Fermilab, 02/20/2012

Medical Applications of

Radiation Detectors
( 0 Sqffsnfrom Particle Physi cs d)

Stan Majewski, PhD (HEP)

(with contributions from many J )

Director, Nuclear Medicine Imaging Instrumentation Program,
Center for Advanced Imaging,

Department of Radiology, West Virginia University, Morgantown,
WV

Past life: CERN, Serpukhov, Fermi, UF, Jefferson Lab



Rationale

-Spin-offs from the  big physics projects are popular and
expected by all the  stakeholders , even if not part of the
main mission

-Scientists involved are to a large extent normal people
sharing the concerns of the society

-Medical imaging was and is a natural spin -off from the
particle physics community via:
-Relevant technical expertise
-Radiation detection instrumentation
-Fast readout electronics and data acquisition systems
-Fast computers
-Computing algorithms, including simulations ( fiVvionte Carlo 9

-Special opening is in the dedicated organ specific imagers,

where the technology advancements (compact, mobile, offer

new opportunities to implement what particle physics is

using or developed initially for the main mission.
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What Modality ?




Content of the Talk

(and disclaimers)

-First impulse is to talk only about Nuclear = Medicine d an obvious
spin off from experimental nuclear physics/high energy physics:

-Physics concept of PET and SPECT

-New scintillators

-New photodetectors (new PMTs, Silicon PMTSs)

-New concepts on improving PET: TOF PET, magnification
-Organ specific PET imagers: breast, prostate, brain,  heart, etc

- (Gas detectors

- Solid state detectors (Silicon)

- Multi -modality imagers

- Not discussed: electronics

- Not discussing small animal imagers, only human imagers J
- Only brief mention of MRI
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CELL PHONE SIGNALS AND BRAIN GLUCOSE METABOLISM

S
Figure 2. Brain Glucose Metabolic Images Showing Axial Planes at the Level of the
Orbitofrontal Cortex

Cell phone on Cell phone off

Rate of glucose metabolism,
pmol/100 g per min

| S

0 60

Images are from a single participant representative of the study population. Glucose metabolism In right or-
bitofrontal cortex (arrowhead) was higher for the “on” than for the “off” condition (see “Methods” for de-
scription of conditions).




Of Mice and Men €& and Br oke|
Structural medical images at its best 0 reference point

14-week old C57BL/6N
mouse 4 weeks after a
reperfused, 2 -hour
occlusion of the major
LAD.

73-year-old man 7 years after an
anterior MI.

(Courtesy of Dr. Stuart Berr, UVAi



micrcPET I inwxying in Mice

O

No gating

32 g mouse
mieralTn 580 pCi, 60 min

0.975 mm LSO H
64-ch PMT + F.O. ‘ *
X-Y Analog decoding LY
Resolution: 1.2 mm/2.3 ul

Efficiency: 2.26%
Peak NEC: 235 kcps

31 g mouse
microPET Il 1 mCi 18F
Yang et al, PMB 2004
& IEEE NSS/MIC 2004




Tracers

A A radioactive bio_IogicaII%/ active substance is chosen in such ¢
way that its spatial and temporal distribution in the body
reflects a particular body function or metabolism.

A In order to study the distribution without disturbing the bod
fur%_ctlotn, only traces of the substance are administered to the
patient.

A The radiotracer decays by emitting gamma rays or positrons
(followed by annihilation gamma rays).

A The distribution of the radioactive tracer is inferred from the
detected gamma rays and mapped as a function of time
and/or space.



o Do Do Do Do Do Iw

Spin-offs from particle physics

new dense and fast scintillating crystals or direct conversion
materials

finely segmented and compact photodetectors
low noise and highly integrated electronics

data acquisition systems based on highly parallelized
architecture with efficient data recording and storage

filtering algorithms

modern and modular simulation software based on universally
recognized standards

high performance image reconstruction and analysis algorithms

(Paul Lecog, CERN)



From HEP to Medical

Where techniques are transfered to developments in bio- medical field
Medical Imaging has only partially benefited from new technologies developed for
telecommunications and High Energy Physics detectors

1 New scintillating crystals and detection materials >
- CMS (WPbO4) - Luap ...(Crystal Clear col),
I Photodetectors : Highly segmented and compact > PMT > APD > SiPM
- APD: SSC/SDC (1991) > CMS (1996) > MicroTEP> TEP
Electronics & signal treatemnt—> Highly integrated
~ Fast, low noise,low power preamp
- Digital filtering and signal analysis N
Trigger/DAQ -
- High level of parallelism and event filtering algorithms
~ Pipeline and parallel read-out, trigger and on-line treatment
Computing

