
Positron	Emission	Tomography	
(PET)	and	PET/CT	



Positron	(β+)	Emission	
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positron	emission	(or	EC)	

p+ → n + β + +ν
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line	of	stability	



Positron	Emission	

RadioacIve	decay	
•  start	with	neutron-deficient	isotope	
•  decays	to	stable	form	by	converIng	
a	proton	to	a	neutron	and	ejects	a	
'positron'	to	conserve	electric	
charge	

•  positron	annihilates	with	an	
electron,	releasing	two	anI-colinear	
high-energy	annihilaIon	photons	
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Energy Spectrum of Emitted Positrons  

Levin	PMB	1999	



Medically	Useful	Positron	EmiYng	Isotopes	

Isotope Half life 
(min) 

Most probable 
energy (keV) 

FWHM of positron 
range* in water (mm) 

109.7 203 0.102 

1.3 1384 0.169 

20.3 326 0.111 

10.0 432 0.142 

2.0 696 0.149 

9
18F

37
82Rb

6
11C

7
13N

8
15O

*	very	long	tails	90%	of	all	clinical	studies	



ScinIllaIon	Detectors	

high energy
511 keV photon

optical photons (~ 1eV)

scintillator
(e.g. BGO Dense 
yet transparent)

current 
pulse for 
each UV 
photon 

detected

photomultiplier
tubes (PMTs)
gain of ~ 106



ScinIllators	tried	in	PET	

Used	in	commercial	scanners	



PET	Detector	Block	

ReflecIve	light	
sealing	tape	

Two dual photocathode 
PMTs 

Annihilation	photon	

scintillation	
light	

signal	out	to	
processing	

•  PET	scanners	are	assembled	in	block	modules	

•  Each	block	uses	a	limited	number	of	PMTs	to	
encode	an	array	of	scintillation	crystals	



PET	Scanner	Detector	Ring	



Paul	Kinahan	

Block matrix
6 x 8 crystals (axial by transaxial)
Each crystal:

6.3 mm axial
4.7 mm transaxial

Scanner construction
Axial:

4 blocks axially = 24 rings
15.7 cm axial extent

Transaxial:
70 blocks around = 560 crystals
88 cm BGO ring diameter
70 cm patient port

13,440 individual crystals

Block	formaIon	for	a	current	PET	scanner		



Key	feature	of	PET:	Line	of	response	
collimaIon	by	coincidence	Iming		

Dt < 10 ns?

detector A signal

detector B

record coincident 
event for this line 

of response (LOR)

scanner
FOV

β+ +  e- 
annihilation

• In	SPECT	this	is	achieved	though	use	of	a	collimator	
• In	CT	the	known	geometry	from	source	to	detector	is	used	

scinIllaIon	event	detecIon	



Time of Flight (TOF) PET/CT 
c = 3x1010cm/s 
with ∆t = 600 ps in timing resolution 
yields ∆d = 10 cm spatial resolution 

∆d = c ∆t/2

timing 
resolution 
uncertainty
∆d

best guess for 
location (d) 

β+ +  e- 
annihilation



PET	Imaging	EquaIon	
With	enough	coincident	events	for	each	line	of	
response,	we	can	approximate	measures	as	line-
integral	data	of	the	radioisotope	concentraIon		

φ(l,θ ) = A(x(s), y(s))ds
−∞

∞

∫
The	integral	is	along	a	line	

L(l,θ ) = (x, y) x cosθ + ysinθ = l{ }

s

A(x, y)



Solving	the	PET	Imaging	EquaIon	

We	have	a	simple	2D	x-ray	(Radon)	transform,	i.e.	line	
integral,	that	can	be	exactly	solved	by	filtered	
backprojecIon	(FBP)	

′φ (l,θ ) = A(x(s), y(s))ds
−∞

∞

∫

A(x, y) = ρ Φ(ρ,θ )e j2πρl dρ
−∞

∞

∫()*
+
,-
dθ

0

π

∫

 Φ(ρ,θ ) = F1D ′φ (l,θ ){ }where 

PET Imaging equation 

FBP solution 



Typical	use	case:	Glucose	metabolism	imaging	

FDG-6-PO4	is	
‘trapped’	and	is	a	
marker	for	glucose	
metabolic	rates*	

glucose

glucose 6-
phosphate

pyruvate lactate

gylcolysis 
(anaerobic, 
inefficient) 

TCA 
(oxidative, 
efficient) 

HOCH2

H 18F

H

OH H
HO

H

OH

H

radioactive 
fluorine

O

[18F]fluorodeoxyglucose (FDG)

positron emitter, 
i.e. what we see

FDG

FDG 6-
phosphate

X



CT	image	showing	suspicious	nodule	 PET	image	confirming	cancer	



Combined	PET/CT	imaging	combines	funcIonal	and	
anatomical	imaging	(like	SPECT/CT)	

