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Why 18FDG?
The Whole Procedure
PET & PET/CT
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Why image Why image ßß++ emitters?emitters?
Clinical

Isotopes of naturally occurring elements: 82mRb (K), 15O, 13N, 
11C, 18F (H)

Physiological tracers: water, oxygen, L-dopa, amino acids, 
glucose, etc.

Short half-lives (82mRb, 15O, 13N) allow for rapid serial studies

Meaningful metabolic parameters can be derived by kinetic 
modeling

Physics
Electronic collimation results in high sensitivity

High resolution that is uniform throughout field of view

Dual high energy gamma rays provide either lower attenuation 
(single photon) or exact correction (coincidence)
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Characteristics of Characteristics of ßß++ emittersemitters

Mercer, J Pharm Sci, 10(2):180, 2007.
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Why FDG?Why FDG?

Ubiquitous
18F has highest resolution
18F has longest half-life (distribution)
Substrate for many processes
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22--DeoxyDeoxy--22--[[1818F]fluoroF]fluoro--DD--glucoseglucose
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Biochemistry of FDGBiochemistry of FDG
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The PET Procedure
Isotope Production
Radiopharmaceutical Chemistry
Chemistry
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Isotope ProductionIsotope Production

18O (p,n) 18F

AAMD 4/08

Radiopharmaceutical ProductionRadiopharmaceutical Production
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Image Image AcquistionAcquistion

P N + e+ + n + energy

CT PET
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Details of image acquisition
Image degradation and 

correction
More detail on attenuation 

correction
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Positron AnnihilationPositron Annihilation
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t = 10ns
Constant  
Fraction  
 Discrim

Constant  
Fraction  
 Discrim

AND

t = 10ns

ECAT

Positron Annihilation and Positron Annihilation and 
Coincidence DetectionCoincidence Detection
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Constructing Images From ProjectionsConstructing Images From Projections

Each projection is added to the image matrix along 
the angle from which it was collected.

Direct addition results in blurring proportional to 
the reciprocal of the radius from the object.

Blurring is removed by filtering the projection 
before backprojection with a high pass filter.

High Pass Filter h(u)
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Forming ProjectionsForming Projections
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Simple BackprojectionSimple Backprojection
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Filtered BackprojectionFiltered Backprojection
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Region of
Interest

Measuring Activity With aMeasuring Activity With a
Region of InterestRegion of Interest

A region of interest is an outline drawn 
on the image (the concept can be 
extended to a volume of interest 
across a number of imaging planes).

Raw data is measured as PET 
counts/second but can be further 
processed to yield µCi/cc, SUV, 
LMRGlu, etc.

PET has the ability to deliver quantitative images that exactly 
reflect the functional characteristic of the object being measured
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RandomsRandoms CorrectionCorrection--
Delayed WindowDelayed Window

t = 10ns t = 10ns

Delay
Constant

Fraction
Discrim

Detector Detector

t>>10ns
AND

Constant

Fraction
Discrim

Prompt Event - any event where two or more photons arrive within the coincidence window.

Random Event - an accidental coincidence from two or more separate positron annihilations, measured 
in some  systems by the delayed window technique.

True Event - coincident events that originate from the same positron annihilation, in some systems this 
is measured by calculating Trues=Prompts-Randoms for every line of response.
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Calibration FactorCalibration Factor

This is related to the inverse of  
the efficiency for positron 
activity , i.e., the isotope 
independent sensitivity for 511 
keV photons

Activity
Concentration

ECAT COUNTS * ECF

branching fraction (for 
this isotope)

(µCi/cc)=

O
+

EC 3.1%
b

+ 96.9%

1+

F
18

9

calibration cylinder
activity
concentration

branching fraction  for
isotope in calibration
cylinder

ECF =
*

ROI from cylinder image (after
atten corr and norm)

µCi/cc

scanner
counts

AAMD 4/08

Counting Loss CorrectionsCounting Loss Corrections

Causes of counting losses:
Detector loss-It takes a finite amount of time 

to process an event.
Multiples loss-When a single occurs in 

coincidence with a true, the true is lost.
Hardware loss-The hardware has a finite 

bandwidth.

