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The PHYSICS of PET



* Isotope decays, emitting B*
18 2 hour half-life

150, 11C, 13N 2—-20 minute half-life

* B* annihilates with e~ from tissue, forming
back-to-back 511 keV photon pair.

* 511 keV photon pairs detected via time
coincidence.

* Positron lies on line defined by detector
pair (Line of FLIGHT =LOF = LOR).



The collinear emission of an
annihilation y-ray pair defines the
Line-Of-Flight (LOF). The LOFs are
collected by surrounding the object
with a “ring” of detectors.

The activity distribution p(x,y,z) is measured in terms of projections (N
along lines L.

Each projection is obtained from the activity distribution with the line
int ] tor: — k&
integral operator N, ,=kOr(xy,2)d

L
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The TECHNOLOGY of PET



50’s - The beginning of PET / 1

First Clinical Positron Imaging Device

1952 - This instrument followed the
general concepts of the instrument
build in 1950 but included many
refinements. It produced both a
coincidence scan as well as an

unbalance scan. The unbalance of the
two detectors was used to create an
unbalance image using two symbols to
record any unbalance in the single
channel rates of the two detectors.

Dr. Brownell (left) and Dr.Aronow
are shown with the scanner (1953).

Coincidence and unbalance scans of
patient with  recurring brain  tumor.
Coincidence scan (a) of a patient showing
recurrence of tumor under previous
operation site, and unbalance scan (b)
showing asymmetry to the left.
(Reproduced from Brownell and Sweet
1953). 7



The block detector (*)

Scheme of a Block Detector.

A block of scintillator is subdivided
by cuts at different depths into 4X 8
rectangular elements.

The block is read out by a matrix of
2 X 2 photomultiplier tubes (outputs
Sa Sy Sc and Sp).

(*)
Casey M.E., Nutt R. IEEE Trans. Nucl. Sci. 33,n° 1 (1986): 460-463.



(Fuc

Properties of the Scintillators (*)

(*) Adapted from Lecomte R. Eur J Nucl Med Mol Imaging 36, n® Suppl. 1 (2009): S69-S85.

Nal |BGO |GSO |LSO [LYSO |LGSO |LuAP |YAP LaBr,
Lightyield |38 8 30 32 16 12 17 60
103 ph/MeV
Primary 250 60 |40 (41 65 18 30 16
decay time
AE/E (%) at |6 8 [10 [10 |9 15 4.4 3
662 keV
Density 3.67 (7.13 (6.71 |7.35 |7.19 |6.5 8.34 5.5 5.08
(g/cm?)
Effective Z, [50 [73 [58 |65 |64 |59 65 33 46
1/u@511 |25.9 [11.2 |15.0 {12.3 |12.6 |14.3 11.0 21.3 22.3
KkeV (mm)
PE (%) at 18 44 26 34 33 28 32
511 keV
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Spatial Resolution

2
d 5 2 2 2
FWHM =1.2.|| = | +b*+(0.0022D) +r*+ p
2
1.2 from analytical algorithm (FBP)
d/2 from the detector pitch
b from the coding
0.0022D from the 2 photons a-collinearity
r from the positron range

P from parallax
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Sensitivity: NOT all events are good events!

True (T), Scatter (S) and Random (R) events

il

A true coincidence is generated in point
1 and the annihilation photons are
detected in opposing crystals A and B.

A Scatter coincidence is generated in

point 2 and one annihilation photon is
detected in crystal C while the other is
detected in opposing crystal D after a
Compton scattering interaction in 3.

A random coincidence is detected in
opposing crystals E and F for two
annihilations in 4 and 5 occurring with a
time difference shorter that the
coincidence window.
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TOF systems:
signal to noise ratio

The gain in terms of SNR of the images acquired with TOF-PET systems is
proportional to the object dimensions and inversely proportional to the time

resolution.

2D D= diameter of the acquired
SNRTOF ~ & ) SNRnon—TOF object t

c= light speed
At= time resolution
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Matrix of optically separated
scintillating crystal elements

/Qtion sensitive photodetector

(e.g. Multi-anode PMT)

Left: A possible configuration of a PET detector comprised of a MA-PMT and a
matrix of scintillating crystals. In this case, the pixel size contribution in the
spatial resolution formula is d/2 while the coding factor is b>0.

Right: The popular Hamamatsu H8500 with 8 X 8 independent anodes. Its main
features are minimum peripheral dead zone (1 mm) and minimal height (12 mm).



Silicon PhotoMultiplier = SIPM

The Ultimate dream??