- Modern and modular simulation software using worldwide recognized
standards (GEANT)

6 June 2006 Calor 2006 - P. Le DG 11



Detector technologies used in medical imaging:

- Silicon, Selenium(Xray)

-  CdTeCdZnTe (Xray, gamma, PET)

- Crystal scintillators (gamma, PET)

- Cherenkow (TOFPET)

- Vacuum Photomultipliers (including MCP based,
position sensitiveetc)

- PIN diodes

- Avalanche photodiodes (APD)

- a{ Af AO2Y LIKESIPRNCGHhei dvdldhcheS N
diodes

- Time of Flight PET

- Compton gamma imaging



Areas of iInvolvement

-The most obvious field: nuclear medicine: SPECT and PET

-Diagnostic tools (early detection of abnormalities, such as
cancer)

-Beam radiation therapy (proton and ion beams, and the
latest promise of antiprotons !)

-Monitoring chemo - and radio -therapy
-Organ specific imagers:
-Breast

-Prostate
-Brain

-Small animal SPECTand PET imagers

Special features : MRI compatibility, Time of Flight (TOF)
PET



Selected detector technologies used in medical imaging &
the best particle physics spoff :

-  APDs an&iPMs

- Crystal scintillators

- Fast electronics, ASICS

- Fast simulation and reconstruction software
- TOF

a ! Y 2the thanyapplications of nuclear energy amshisingradiation, medical
Imaging certainly is least subject to negative perception or outright opposition frc
the general public. Proponents of nuclear power correctly refer to it as an examp
of a very positive use of nuclear technoldgBy FrankDeconinck 2006.



Photon detection

The detection of the photons is based on the
transfer of their energy to the detector through
the photo-electric and the Compton effect.

Examples are
I Scintillators, e.g. Nal, BGO and kB&k by c. van Eijk)
I Semiconductor detectors, e.g. Si, Ge

I Gas detectors, e.g. with a wire chamber read
coaz2t/ X I L5/ X Xuv



Multi Wire Proportional Chamber

Fig. 6.7. Basic configuration of a Incident Particle li
multiwire proportional chamber.
Each wire acts as an independent
proportional counter. The signal ~ Cathode
on the firing wire is negative Planes
while the signals on the neighbor-
ing wires are small and positive ////////
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Fig. 6.8. Electric field lines and p fals in a i ional chamber. The effect of a slight wire

displacement on the field lines is also shown (from Chamak ct al. [6.16])

The first large multiwire proportional chamber
built at CERN. Letft to right, Georges Charpak,
Fabio Sauli and Jean-Claude Santiard.

g " g + (Photo CERN x8.8.70)

Important role played by Fabio Sauli




CHARPAK NOBEL 1992 Fabio Sauli 21

The Nobel Prize in Physics 1992

The Rovyal Swedish
Academy of Sciences
awards the 1992 Nobel
Prize in Physics to
Georges Charpak
for his invention and |
development of particle
detectors, in particular
the multiwire
proportional chamber,

Georges Charpak
CERN, Geneva, Switzerland
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X-RAY RADIOGRAPHY DIGITAL RADIOGRAPHY WITH MWPC:
CHARPAK’S HAND (2002):

PHOTOGRAPHIC EMULSION RONTGEN (1896):




An Efficient, Gaseous Detector with Good Low-energy

Resolution for (<50 keV) Imaging

Nguyen Ngoc Hoan, S. Majewski, G. Charpak, and A.J.P.L. Policarpo

Institut National de Physique Nucléaire et de Physique des Particules,
Orsay, France,
University of Warsaw, Warsaw, Poland, and University of Coimbra, Coimbra, Portugal

An imaging detector with good energy resolution and reasonable spatial accuracy
has been designed for biomedical applications. It is based on a scintillating proportional
gas chamber. The energy resolution is typically 5.4% (FWHM) at 27 keV and the
spatial resolution is 2.7 mm (FWHM) for 22-keV x-rays. The physical processes
involved in this detector are discussed along with its main limitations and merits.

J Nucl Med 20: 335-340, 1979
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FIG. 1. (A) Detector of energy-sensitive x-ray camera using gas scintillator. (B) Photons absorbed in xenon in drift space
produce photoelectrons that drift into light-producing space. Ultraviolet light is converted into visible light by wavglength
shifter deposited on quartz window. Five photomultipliers view the scintillations. On-line computing based on micropro-
cessor gives position of centroid of spatial position of light-emitting track.