PET	Image	of	FuncIon	 FuncIon+Anatomy	 CT	Image	of	Anatomy	



PET/CT	scanner	arrangement	

All	3	(couch,	CT	and	PET)	must	be	in	accurate	alignment	



Commercial/Clinical	PET/CT	Scanner	
PET	detector	blocks	thermal	barrier	rotaIng	CT	system	



Confounding	effects	

Lost (attenuated)
event

Scattered coincidence
event

Random coincidence
event

incorrectly determined LORs

Compton 
scatter

no detection (i.e. no LOR)

CorrecIons	have	to	be	applied	for	these	effects	

scinIllaIon	event	detecIon	



AnenuaIon	in	PET	Imaging	
2	anI-colinear	photons	along	the	line	of	response	(LOR)	

annihilation location 

detector A: number of events detected = NA 

detector B: number of events detected = NB 

attenuation distance from 
annihilation location to detector B 

NA = N0 exp − µ(x( "s ), y( "s );E)d "s
S0

R

∫{ }
NB = N0 exp − µ(x( "s ), y( "s );E)d "s

−R

S0

∫{ }
photons detected from a single 

annihilation location at s0 



AnenuaIon	in	PET	Imaging	
Total	number	of	annihilaIon	photons	arriving	in	coincidence	NC	is	NO	
(acIvity	at	sO)	reduced	by	the	product	of	the	anenuaIon	factors	

We	can	now	allow	for	a	distributed	source	of	positrons	along	LOR	

even	bener,	we	now	have	anenuaIon	as	a	simple	mulIplicaIon	

NC = N0 exp − µ(x( ′s ), y( ′s );E)d ′s
S0

R

∫{ }exp − µ(x( ′s ), y( ′s );E)d ′s
−R

S0∫{ }
= N0 exp − µ(x( ′s ), y( ′s );E)d ′s

−R

R

∫{ }

φ(l,θ ) = K A(x(s), y(s))exp − µ(x( $s ), y( $s );E)d $s
−R

R

∫{ }ds−R

R

∫

φ(l,θ ) = K A(x(s), y(s))ds
−R

R

∫ ⋅exp − µ(x(s), y(s);E)ds
−R

R

∫{ }

key	step	is	combining	integrals	

not	dependent	on	s	so	can	take	out	of	integral	



Comparison	of	Imaging	EquaIons	



AnenuaIon	Correc9on	in	PET	Imaging	
We	now	have	anenuaIon	as	a	simple	mulIplicaIon	
	
	
So	is	we	can	somehow	measure	anenuaIon	along	the	LOR,	i.e.	
	
	
Then	we	can	write	
	
	
Which	we	know	how	to	solve	for	A(x,y)		
Recall	that	A(x,y)	is	the	radiotracer	(positron	eminer)	concentraIon	
that	we	want	to	know	

φ(l,θ ) = K A(x(s), y(s))ds
−R

R

∫ ⋅exp − µ(x(s), y(s);E)ds
−R

R

∫{ }

a(l,θ ) = exp − µ(x(s), y(s);E = 511keV)ds
−R

R

∫{ }

′φ (l,θ ) = φ(l,θ )
Ka(l,θ )

= A(x(s), y(s))ds
−∞

∞

∫



How	to	measure	anenuaIon?	

1.  PET	transmission	source	(68Ge/68Ga):	Coincident	
annihilaIon	photons	(mono-energeIc	@	511	keV),	265	day	
half	life	

2.  X-ray	CT	scan:	X-rays	with	a	distribuIon	of	energies	from	
~30	to	130	keV	(effecIve	energy	of	~70	keV)	

E

I0(E) X-ray	source	spectra	



PET	anenuaIon	imaging	

•  µ(x,y)	values	are	measured	at	desired	energy	of	511	keV	
•  Near-side	detectors,	however,	suffer	from	deadIme	due	to	high	countrates	
•  Also	subject	to	bias	from	emission	photons	from	paIent	

orbiIng	
68Ge/68Ga	
source	

PET	
scanner	

near-side	
detectors	

511	keV	
annihilaIon	
photon	

paIent	



X-ray	CT	anenuaIon	imaging	

•  µ(x,y,E)	is	measured	as	a	weighted	average	from	~30-130	keV,	so	we	need	to	
convert	to	t	µ(x,y,E=511keV),	potenIally	introducing	bias	