SOLID STATE PHOTODETECTOR=  SiPM: Multicell Avalanche Photodiode
working in limited Geiger mode

+ +V 3 xide
" Cathode\GM T —S hi /0 - 2D array of microcells: structures in a
— common bulk.

I J
T e - Vbias > Vbreakdown: high field in
multiplication region

S p high-electric field

<t | multiplication region l hole - Microcells work in Geiger mode: the
T epilayer signal is independent of the particle
energy
|% p* substrate "1 - The SiPM output is the sum of the
i signals produced in all microcells fired.

-The photon is absorbed and generates an
electron/hole pair T3Vl Mo

-The electron/hole diffuses or drifts to the high-
electric field multiplication region

-The drifted charge undergoes impact ionization and
causes an avalanche breakdown.

-Resistor in series to quench the avalanche (limited
Geiger mode).

As produced at FBK-irst,Trento, Italy=»

—>High gain >Low noise - Good proportionality if Nypq0ns << Negyis



| Development of detectors geometry
FiG (May 2007)

Different geometry,size,microcell size and GF.

40x40um?2  => GF 44%
50x50um2  => GF 50%
100x100um?2 => GF 76%

50x50 um Yx4 mun - ]

2XZnn
50x50 un

circular

1mm ¢ 1x1mm? 2x2mm? 3x3mm? (3600 cells) 4x4mm? (6400 cells)
SiPM4 - W1 Matrix 4x4 10-18

Matrices 16 elements (4x4) 1605 3

1.E-08

IV CURVES OF 9 i
MATRICES. 1EO7 %
§1E-08

VERY UNIFORM | 109 |

BREAKDOWN i
POINT 1E10 ¢
L R T T e
0 5 10 15 20 25 30 35
[C.Piemonte et al, I Nuovo Cimento C, 2007,30(5),473-482] Vrev V]
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PET in MEDICAL IMAGING
=2 MOLECULAR IMAGING
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Molecular Imaging

A visual representation,characterization,
and guantification of biological
processes at the cellular and subcellular
levels within intact living organisms.”

Sanjiv S.Gambhir
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CLINICAL SYSTEMS
Hybrid Systems — PET/CT
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Clinical PET applications

Oncology Neurology
-
. NORMAL ALZHEIMER'S

.‘“‘ > 4 -,

& O

18F-FDG 18F-DOPA
Brain study for Brain study for
Alzhemeir’s disease Parkinsons’s disease
BFE-FDG 19

Total body



CT technology

e Spiral CT (With multirow detectors) (> 1998).

scansione elicoidale




Attenuation correction

PET needs CT data to anatomically locate the tumor and to correct for the
attenuation in order to provide a correct quantification.

Present systems exploit multislice CT top quality systems, where the

number of slices can achieve 128 with rotation time of the order of 300 ms.

018 uE,) (em)
16 1

H(E) (HU)

Being the attenuation coefficients (u) energy dependent, the CT scanning
at an average energy of 70 keV must be rescaled (voxel by voxel)
to the gamma rays by using a bi-linear scaling function.
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PRECLINICAL SYSTEMS
Hybrid Systems — PET/CT
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“From man to mice' ...

Human PET

B ocoemas
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g *Images courtesy of Simon Cherry, UCLA
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Sensitivity vs Resolution tradeoff

Stationary ring geometry Rotating planar geometry

* Thick scintillator for hjss S, £ o N s h efficiency
 Radial elongation du S als Tor red speclelichgSifol@mntion due to parallax



Technology transfer |: YAP-(S)PET

small animal scanner (ISE, Italy)

FUNCTIONAL IMAGING AND INSTRUMENTATION GROUP
UNIVERSITY OF PISA

Scanner configuration

Configuration: Four rotating heads

Scintillator: YAIO;:Ce (YAP:Ce)

Crystal size: 27 x 27 (1.5 x 1.5 x 20 mm? each)

Photodetector: Position Sensitive PMT

Readout method: Resistive chain (4 channels) R

FoV size: 40.5 mm axial x 40.5 mm @ : ’

Collimators (SPECT): Lead (parallel holes) The YAP-(S)PET Scanner is installed at

Head-to-head distance: 10-15 cm the “Institute_ qf Clinical Physiology”
(IFC-CNR) within the framework of the

Center of Excellence AmbiSEN ofthe
University of Pisa, Italy



X-ray detector

* 1024 x 2048 pixels (48 um each) *
e 5cm x 10 cm active area

e Maximum frame rate 2.7 fps bad : .
« 10lp/mm resolution X-Ray Cqmera

X-ray source

* Fixed tungsten anode

e Maximum voltage: 50 kV

e Maximum power: 50 W

» Measured focus size: 20 ym FWHM
o Beam aperture: 22°

Small animal CT with rotating gantry

Variable geometry (spatial resolution / FOV size trade-off)
Spatial resolution 30 um