FIG. 4. (A) Energy resolution and linearity of detector ob-
served with radioactive sources and fluorescence spectra
induced by 60-keV radiation from Am-241. (B) Energy resol-
ution of camera. Spectrum of x-rays emitted at 130° relative
to 60-keV beam emitted by Am-241, impinging on a 3% so-
lution of Kl in water. Shown are K, and K; lines of iodine
(27.5 and 31.0 keV) with a resolution of 5.4%. Lower-energy
peaks are K, ; xenon escape peaks from the Compton radia-
tion scattered at 130°.

FIG. 6. Image of thyroid phantom (Picker No. 3602) filled
with 30 uCi of I-125. Collimator has 1-mm holes, septa 0.1
mm, length 20 mm, transmission 1.24 x 10~% Acquisition
time 3 min.

FIG. 7. Thyroid image from unanesthetized rabbit with 100
uCi of I-125 injected 24 hr before observation. Acquisition
time 2 min.



PARALLAX ERROR Fabio Saul
PARALLAX ERROR WITH GASEOUS DETECTORS:

AT HIGH X-RAYS ENERGY, ONE NEEDS THICK LAYERS OF GAS TO ACHIEVE A REASONABLE EFFICIENCY
OF CONVERSION

Ty B

XENON 1 BAR |
] WITH POINT-LIKE X-RAY SOURCES, THIS INDUCES A

Efficiency

20cm |

it S S AR LARGE PARALLAX ERROR (THE CONVERSION POINT IS
) it G N \ NS UNKNOWN):

sep| '\' L -

pigiLiiiiiisiiiiii |\

W \
] S BN N A N
10 20 30 40 50
X-ray Energy (Kew')

X-RAY TUBE

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*-IIII1




DIGITAL RADIOGRAPHY Fabio Sauli

SIBERIAN DIGITAL RADIOGRAPHY SYSTEM
MWPC WITH RADIAL ANODE WIRES, AIMING AT THE EMISSION POINT:

X-ray tube’

| — MWPC
and readout
electronics

Data

X-RAY TUBE LINE SCANNER
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DIGITAL RADIOGRAPHY
GOOD CONTRAST AT VERY LOW DOSES

THE HEAD OF ONE OF THE AUTHORS
(Lev Shekhtmann)
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Quad-HIDAC Nano PET

First & only PET imager with true nanolitre
volumetric imaging capability

Uniform sub-millimetre spatial resolution
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throughout FOV
Compared with conventional microPET

L
sCanners

* FOV nearly 4x larger
10x intrinsic volumetric spatial resolution
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Used in small animal studies (mouse & rat)
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PSI Switz/UMIST, UK




100 MBq 8F-fluoride Scanned image
administered reconstructed

\ I

40 minutes 20 minutes
post injection data acquisition




Image reconstruction
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Uptake correlated to pain in

8

b
=

al]
| .
o
A
‘EED
a
o
=

[
=]

L 1 T
10 15 20

Total distal phalange *F-fluoride uptake intensity




Proton Radiography

PHYS. MED. BIOL., 1976, voL. 21, NO. 6, 941-948, © 1976

Further Results in Nuclear Scattering Radiography

G. CHARPAK, S. MAJEWSKI, Y. PERRIN, J. SAUDINOS,
F. SAULI, D. TOWNSEND and J. VINCIARELLI

CERN’ LaLL Gertovn 23’ Switzerland Fig. 6. Positions of the animals relative to the beam: (a) rabbit; (b) mouse with an
abdominal tumour. The dashed lines give the limits in X of the useful area.

Received 15 April 1976

AsstracT. A further investigation of the nuclear scattering of 500-1000 MeV 946 6. Charpak et al.

protons is described. Three-dimensional information on the density distribution RASBIT SLICES IN Z 3.5 MM
within carbon, CH and H,0 phantoms is obtained with a volume resolution of 2 mm?. _
The separation of scattering on hydrogen from that on heavier nuclei, such as carbon
and oxygen, is demonstrated, providing the statistics are sufficient. Some preliminary
measurements on animals are reported, but with a volume resolution limited by
statistics to 43 mm?,

942 @. Charpak et al.
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measure the trajectories of the incident and scattered protons.



Gaseoudetectors
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R. Bellazzini et al.