•  Photon	flux	is	very	high,	so	very	low	noise	and	faster	than	PET	transmission	
imaging	

orbiIng	X-
ray	tube	

X-ray	
detectors	

30-130	keV	X-
ray	photon	

paIent	



PET	TX:	3min,	E	=	511	keV	
unbiased	esImate,		high	noise	

X-ray	CT	TX:	20	s,	E	=	30-120	keV	
biased	esImate,	low	noise	

Comparison	of	anenuaIon	imaging	methods	

Due	to	diagnosIc	superiority	of	PET/CT,	all	PET	
scanners	are	really	PET/CT	scanners	
so	we	can	use	CT	for	anenuaIon	correcIon	



CT-based	AnenuaIon	CorrecIon	
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•  We	use	the	fact	that	the	mass-anenuaIon	coefficient	(µ/ρ)	is	
similar	for	all	non-bone	materials	since	Compton	scaner	
dominates	for	these	materials	

•  Bone	has	a	higher	photoelectric	cross-secIon	due	to	calcium	
•  Can	use	two	different	scaling	factors:	one	for	bone	and	one	for	

everything	else	
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CT-based	AnenuaIon	CorrecIon	
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CT-based	AnenuaIon	CorrecIon	
•  Bi-linear	scaling	methods	apply	different	scale	factors	for	
bone	and	non-bone	materials	

•  Should	be	calibrated	for	every	kVp	and/or	contrast	agent	

air-water 
mixture 

water-bone 
mixture 

air soft tissue dense bone 



•  CT	images	are	also	used	for	calibraIon	(anenuaIon	correcIon)	of	the	PET	
data	

•  Note	that	images	are	not	really	fused,	but	are	displayed	as	fused	or	side-
by-side	with	linked	cursors	

•  Note	also	that	the	CT	is	used	for	anenuaIon	correcIon,	thus	a	significant	
potenIal	for	error	if	there	is	a	mis-alignment	or	inaccurate	scaling	

Data	Flow	and	Processing	

X-ray	acquisi0on	 Anatomical	(CT)	
Reconstruc0on	

PET	Emission	
AcquisiIon	

CT	
Image	

Translate	CT	to	PET	
Energy	(511	keV)	

Smooth	to	PET	
ResoluIon	

AnenuaIon	Correct	
PET	Emission	Data	

FuncIonal	(PET)	
ReconstrucIon	

PET	
Image	

Display	of	
PET	and	
CT	image	
volumes	



Material	arIfact:	Metal	Clip	

Artifact 

CT PET with CTAC 

Courtesy O Mawlawi 
MDACC 



PosiIonal	arIfact:	PaIent	and/or	bed	shiuing	

Large	change	in	anenuaIon	at	lung	boundaries,	so	very	suscepIble	to	errors	

PET	image	without	
anenuaIon	correcIon	

PET	image	with	CT-based	
anenuaIon	correcIon	

PET	image	fused	with	CT	



Respiratory	MoIon	ArIfacts	

Attenuation artifacts can dominate true tracer uptake values   



PET Signal, Bias, and Noise 

True coincidence (T): 
line integral signal we 
want but effected by 
photon counting noise 

Random coincidence (R): 
different type of bias 
added to data, also noise 
 

Scattered coincidence (S): 
bias and noise added to 
data 



Components of measured PET data 

!  If	we	can	esImate	S	and	R	as	S’	and	R’	(how	is	beyond	scope	of	
this	lecture)	then:	

!  We	can	solve	this	with	FBP	

P =℘ aT{ }+℘ S{ }+℘ R{ }
Measured	
Projections	

attenuated	
True	Signal	

bias	from	
Scatter	

bias	from	
Random	events	

T = ′φ (l,θ ) = A(x(s), y(s))ds
−∞

∞

∫
℘ x{ },Poisson random process with mean x

 
A(x(s), y(s))ds

−∞

∞

∫ !
1
a
P − ′S − ′R( )



Signal to Noise Ratio (SNR)	
•  Signal	is	the	true	counts	T	
•  The	noise	is	the	total	noise	in	the	data	P	
•  We	can	esImate	noise	by	realizing	that	photon	counIng	
is	a	Poisson	process,	so	the	variance	is	equal	to	the	
mean	

NEC = T 2

T + S +αR
< T

α	depends	on	randoms	
esImaIon	method	

SNR = T
σ P( ) ≈

T
T + S +αR

= NEC

σ (P) = T + S +αR

NEC	is	called	the	‘noise	
equivalent	count’	rate,	i.e.	the	
useful	count	rate	

The	NEC	is	always	less	than	T	



PET Acquisition: 2D vs. 3D Mode 
3D mode typically has higher NEC than 2D mode for activity levels of 
interest 