Counting losses may be corrected for.
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Ring Geometry EffectsRing Geometry Effects

Events will be assigned 
to the wrong crystals 
and distort the image
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Ring Geometry EffectsRing Geometry Effects
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Effect of AttenuationEffect of Attenuation

Gamma rays are attenuated by material between the 
source and detector.

The effect on the image is that events originating in the 
center of the image are attenuated more than those 
coming from the outside.

x
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Probability of detecting left photon in 
the left detector is

Coincidence measurement in PET 
requires both photons, so probability 
of both is 

Attenuation is independent of location 
of positron annihilation along line of 
response, allowing accurate 
correction and measurement with an 
external source

PET Attenuation CorrectionPET Attenuation Correction

detector
A B

W

e–µA

(e–µA)(e–µB) = e–µ(A+B) = e–µW

detector
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Calculated Attenuation CorrectionCalculated Attenuation Correction

For brain studies an ellipse can be 
defined at the approximate edges 
of the skull and chords through the 
ellipse provide the distance x.

Attenuation can be calculated by 
multiplying the distance through the 
object by an assumed linear 
attenuation coefficient µ.

The emission sinogram data is 
multiplied by this correction matrix 
before reconstruction.

ACF = e µx
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Automatic Attenuation Correction Automatic Attenuation Correction 
for Brainsfor Brains

Emission  Sinogram Edge Detection Calculate Attenuation
Matrix
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Measured Attenuation Measured Attenuation 
CorrectionCorrection

Blank Scan: Acquire data with transmission 
source extended but nothing else in gantry

Transmission Scan: Acquire data with 
transmission source extended and patient in 
field of view

Blank

Transmission

for each line of
response

ACF =

Ring or Rotating Rods of Activity
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Rotating Rod Transmission Rotating Rod Transmission 
MeasurementsMeasurements

Ring of detectors

Septa

Fan of LOR through 1 rod

1 of 3 rods

LOR not through rod



6

AAMD 4/08

CT Attenuation CorrectionCT Attenuation Correction
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Attenuation Correction Attenuation Correction -- IV ContrastIV Contrast
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Attenuation Correction Attenuation Correction -- OralOral ContrastContrast
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TomographTomograph Performance ConceptsPerformance Concepts

Spatial resolution
Axial resolution
Sensitivity
Count rate capability
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Spatial ResolutionSpatial Resolution

Spatial resolution is measured by imaging a line source 
placed at various positions in the field of view.

Spatial resolution is usually reported as the full width at 
half maximum (FWHM) for both the radial and 
tangential directions.

Axial resolution is measured by placing the source on 
the bed and moving the bed in small steps while 
collecting data or by measuring the response in 
adjacent slices with a stationary point source.
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Resolution ComponentsResolution Components
Physical

Positron Range
Annihilation Photon Non-colinearity

Detector Related
Detector Size
Penetration
Spillover
Statistical Event Mispositioning

Acquisition/Reconstruction
Inadequate Sampling
Filtering
Patient Motion During Long Acquisitions
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NonNon--colinearitycolinearity and Positron and Positron 
RangeRange

2.8mm FWHM for
100cm Ring Diameter

Positron travels as much
as 16mm in tissue
before annihilation

180°±0.25°
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Effect of Positron RangeEffect of Positron Range

Isotope
Half Life

(min)

Maximum
Energy
(MeV)

FWHM
(mm)† FWTM (mm)†

F-18 109.7 0.635 0.22 1.09

C-11 20.4 0.96 0.28 1.86

N-13 9.96 1.19  0.60*  2.8*

O-15 2.07 1.72  1.1*  5.3*

Ga-68 68.3 1.90 1.35 5.92

Rb-82 1.25 3.35 2.6 13.2

† From Derenzo SE, Proceedings of the 5th Annual Conference on Positron Annihilation, Sendai, Japan, 
1979 except the values marked with a * which are estimates.
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Partial Volume EffectPartial Volume Effect
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SensitivitySensitivity

Sensitivity (efficiency) is measured by 
placing a 20 centimeter uniform 
phantom filled with a known amount of 
activity in the camera.  The rate at 
which counts (trues+scatters) are 
collected is measured.