Advantages of gas detectors:

wlow radiation length

wlarge areas at low price

wflexible geometry

wad LI Al X SYySNHé& NBazf dz

Limitation:

wrate capability limited by space charge defined by
the time of evacuation of positive ions

Solution:

wreduction of the size of the detecting cell (limitatior
of the length of the ion path) using chemical
etching techniques developed for microelectronics
and keeping athe sametime similar field shape.

34



Field Configurations

Elh reshold

Electrons liberated by ionization drift towards
the anode wire.

Electrical field close to the wilgypical wire @

~few tens offm) is sufficiently high for electrons
(above 10 kV/cm) to gain enough energy to ionize
further Mavalanche; exponential increase of
number of electron ion pairs.
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parallel plate strip hole groove/well
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Current Trends in Micrdattern Gas Detectors (Technologies)

Semiconductor Industry technology:
APhotolithography

AEtching

ACoating

ADoping

Awafer postprocessing

MWPC-MSGC Rates
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Amplifying cell s\l
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factor of 10

>

Rate Capability>1%mm?
. Position Resolution ~4Gm
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MSGC

MWPC

Operational instabilities:

Substrate chargingip
Discharges

Polymer deposition (ageing)
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Current Trends in Micrd’attern Gas Detectors (Technologies)

wMSGC

wMicromegas

wGEM

wThickGEM, HoleType Detectors and RETGEM
wMPDG with CMOS pixel ASICs

wlngrid Technology

CMOS high density
readout electronics
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GEMc¢ Gas Electron Multiplier

Raw Material Vacuum deposited
copper on polyimide

ApplyingResist . Image Transfer

Patterning Resist UV Exposure
& Development

Copper Etching

Induction gap
Resist Stripping

Polyimide Etching and Cleaning

I 55 um |
70 pum

Thin, metal coated polyimide foil perforated
with high density holes.

Electrons are collected on patterned readout board.

A fast signal can be detected on the lower GEM electrode
for triggering or energy discrimination.

All readout electrodes are at ground potential.

Positive ions partially collected on the GEM electrodes.

38



THGEM; Thick GEM

Standard GEM
Imm

Microlithography + etching

High Spatial resolution (tens of
microns); Vgi-400V

>1( gain in single GEM
10Pgain in cascaded GEMs
Fast (ns)

Low pressure& gain~30

€ €

EeEEg

V. Peskov,A.Br es ki n &

0V
0V
0V
0V

€ € C

ThickGEM
A. Breskin

PCB tech etching + drilling
Simple and robust
Vieen2KV (at atmospheric pressgre

10° gain in single& 107 double-
TGEM

Submm to mm special resolution
Fast (ns)
Low pressuré<l1Torr)gain10*
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MICROMEGAS

Y. Giomataris, Ph. Rebourgeard, J.P. Robert, Charpak, NIMA376(1996)29
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G. Puill, et al.,

Good energy Bke

resolution

Signal discrimination

Micromegas performance

High radiation resistance : > 30 mC/mm2 325 LHC years

i 9,
Argon / IEde“ﬂ."'n

22 keV

100 200 300 400 500 600 70D 800 900
ADC channel

A. Delbart,Nucl.Instrum.Meth.A461:8487,2001

Excellent single electron resolution

UV photodetector
B lpe  eimos  asm
| |
j {/m\

_.lL._‘_h._‘_‘_‘_x_._‘ LlJ "”f"‘ﬂ‘m"”mmﬂ

arge (ADC u

0.7947£+05

IEEE Trans. Nucl. Sci. N (6) (1999)1894.

Sub-nanosecond time resolution
Time of flight, fast TPC

* | NA48-KABES
-600 ps

Spatial resolution

<l 2me¢g

Time resolution

<0.2ns

Energy resolutioiFWHM) 11% @ U U keé/) 9

Ratecapability

> 1F/mné/s




Large Atlas muon detector
Half-size Chamber

lNidth of final PCB = 605 mm

Gas outlet
HV mesh + drift (2 x SHV)

Connection

e F/E card
50 x 120 mm?