Maximum diameter 8 cm 26
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PET/CT CT (Volume
Rendering)

Hybrid imaging applications to a mouse
From left to right: CT image, PET image, fused image

and volume rendering of the CT image -



Technology transfer Il: IRIS(raytest-lvisca
PET/CT SYSTEM FOR SMALL ANIMAL

¥ 16 PMT-based independent modules

¥ Octagonal geometry / Dual ring

CilF ==

¥ Microfocus X-ray source

¥ CMOS + Csl flat panel detector

(PET and CT are attached
to the same rotating gantr

28



IRIS PET System design

Detector module specifications

Crystal material LYSO:Ce
: 1.60 mm x 1.60 mm x 12
Crystal size (mm)
mm
Crystal pitch (mm) 1.68 mm
Crystals per module 27 X 26
MA-PMT 64 ch.

Photodetector (resistive chain readout)

System specifications

No. of modules 16
No. of rings 2
Bore size (mm) 100 mm
FOV size (mm) 80 mm (T) x 95 mm (A)

Other features

PET Detector rotation

PET design and picture of the PET
ring 29



SOme imageS - PET

Rotating acq. Static acq. wr w

Derenzo phantom image  In-vivo Mouse image : >

¥ 2 MBq of 18F ¥ 2 MB(q of 8F-XXX p I 5

€ 20 min. scan time ¥ 15 min. scan timg~" ." """" » e }g
3 . L 3

‘d&!’
e

ML-EM reconstruction
70it. with imm (o) @ e
ML-EM reconstruction 70 it. POSt smoothing 5

single slice with:
0.420 x 0.420 x 0.855 mm3
voxel size '

A e a I ‘ ........... 3 : ! |
®




IRIS PET/CT performance

-/

(,’\\
/ \
: \@\
L.

IRIS PET/CT

¥ |RIS PET/CT shows optimal performance
for pre-clinical imaging (1.5 mm3 volume
resolution at CFOV)

¥ Maximum absolute sensitivity is among
the highest in the market 250-750 keV:
9.8% )

¥ The unique rotating detector feature offers
higher quality images with very high
uniformity (4.7% @ 50 it. ML-EM)

® Rotating acquisitions are well suited, e.g.,
for biodistribution (non-dynamic) studies.
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Hybrid Systems

PET/MR

32



MR/PET:“one-stop-shop”

New whole-body imaging
procedures allow comprehensive
Imaging examinations

Fused MRI/PET facilitates accurate

registration of morphological and
molecular aspects of diseases

P ‘,f /.,'
pev

"
~

- r
e
Pulmonary and osseous (arrow, red)

metastatic disease of a non-small cell
lung cancer (arrow, yellow)

Coronal overview of 18F-FDG PET and MRI (T2- weighted
Turbo-STIR)

Courtesy of Dr. Gaa, TU Munich

Coronal and transversal MRI/PET fusion images
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Why PET/MRI?

Nowadays there are systems where PET and MRI are
performed separately in time with distinct machines:

% Two images to be merged together
% Movements of the patient on the couch
% Data corruption from image fusion techniques

MRI PET

Philips Ingenuity TF PET/MR Combo PET and MRI image fusion




Why Combined PET/MRI?

Hybrid PET/MRI systems provide functional
morphological information at the same time:

* No image fusion required
* Space and costs saving
+» Better soft tissue contrast
+» Lower radiation doses

PET insert

4

RF coil RF coil

PET

A

Common bed

MRI MRI

a) b)

Separated PET and MRI rings Hybrid PET/MRI scanner

and



SIPM-Based PET/MRI

Courtesy of Seiichi Yamamoto
Kobe University

Courtesy of Jae Sung Lee,
Seoul National University




Human TOF PET/MRI
based on SIPMs

| Array with 22 x —
22 LYSO pixels ' ' R;
~ ! Gradient i PET ng

SiIPM-Tile: 4x4
monolithic SIiPM
arrays with 2x2
SiPMs

| ASIC-Tile:
2x 32 Channel
TDC/ADC

Interface-Tile:
64 channel
FPGA pre-
processing

HYPERImage consortium: http://www.hybrid-pet-mr.eu/

B |

Gra.d.’,ent X




PET iIn HADRONTHERAPY
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In-beam PET monitoring

p‘@ @ 6’% @ '%_’ *"  Apossible method for the control
of the geometrical accuracy of