2D PET uses axial ‘septa’ 3D PET uses no septa 

detector crystals 

septa & end shielding 

blocked 

scatter & 
randoms 



Impact	of	3D	and	2D	mode	on	NEC	rates	

Typical	clinical	
acIvity	range	

ideal	
count	
rate	



•  Positron Physics 
–  Positron Range 
–  Photon Non-colinearity 

•  Detectors 
–  Response function 

•  Ring Geometry 
–  Non-uniform LOR sampling 
–  Depth-of-interaction 

•  Reconstruction Filters 

SpaIal	ResoluIon	component	of	SNR 

Rsystem = Rpos. phys.
2 + Rdet

2 + Rsampl
2 + Rrecon

2

Resolution components add in quadrature 



Size-Dependent	ResoluIon	Losses	

 

•  Sphere	diam	of	10,	13,	17,	22,	28,	and	37	mm	

•  Target/background	raIo	4:1	

•  Max	and	mean	acIvity	concentraIons	
measured	via	10	mm	diameter	regions	

20	x	30	cm,	similar	to	abdominal	x-secIon		

Modified	NEMA	NU-2	IQ	Phantom	

CT	

PET	



Recovery	coefficient	(RC)	=	measured/true	(ideally	100%)	

size-
dependent	
bias	



SNM	Torso	phantom	with	1	cm	spheres	

10	mm	smoothing	4	mm	smoothing	 7	mm	smoothing	

0.85	

0.92	

0.52	

0.80	

0.40	

0.72	

Increasing	smoothing	reduces	both	signal	and	noise	



Clinical	examples	



Paul	Kinahan	

1. Scout scan 
(5-10 sec)

CT PET

4. Whole-body PET 
(15-30 min)

CT PET

Typical	PET/CT	Scan	Protocol	

3. Helical CT 
(10 - 20 sec)

CT PET

2. Selection 
of scan 
region

Scout scan image 



•  CT	images	are	also	used	for	calibraIon	(anenuaIon	correcIon)	of	the	PET	
data	

•  Note	that	images	are	not	really	fused,	but	are	displayed	as	fused	or	side-
by-side	with	linked	cursors	

Reminder:	Data	Flow	and	Processing	

X-ray	acquisi0on	 Anatomical	(CT)	
Reconstruc0on	

PET	Emission	
AcquisiIon	

CT	
Image	

Translate	CT	to	PET	
Energy	(511	keV)	

Smooth	to	PET	
ResoluIon	

AnenuaIon	Correct	
PET	Emission	Data	

FuncIonal	(PET)	
ReconstrucIon	

PET	
Image	

Display	of	
PET	and	
CT	image	
volumes	



PET/CT for precise localization 

•  68-y-old man, 3 y after partial gastrectomy for adenocarcinoma of stomach 

•  Referred for 18F-FDG PET/CT for evaluation of mass detected on routine follow-up gastroscopy and equivocal biopsy results 

•  (A) 18F-FDG PET show increased 18F-FDG uptake in region of stomach (arrow) 

•  (B) Hybrid PET/CT axial image (top) precisely localizes and defines uptake as physiologic activity at gastric stump (arrowhead). 
Suspicious mass in anastomotic region (arrow), seen on corresponding hybrid and CT slices (bottom) obtained during same 
acquisition, shows no uptake of 18F-FDG. 

•  Findings on PET/CT were interpreted as physiologic 18F-FDG uptake in stomach and nonviable residual mass. 

•  Patient showed no evidence of disease for follow-up of 7 mo. 



PET/CT for precise 
characterization 

•  A 35-y-old man, 22 mo after treatment for colon cancer 

•  Negative high-resolution contrast-enhanced CT and normal levels of serum tumor markers, was referred for 18F-FDG PET for 
further assessment of pelvic pain 

•  (A) Coronal PET images show area of increased 18F-FDG uptake in left pelvic region (arrow), interpreted as equivocal for 
malignancy, possibly related to inflammatory changes associated with ureteral stent or to physiologic bowel uptake 

•  (B) Hybrid PET/CT axial image (top) precisely localizes uptake to soft-tissue mass adjacent to left ureter, anterior to left iliac 
vessels. Mass (arrow) was detected only retrospectively on both diagnostic CT and CT component of hybrid imaging study 

•  Patient received chemotherapy, resulting in pain relief and decrease in size of pelvic mass on follow-up CT. 



PET/CT for precise localization 

•  A 33-y-old man with Hodgkin’s disease in left cervical region was referred for 18F-FDG PET for staging 

•  No other sites of disease were reported on CT 

•  (A) PET images show infradiaphragmatic focus of abnormal 18F-FDG uptake in medial border of liver, consistent with either liver 
involvement (stage IV disease?) or nodal disease in porta hepatis (stage III disease?) 

•  (B) Hybrid PET/CT axial image precisely localizes 18F-FDG uptake to adenopathy (abnormally large lymph node) at porta 
hepatis, only retrospectively detected on corresponding CT image (arrow) 

•  Patient was treated as having stage III disease and achieved complete response, showing no evidence of disease for follow-up of 
12 mo. 


