5. Emission (Computed) Tomography

1. Whatis a tracer ?
2. Why is collimation necessary and what are its consequences ?
3. How are the effects of attenuation taken into account ?
4. What is the principle of x-ray detection ?

scintillation
5. How are scintillation photons converted to an electrical signal ?
6. How can scattered photons be eliminated ?

After this course you

1. Understand the reason for collimation in imaging y-emitting tracers and its
implication on resolution/sensitivity

2. Understand the implications of x-ray absorption on emission tomography
3. Understand the basic principle of radiation measurement using scintillation
4. Are familiar with the principle/limitations of photomultiplier tube amplification
5. Understand the use of energy discrimination for scatter correction
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What is Emission Computed Tomography ?
Until now: CT and x-ray imaging £ Injection of radioactivez'a:
measure attenuation of incident x-ray :
Emission tomography: X-rays
emitted by exogenous substance
(tracer) in body are measured Two issues: j
1. How to determine directionality of x-rays ?
2. Absorption is undesirable :
What is a tracer ? -, Typical tracers for emission tomography
half-life and photon energies
Exogenously administered substance
(infused into blood vessel) that [l [keV]
99
(a) alters image contrast (CT, MRI) e 6 140
b) h . ) | it 2017T] 73 70
as a unique signal (y emittin
(b) q gnal (y ) 123 13 159
> Emission computed tomography 133Xe 0.08 81
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What are the basic elements needed for y-emitter imaging ?

{ Position logic electronics
Photomultipliers

] Light guide
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IATTTNANNTTANNN Lcotimator

y-camera

Scintillating crystal
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5-2. How can directionality of x-rays be established ?

Collimation

Problem: Photon detection alone
does not give directionality
Solution:

Collimator T T T
Thick (lead or tungsten) with thin holes septa - ’, \‘ ’, \‘ ',.‘
Select rays orthogonal to crystal 1 T 0 N
ll \\ ’I \‘ 'l |l
-—> 1 1 [
1 1 1 1
1 \ [
[ \ (PR g
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Consider one detector, assuming perfect
collimation

Signal S(y)

V : C1(x,y): tissue

-0 radioactivity
* Radon transform
SO)=[Crxen)d

{ = Reconstruction as in CT

Line of - ;

(and neglecting attenuation, see later) i”Cid(‘T_rgS

Impact of collimation on resolution
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It's nev

How does collimation affect resolution ?

er perfect ...

Perfect collimation, i.e. resolution ?

d/a— 0

P
Hcollimatort_> o (Why' )
x A K
AN AN
AN ! \
w 8 \ B septa
a \ 13 Ny
\ o 1
N [E=a
\\ 19 7
v -— N l| !
1 \.\ | /I
b d t
" penetrating - ¢ y
* scattering

Septa penetration < 5%
occurs when t=tge,:

_ 6dlu
" a-3lu
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Impossible to achieve

P D

L=

M\}

(1eN) ueuios [eiskin

Collimator resolution:

Two objects have to be separated by distance >R

R_d(ae+b) a,=a—-2lu
- (a,: imperfect septal
ae absorption)

Price of collimation (resolution) ? :

Sensitivity !
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5-3. How to deal with attenuation of the emitted x-rays ?
result of x-ray absorption in tissue

Signal measured from a homogenéous
sphere (C(x,y)=constant)

A

Intensity distortion:
Cause ?

n(D) = Nye "
A A

: v
Attenuation T T n(D) _ oD

NO
1.depends on object dimension

and source location |
(D=f(object))

A
TS cm
10 cm :
® T=0.46 ]

® T=0.21

:.-l:Consider point source:

15¢cm : Attenuation depends on
i location of source in tissue

67=0.10

99mTe in H,O

=0.16cm™
LI— »HVL =0.693/p = 4.5cm
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2. Photon energy
u=f(E,)




What are the basic steps in attenuation correction ?

pOy):
Measured Attenugtlon Corrected image
correction ;
; ; : A(x,y) of thorax
Attenuation correction procedure )
A. Estimated object geometry and estimated p(x,y) % 1 I[".:'_ I
or measured p(x,y) i q iz ‘
: v pebty ot i
B. Transmission l0ss : T(projection)=f(u(object), projection) ~ ; ]<>| L | t f\ '
C. Attenuation correction A(x,y)=1/T(x,y) A _ fof R
D. Corrected Cqy (X,Y)=A(X,y) C(X,y) =1 B
5 — |
Problem is prior Attenuation i | |
knowledge needed for A : correction rarely
(i.e. p(xy)) applied!
59
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How to simplify attenuation correction ?

by measuring at 180° using geometric mean

Problem: Spatial dependence of correction

_upI2
i4S,°S,=Cr (x,y)e :
D=x, +x, é\/lsz (%)
X, e
,—Jﬁ,—k—\ NB. This correction can be used in
. . - emission tomography for focal uptake
Consider point source:

(i.e. uptake limited to a specific region)

Signal (S,)

-S1(1)=Cr (x1,y)e "1 Sy (¥)=Cr (xp,y)e 2

Measure at 1800 simultaneously

and take the geometric mean
. " Cqxy): tissue

radioactivity

— attenuation correction depends only
Solution: Geometric mean of the two 180° on dimension of object along the

opposite signals: measured Radon transform
-»415,-S, :\/CT (x1,¥)e " LCr (xp,p)e 2 €
=Cp (x Ve 012) =Cp (x y)Ve ™ O=x+x)
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5-4. What is the principle of x-ray detection ?
Collimation, followed by scintillation and amplification

