 66--88 bedbed positionspositions forfor::atat eacheach ofof 66--88 bedbed positionspositions forfor::
~~66 minmin eacheach –– emissionemission datadata (~(~44 min)min) plusplus

wholewhole--bodybody CTCT (~(~22 minmin total)total) forfor ACAC →→ ~~11//22
hrhr perper patientpatient

* “Whole-Body” PET? 50 to 70 cm long
Large-panel detectors -

ET Scanning? ET Scanning? **

Sensitivity profileSensitivity profile
for 3D PET

~20X
Increase

in sensitivity

gitudinal FOV scanners under development
- Otherwise cost-prohibitive (>$10M)?



MultiMulti--ModaModa
“Intrinsic” im“Intrinsic” im

FixedFixed rigid transforrigid transforFixedFixed rigid transforrigid transfor
Clinical

SPECT-CT PET-CT

GE HawkeyeGE Hawkeye SiemensSiemens--CTICTI BiogrBiogr

GE DiscoveryGE Discovery
Siemens SymbiaSiemens Symbia

Phillips GeminPhillips GeminPhilips PrecedencePhilips Precedence

ality Devices *ality Devices *
mage registration:mage registration:

rm between modalitiesrm between modalitiesrm between modalitiesrm between modalities
Small-Animal

raphraph

Gamma MedicaGamma Medica
XX--SPECTSPECT +/+/--
XX PETPET //

XX--SPECT + XSPECT + X--OO

XX--PETPET +/+/--
XX--OO

* Additional application

nini

pp
CT-based

attenuation correction



SPECTSPECT--CT anCT an
A ContinuingA Continuing

SPECTSPECT
AC,AC,

AnatoAnato
Lo DoLo DoLo  DoLo  Do

EC
T44--slicslic

↓↓Lower mAs
PE

T 
or

  S
PE ↓↓

1616--slicslic
↓↓

6464 lili

Lower mAs
Lower kVp

Higher pitch
P6464--slicslic

Higher mAs
Higher kVp

DiagnoDiagno
Hi DoHi Do

Higher kVp
Lower pitch
+ Contrast

nd PETnd PET--CTCT
g Evolutiong Evolution

Two 10-mCi 68Ge
pin sources

3-minPETPET
,,
mymy

oseoseoseose

Segmented for AC

cece

C
Tcece

cece

osisosis
oseose



PETPET--CT (spirCT (spir

3D / LSO
FWHM = 5 mm

τ = 40 nsec

SiemensSiemens--CTICTI BiographBiograph PETPET--CTCT

τ 40 nsec
ε = 250

cps/μCi

SiemensSiemens CTICTI BiographBiograph PETPET CTCT

PET CT

cm 64
 s

l

PP~2
0 

c

U
p 

to
 6

ral) Scannersral) Scanners

3D or 2D / BGO
FWHM = 5 mm

τ = 300 nsec

GE DiscoveryGE Discovery PETPET--CTCT

τ 300 nsec
ε = 250

cps/μCi

GE DiscoveryGE Discovery PETPET CTCT

3D / GSO
FWHM = 5 mm

τ = 60 nsec
ε = 500

cps/μCi

Phillips GeminiPhillips Gemini PETPET--CTCT



Dose Reduction SDose Reduction S
Effect of CT PrEffect of CT PrEffect of CT PrEffect of CT Pr

*

Adapted from NUREG/CR-6345 1996.
Groves et al.  Br J Radiol 77: 662, 2004
Huda & Vance.  AJR 188: 540, 2007.
Fahey.  Radiology on-line/pre-print, 20

Strategies in PETStrategies in PET--CTCT
rotocol on Doserotocol on Doserotocol on Doserotocol on Dose

at
io io
n

m
ic tio

n

si
s

** *

A
tte

nu
a

C
or

re
ct

i

A
na

to
m

R
eg

is
tr

at

D
ia

gn
os

4.

07.

* No difference in SUV
Kamel et al.  Eur J Nucl Med 29: 346, 2002.



PE
Contrast Artifacts in CT Atten

68GeAC
Gold standard

FDG-PET/CT Scan
45-yr-old man w/ rectal 

carcinoma
RT l i i CTRT planning sim CT

w/ 240 ml diluted 
BaSO4 (50%) and

15 ml concentrated 
B SO 15 l f i iBaSO4 + 15 ml of air in 

enema

Nehmeh, Erdi et al. 

L i 14

J Nucl Med 44: 1940,
2003

Lesion 14
Bladder 36
Bowel 6.7

ET-CT
nuation-Corrected PET Images 

CTAC CTAC-BT

SameSame x-ray-to-511s
scaling  factors for
l f i

Bi-linear Transform (BT)
Different x-ray-to-511s

scaling  factors for
l ft tilung, soft tissue,

and bone
lung, soft tissue,

bone, and Ba
contrast

SUVmax

15 1315 (+9%) 13 (-1%)
59 (+62%) 37 (+1%)
11 (+66%) 6.3 (-5%)



PET
L i Mi lLesion Misplacemen

Attenuatio
CT 6

* *

• 81-year-old man w/ rising CEA dx’d 5 yr earlie

* “Rem

• 12 mCi FDG, 60-min pi images, GE Discovery

Sarikaya, Yeung, Erdi, an
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Non-Gated

Improved Lesion Sizing

25
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Area = 4.2 cm2
35%

SUVmax = 8.7
31%

* I i il d 14 3 % D* In 5-patient pilot study: 14-35% D
8-160% IN

Nehmeh, Erdi et al.  J Nucl Med 44: 
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Area = 2.7 cm2
% *

SUVmax = 11
% *

DECREASE i N d l V lDECREASE in Nodule Volume
NCREASE in SUVmax
1644, 2003 and J Nucl Med 45: 1287, 2004.
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35
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* In 4-patient
pilot study:

ET/CT
ively Re-binned (Gated) CT
Co Registration ”Co-Registration,
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SUVmax = 3.3

-PET w/ Helical CTAC 34% *

SUVmax = 4.4

-PET w/ 4D CTAC
5-19% DECREASE in Volume Difference
7-37% INCREASE in SUVmax

Nehmeh, Erdi et al.  Med Phys.
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HighHigh--resolutionresolution
Research TomographResearch Tomograph

HRRTHRRT
(Siemens(Siemens--CTI prototype)CTI prototype)(Siemens(Siemens CTI prototype)CTI prototype)

•• 8 15x22 cm flat8 15x22 cm flat--panel detectorspanel detectors
•• Opposed detectors 47 cm apartOpposed detectors 47 cm apart
•• 9x13 7.59x13 7.5--mm thick LSO blocks cut into mm thick LSO blocks cut into 

2x22x2--mm crystalsmm crystals
•• Resolution:Resolution: ~3 mm~3 mm
•• Sensitivity:Sensitivity: ~350 cps/~350 cps/μμCiCi
•• Brain and smallBrain and small--animal imaginganimal imagingBrain and smallBrain and small--animal imaginganimal imaging

Rat
F18-Fluoride

Boellard Boellard et alet al.  Phys Med Biol 48: 429, 2003.  Phys Med Biol 48: 429, 2003

werwer--Cost)Cost) DetectorsDetectors
visitedvisited

MammoMammo--PETPET

•• 2 opposed 15x20 cm flat2 opposed 15x20 cm flat--panel panel 
detectorsdetectors

•• 1010--mm thick LSO blocks cutmm thick LSO blocks cut
into 3x3into 3x3--mm crystalsmm crystals

•• 66--9 cm apart (compression)9 cm apart (compression)
•• Adaptable to biopsy tableAdaptable to biopsy table

0.4-cm tumor
not visible by

mammography

1.5 mCi FDG1.5 mCi FDG
55--min imagemin image

Rosen Rosen et alet al.  Radiology 234: 527, 2005.  Radiology 234: 527, 2005
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occurredoccurred byby determiningdetermining thethe difdifoccurredoccurred byby determiningdetermining thethe difdif
annihilationannihilation photonsphotons

ΔΔdd ΔτΔτ •• ccΔΔd  =d  = ΔτΔτ cc
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ΔτΔτ == 5050 psecpsec == 0.050.05 nsense
ΔΔ 500500 0 50 5ΔτΔτ == 500500 psecpsec == 0.50.5 nsense

Conventional

Δτ = 1 n

Randoms o

ht (TOF) PETht (TOF) PET
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oo detectorsdetectors atat whichwhich annihilationannihilation
fferencefference inin timetime ΔΔtt atat whichwhich thethefferencefference inin timetime ΔΔtt atat whichwhich thethe

areare detecteddetected
ΔΔdd

ecec →→ ΔΔdd == 0.80.8cmcm
ΔΔdd 88ecec →→ ΔΔdd == 88 cmcm

TOF

Δτ = 0.5 nsecnsec

over most of source are eliminated
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TOFTOF PETPET doesdoes notnot improveimprove spsp
thethe randomsrandoms countcount raterate -- byby ~~

dd thth d tid ti ii ttandand thethe reductionreduction isis greategreate
patients)patients)

√SNRTOF ≈ √
SNR 1 X1 4XSNR
Gain 1.7X1.4X

Courtesy of Dr. Joel Karp, UPENN

ht (TOF) PETht (TOF) PET
isitedisitedisitedisited
patialpatial resolutionresolution butbut doesdoes reducereduce

~~5050%% @@ 11--nsecnsec timingtiming resolutionresolution --
ff ll (i(i llerer forfor largerlarger sourcessources (ie(ie largerlarger

2D2D
c Δτ SNRnon-TOF

2XX 2XX
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tt--GenerationGeneration
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Cherry.  JNM 47: 1735, 2006

MRI

B = 0

Conventional PMT-based
Scintillation Detectors

Options
Offset PET and MRI meters apart

B = 7 T e- trajectory perturbed by B

Offset PET and MRI meters apart
Use non-PMT-based detectors
eg Avalanche photodiodes (APDs)

B = 0

B = 7 T
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F18-FLT PET + Pre- and Pos

Balb/C mouse w/ a CT26 colon caBalb/C mouse w/ a CT26 colon ca

PET PET + 

PET and MRI are tru

DCE M

Judenhofer et al.
Nature Med 2008

RI cont
st-Contrast T1-weighted MRI
rcinoma xenograft in the shoulderrcinoma xenograft in the shoulder

Pre-Contrast MRIMRI

uly simultaneous

MRI:  Image Intensity vs Time pi

Enhanced tumor areas

Muscle

Whole tumor

Non-enhanced tumor area
=  Necrosis



Future Future 
DetectorsDetectors

Fast Fast -- Ceramic and other inoCeramic and other ino
Higher quantum efficiency Higher quantum efficiency --

Extended axial FOV Extended axial FOV 

Th kTh kDepthDepth--ofof--Interaction CoInteraction Co
For smallFor small--animal, brain, breaanimal, brain, breaThank Thank 

New reconstruction algoNew reconstruction algo
RespiratoryRespiratory--gated PET gated PET p yp y gg
TOF PETTOF PET
PETPET--MRIMRIPETPET--MRIMRI

of PETof PET

organic scintillatorsorganic scintillators
APDsAPDs

Y !Y !orrectionorrection
ast PETsast PETsYou!You!
orithms (3D)orithms (3D)
& PET& PET--CT (4D PETCT (4D PET--CT)CT)(( ))