The units of efficiency are usually 
expressed as counts/sec/µCi/cm3 .
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Contributors to NoiseContributors to Noise

1.  Prompts - Try to get as many as possible.

2.  Randoms - Try to get as few as possible.

3.  Detector Efficiency Variations - Try to minimize. 
4.  Attenuation correction - Try to minimize.

5.  Scatter - Try to minimize.

Signal = Trues

Noise =     Sp
2 + Sr

2 + Ss
2 (if norm and atten corr are min.)

where: Sp = prompts = trues + randoms

Sr = randoms

Ss = scatter
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Noise Effective Noise Effective CountrateCountrate
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TRUES

RANDOMS

NEC

NEC ò
T

T + S + r  ¥ f ¥ R

2

where T is the unscattered trues,
S is the scatter, R is the randoms,

r  is a factor to account for the
randoms correction method (r  = 2
for the ART), f is the fraction of
randoms in the center 24Ê cm of
the field of view [NEMA]
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Noise Effective Noise Effective CountrateCountrate
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ScatterScatter

Some events are scattered from 
their original line of flight by 
interaction with matter but are 
registered as a valid coincidence.
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Image FusionImage Fusion
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Quantification
The Glucose Model
SUV
Shortcomings of the SUV
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Tracer Kinetic ModelingTracer Kinetic Modeling

Allows quantitative measurement of 
biochemical reactions in the body

Glucose metabolic rate
Neuroreceptor concentrations
Protein synthesis rates

AAMD 4/08

Glucose ModelGlucose Model

Blood FDG
concentration

Tissue FDG
concentration

Tissue FDG-6-P
concentration

k1

k2

k3

k4
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Glucose ModelGlucose Model
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Glucose ModelGlucose Model
Single biggest problem with “quantitative”

imaging with PET:

It requires arterial blood sampling

Solution (of sorts):

“Arterialization” - warming the patient’s 
hand shunted some blood and made 
more arterial-like

Oncologic applications allowed simple 
visual interpretation
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Standardized Uptake ValueStandardized Uptake Value

Definition

SUV  =
C(T)

dose / body weight

where C(T) = FDG concentration in tissue at time T
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SUV AssumptionsSUV Assumptions
Negligible free FDG in tissue at time of 

PET scan
Equilibrium reached between plasma 

and free FDG in tissue
Integrated plasma FDG curve is 

proportional to dose and inversely 
proportional to body weight

All tissues are similarly affected by 
changes in endogenous glucose levels
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SUV The RealitySUV The Reality
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SUVSUV

Body composition and habitus

Length of uptake period

Plasma glucose

Recovery coefficient and partial volume effect

SUV is sensitive to:
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SUVSUV

SUV of normal liver can vary by as much 50%
Almost 50% variation depending on imaging 

time after injection of FDG
In the brain, tumor visualization is better when 

the SUV is lower because normal brain SUV 
drops more than tumor SUV

Object size and geometry are critical

SUV can vary dramatically:
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PET for Defining GTVPET for Defining GTV

Picked out 5 “Clearly CT-Defined Tumors”
Ratio of Max/Min volume varies from

2.9 to 5.1 with an average of 2.6
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Thank You!Thank You!
FDG quantitative imaging

http://brainimaging.waisman.wisc.edu/~oakes/spam/help_fdg.html
Siemens Biograph tech brochure

http://www.medical.siemens.come/siemens/en_US/gg-
nm_FBAs/files/brochures/Biograph/Biograph_TruePoint_Technology_Insert_0
507.pdf

Huang, Sung-Cheng, Anatomy of SUV, Nuc Med & Biol 27: 643, 2000.
Advances in CT & PET for RT Planning, J. Daniel Bourland, PhD, Wake Forest, 

oral presentation at the ASTRO annual meeting, 2007.
Keyes JW, SUV:  Standard Uptake or Silly Useless Value?, J Nucl Med 36(10): 

1836, 1995.
Nestle U, et al,  Comparison of Different Methods for Delineation of 18F-FDG PET-

Positive Tissue for Target Volume Definition in Radiotherapy of Patients with 
Non–Small Cell Lung Cancer, J Nucl Med; 46(8):1342, 2005.