the treatment (TPS) is PET

10: _égts“gty 1. 0: _é%g\gw : ] . .
0 E : ] £ 8t ‘ e |mag|ng
'E 0.8- i e V.or _' : ]
2 0sk ll\/l|_(|a > g5 CCiE=212AMeV [ ] ¢ - . . )
£ ol euma A £  Target PMMA [ * Nuclear inelastic reactions
5 04 : FERE g 04 ]
B A P A ——— o ; between the hadron beam and
r 150 11l 13 X 1 F 1 . - .
R N 00, — 120, MG, BN .. T nuclei in tissue
20 0 20 40 50 30 100 20 0 20 40 60 80 100
Penetration depth / mm Penetration depth / mm L
« Small amounts of B* emitting
iIsotopes are produced with
In-beam/in-room dedicated instruments are short half-lives like
necessary to: « 11C (20.3 min),
- Avoid patient re-positioning « 13N (9.97 min),
- Avoid data loss of very short living isotopes * 150 (2.03 min).

J Pawelke et al., Proceeding:lon Beams in Biology and Medicine (|BIBAM), 26,-29.09.2007,
eiflelberng, Geimal | Ml ul

|
"/;‘.‘0 /l o)



Experimental setups @
CATANA (62 Mev p Cyclotron) and CNAO (p and 12-C synchrotron)




Simulation vs Experiment

FLUKA: 1D distribution of DATA
annihilations
Isotope contribution (99 MeV)

SIMULATION ---------

CNAO: proton beam 99
MeV on PMMA

AY
PMMA

08

0.6

activity [a.u.]

0.4
0.2 -

| on z
ﬁ """"""" —_—
, ; | | I.. _-- | /

-20 0 20 40 B85 —

N DATA —e— : : : ]
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Comparison of the position of the 75 __
50% fall-off between FLUKA 70 _E_
simulation and exp data for 93, 65 __
97.5, 99, and 112 MeV protons 50 __
The error bar is the o of the fit. 5o !

50% distal fall-off [mm]

40 :‘---I- 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
85 90 95 100 105 110 115 120

proton energy [Mew]



CNAO data at 95.34 and
98.32 MeV protons

. (beam-off data At ~ 14’)

f(x)=122-X 633
f(98.32) — £(95.34) = 3.7mm




INSIDE Project: INnovative Solutions for In-beam

. DosimEtrx in Hadrontheragx

e PRIN MIUR 2010-2011 - 2010P98A75 - INSIDE
* Coordinator: Alberto del Guerra, University of Pisa
e Duration 3 years from February 1,2013
 Funds from MIUR: about 1M€
5 Research Units
— Universita’ di Pisa (A. Del Guerra)
— Bari Politecnico (F. Corsi)
— Universita’ di Roma La Sapienza (V. Patera)

— Universita’ di Torino (C. Peroni)
— INFN (G. Battistoni)

40 Researchers




5. Giraudo INFN Tori
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BRAIN PET



WS VRORANERSY ©  Jefferson Lab
The Helmet PET portable PET ring
Imaging system is able to image
patients in the upright position. This
enables for example  obtaining
molecular brain images of the stroke
patients to assess treatment and
recovery of brain function. In addition, it !

Is a useful tool in basic research in
regards to the relationship between
motor tasks and brain metabolism. The
suspended imager follows the limited
head movements of the sitting patient.
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TRIMAGE

“An optimised trimodality
(PET/MR/EEG) imaging tool for
schizophrenia”

FP7- funded project under Health
(starting 1 December 2013- 4 years)
Coordinator: A.Del Guerra (Pisa)

a7



MRI head coil
birdcage

1.5 T MRI magnet

600 mm bore

800 mm length
DSV 300 mm

Dimensional outline (left) and artistic view (right) of the dedicated brain
PET/MR/EEG system (the EEG cap is not shown).

CRITICITY MR CRITICITY PET
-800 mm bore - sp res 2mm (DOI)
- Asymmetric gradient - high efficiency
-low field 1.5 T - axial FOV

low-cost

48



CONCLUSIONS



IR T

year

S
Consumer cycle: 3y Medical device cycle 15-20y

Take home message:

* TT in the medical field needs long term investment

* Industry can withdraw half-way through, if not
profitable,e.g. Siemens for proton therapy

Ref: Freely adapted from the keynote talk by Dr. Jaemoon Jo
(SamsungSenior Vice-President) at NSS_MIC 2013, Seoul, 30 Oct 2013



Take Home Message

e MULTIMODALITY Is the future:
— PET/CT
— PET/MR
— PET/OPT,Cherenkov
— and more...

 PET organ/application specific is the future:
— Brain
— Breast
— Prostate
— Hadrontherapy
—and more... 51
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