Number of strips = 2048
Strip pitch =0.5 mm
Strip width = 0.2 mm
8 FE cards

1024 mm

Distance b/w screws
128 mm

76.3°

e o o o 0 00 o o0 o o

Gas inlet

20mm

10 mm

20 mm

A

530 mm
(520 mm active)

A

Max width of PCB for production = 645 mm




DIGITAL RADIOGRAPHY
COMMERCIAL SYSTEM
SMART SOLUTIONS
biomedical
IMAGING

BIOSPACE

BIOSPACE
(FOUNDED BY CHARPAK)

N 174

E. ~1 mm

micro
AR

HAH A
A avalanche

~100 um

~10 cm

' T ampifiers incoming photon

xray imaging
EOS™ low irradiation 2D-3D X-ray scanner

EOS™ iz an agupment dedixated to the orthopedic practice, that
perferms head fo foes, lew dose, 2D and 3D digtal X-ray imaging
EOS™ takes by scanning two simultaneous, perpendicular planar X-
ray views n the standing postion and provdes the cinician wih the
carres ponding Giglal planas radiographs together wih a thrae
dimensional bonge anveope maos

2D

spine axam within 5 1o 10 seconds.

ful body Scan in BSs than 25 seconds

patent irradation dese 5 1o 10 fold below dose racaved n
conventeonal, CR (computed radidiogy) or DR |digtal
radiclogy ) exams.

+  Highimage dynamics allowing the simutaneous
ahservanon of soft and bone tssuas

+ + +

The three dimensbnal bone envealope, cakuiatad Using a propnetary
tacnnoiogy, can be derved from the two digeal radiographs for the
cpine, knee and hp. it replaces the three dmensional mage cbtaned
from highly irradiating CT scan exams multiplanar dgital maging

3D

+ 3D images with patient irrad@ation dose 100 to 500 fold
below those recaied durng full spine C T axams

EOQS™ provices a unkjua digeal, ow dose sobition for axams routinely
performed in the orthopedic practice combinad wih the 30 capabilty up
to now achievabla with CT scans only

EOS™ is under cinical triais at Hapital St Vincent de Paul, Paris and will
be testaed in the Hépital Erasme (Brussels) and the Hospial Yal
d'Hebron { Barcelona) within a clnical iral programme funded by the
European Linion

FOS™ is developed in collaboraton with ENSAMLEM (Laborawire da
Blamecanigue de TEcola Nationala Superieure des Arts at Maotiers)
Pang, and ETS/LIO (Laboratoire da rechercna en imagasia et
Orthopédie da I'Ecole da Technelgie Supérieura|, Montréal

For mora informston about ECS™: inlo@bicspace.fr

Fabio Sauli
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Georgesao

COS imaging

COMPANY OVERVIEW

Bios pace

COMPANY OVERVIEW

History Radiologie

The 1992 Nobel Prize for Physics was awarded to a revolutionary invention: a high energy particle
detector.

This 1ulu tor ﬁuclqn gave birth to EOS: it enabled X-ray imaging to be performed at a much lower dose, with an expanded
ithout the vertical distortion inherent in today's long length film and digital imaging s. A collaboration

between a orld-class ph gineers and mos porta orthope rgeons and radiologists brought EOS
from proof ept to a fully operational machine. All thanks to a radically new vision of what imaging could and should bring
to orthop

B8 Clinical testing in Paris and Brussels hospitals completed with first EOS prototype
I} biospace med is created and has received its first venture capital round

Xl EOS has received market approval in Europe and North America

D) EOS equips hospitals and priv
m The company changes its corporate name to EOS imaging

ate clinics in the USA, Canada and 5 European countries

EOS imaging development and production facilities are located in central Paris. The company has subsidiaries in Cambridge,
USA and Montreal, Canada

-Conmbpse X-yay

Gas
Chambers




See, measure, and treat like
never before

EOS captures whole body images of a standing patient in a single scan without any stitching or vertical
distortion. Frontal and Lateral digital images of any length may be obtained simultaneously, with an outstanding

image quality.

Current Radiograph System

EOS radically changes the way radiologist/orthopedist teams can now diagnose and treat musculoskeletal pathologies on all age

groups, from children to geriatric patients.

The lack of vertical distortion - thanks to the EOS slot scanning
technology and its unique reference plane positioning- provides true
size images, in 1:1 scale, for highly accurate surgical planning
measurement.

The 3D bone-modeling is unique because itis in a weight-bearing
position

A 3D rendering of specific skeletal anatomies may be made at any
time after frontal and lateral scans are performed. These 3D
renderings give both a weight-bearing 3D model as well as the
automatic calculation of clinical parameters, enabling new ways to
globally evaluate a patient's postural abnormality, in the natural
UPRIGHT 3D environment.

This was unavallable untll EOS.

Biospace
Radiologie

10 X Lower Dose

X-ray

Special Focus:
Pediatric