Mercer JR, Molecular imaging agents for clinical positron emission tomography 
other than fluorodeoxyglucose (FDG):  application, limitations and potential, J 
Pharm Pharmaceut Sci, 10(2): 180, 2007.
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History / evolution of the PET scanner
Block detector

Bismuth Germanate (BGO)
Leutitium Orthosilicate (LSO)
More & more detector
Guess what’s next
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First Paper on Clinical PET ImagingFirst Paper on Clinical PET Imaging
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PET II: First coincidence detection version of 
PETT - 24 detectors.
Phantom studies.
Date Started 12/73
Date Completed 1/74

PET II 1/2: Computer controlled scanning
Phantom and animal studies
Date Completed 2/74

PET III: Whole body clinical system
Human and animal studies
Date Started 6/74
Date Completed 12/74

ECAT: First commercial PET scanner
Date Started 6/76
Date Completed 12/76

PET Tomographic Imaging:  The BeginningPET Tomographic Imaging:  The Beginning
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PET III
1975

ECAT II
1977

NeuroECAT
1978

ECAT 931
1985

EXACT HR+
1995

HRRT
2000

Improvements in Image QualityImprovements in Image Quality

NaI

BGO

LSO
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BGO Block DetectorBGO Block Detector

4 rings of 72 BGO detector blocks
= 288 detectors

64 crystal elements per detector
= 18,432 individual resolution elements

1152 photomultiplier tubes

Photomultiplier Tubes        
(PMTs)

BGO Detector 
Block
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BGO Block Detector Light Sharing

. . . producing a 
unique combination 

of signals in the 
four photomultiplier 

tubes (PMTs).

Patented light 
guides channel 
the scintillation 

light . . . 
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BGO Block Detector Operation

B

C

A

D
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First Paper on LSOFirst Paper on LSO
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Effective Attenuation LengthEffective Attenuation Length
at 511 at 511 keVkeV

 

LSO

NaI(Tl)

BGO
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ScintillatorScintillator Light OutputLight Output

Relative light emitted during the first 100 ns:
LSO  69%;  Nal 35%;  GSO  19.8%;  BGO  4.3%

note that PET systems based on NaI limit the integration time to 200 ns thereby using less than 60% 
of the total light [Karp et al  “A High-Resolution GSO-based Brain PET Camera,” IEEE MIC ‘99]
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Characteristics of Characteristics of ScintillatorsScintillators

Param eter (*  at  511       keV) NaI(       Tl) BGO GSO LSO

Den sity  (gm/ cc) 3.67 7.13 6.71 7.4

Mean F re e P ath ( cm)* 2.88 1.05 1.43 1.16

Index o f Ref raction 1.85 2.15 1.91 1.82

Hyg roscopic Yes No No No

Rug ged No Yes No Yes

Pe ak Emi ssio n W av eleng th  (nm) 410 480 440 420

Pricinciple  Deca y C on stant  (ns) 230† 300 65 40

Light Output  [NaI(Tl) = 100] 100 15 35 75

Ener gy Resolu tion* 7.8% 10.1% 8.9% <10%

† approx. 9% of light emitted as phosphorescence with 150 µsec decay time
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LSO ProductionLSO Production

Electrical supply from two independent substations

AAMD 4/08

Automated Production of Automated Production of 
Detector ModulesDetector Modules

QuickTime™ and a Sorenson Video 3 decompressor are needed to see this picture.Movie not available
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First PET System Based on LSOFirst PET System Based on LSO
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HRRT HRRT -- 120,000 crystals, 120,000 crystals, 
4.486x104.486x1099 LORsLORs
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BGO BGO vsvs LSOLSO
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PET/MR Based on LSO PET/MR Based on LSO ScintillatorScintillator CrystalsCrystals