1 Crystal
and

Scintillator crystal "":'z.,PhotomuItiplier

e.g. Tl-doped
Sodiumlodide (Nal) . Tube

Rodioctive
dishk

vwin /AR

Light

electrons

El. Signal

y-energy o # scintillation photons « Signal

[Seintillations

-
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Sequence of events in scintillation crystal %, S
1. Atom ionized by Compton interaction —
Electron-hole pair
2. Hole ionizes activator, electron falls into
activator
3. Activator is deactivated by emission of
Photons (107 sec) PO o P+
®  [Exciled Secondary e
P "’”’";’,"f. . Conduction band = Seintillation Photon
DLt L
Gs0:Ce™ Activation band (Doped) o e
s Efficiency of scintillators
= photon
Gap 3 Pt ~440 nm
& = energy of scintillation light " Tq,
Activator ground state = F
. ons 9 energy deposited W,
Valence band T = energy transfer efficiency from excited ion to
. luminescence centre
Yoy Energy :-m
”'”’%"“ S ). Ay R ga= quantum efficiency of luminescence centre
) ) W,_, = energy required to create one electron-hole
. 4 pair
Heat (Non-radiative retumn to
the ground state)
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What elements characterize scintillation materials ?
Overview of some crystals

Scimtillator Densi‘gy Attenuation Light vield A T Refr
(g/car’) Coefficient  phikev | (mm) (ms)  Zer  pgex  Yield
{em” @ 311 keV) ¢

CdWo, 780 0.886 19 405 ~10°

BiyGe;0y; 713 0064 8, 480 300 73 215 13%

(Y.Gd).0;En Pr 30 0.503 - 0.637 19 610 ~10°

Gd-0.5Pr.CeF 734 0.786 40 510 ~10°

MNal: Tl 167 0.343 40 413 230 51 185 100%

Gd:51045:Ce 6.71 0.704 7, 430 300 99

Lu,5105:Ce 74 0860 30 420 40 66 79%

LuAlD;:Ce 834 0.956 11 /s ~17

LuPOs:Ce 6.53 0.735 17 360 23

Requirements for scintillator 77

Most of the energy of the x-ray is lost
as heat (to.lattice), see

e.g. Nai(140keV)=40-140

High yield

Good linearity

Small time constant « =5600 phoetons-at 22400nm <20keV
Transparent for scintillation light A

parent for seiiaton 19 EsoonmlkeV]zhehez 1.2/ [nm] or <120eV/keV
good mechanical properties =1.2/400 keV=3eV :
Refraction index close to 1.5 R 5-13
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5-5. How is the scintillation light converted to an electrical signal ?
Photomultiplier tube (PMT) -Noiseless amplification

" Photocathode

-~ Dynode / Anode

Pulse
Height
Analyzer

Display N I N N NN A N B
L“|300V 450V 600V 750V 900V 1200V

How to increase
resolution
beyond PMT
dimensions ?

PMTs are bulky

Scintillator crystal
5-14
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How to improve the spatial resolution of PMT ?

(Anger, 1964)

Scintillation light el =7 R

Photomultiplier

Signal

Nal-crystal
(40 cm x 40 cm)

Light-guide

‘= Zxk]k
2.1

Looks familiar ?

_ Zkak

2my

(see center of mass Xem
1st year Physics)

— Location,
Energy
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5-6. How to discriminate scattered photons ?

Counts

i
! Photopeak
Scatter i~ Window
Window )
H

Tc-99m spherical phantom (w. holes)

1
1
1 L H
92 | IRE) T 154 |
80 100 120 140 160
Energy (keV)
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Intensity

»

Most scattering is by Compton
Ei
E, =———| Measure E;
1+ E, (1_C0§ 9) || - identify severely
m,c scattered photons
theta/E; | 100 140
20 99 138
45 95 130
90 84 110
110/ 79 102
180/ 72/ 90
scatter
total
LN

\ 4

T T T
40 60 80

100 120 140 160 keV

I I
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What processes contribute to the Scintillation light spectrum ?
scintillation signal depends on x-ray energy

Nal (TI) scintillation peak for Cs-37: 662 keV

662 kaV

-—

B

Cs"™ ¥ roys

4in x 4in. Nal (Tf)
T

max. energy of the recoil electron

(i.e. 662 keV photon scattered by 180°)

s srssrrrrr=d

3L _| Scintillation light intensity
i P U . S (TLTLLITILEIEY" s sEsssEsEssESEEEsEEsEEEEEEEEEEEEEEEEEEEE
£ E Resolution N1
>8
energy of 662 keV photon |- éﬁ s N e AR
scattered by 1800 [© ™. %% L8 ORE T
" v 2a o h“:'—_
TwE N Py '.‘
2 88 REY:
1 “y photons that lose all energy
C 3 (i.e. Compton events + final

+ light from Compton event photoelectric event)

+ secondary photons escapé ‘"' l
from crystal % oo 200 300 400 500 €00 700 800
Pulse Height, keV
517
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SPECT summary
Single Photon Emission Computed Tomography
1. Measurement of single photon emitters
injected into subject
2. Collimation ensures x-ray directionality
(= backprojection)
Absorption is undesirable
Photon energies comparable to CT
= SPECT-CT
5-18

Fund Biolmag 2025




