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Nobel for Leon

[ NOBEL PRIZES IN CHEMISTRY, PAYSICS

West Germans,
Americans win

By ARTHUR MAX
Associated Press

STOCKHOLM, Sweden — Three Americans won the Nobel
Prize in physics Wednesday for their work with subatomic
particles, and three West Germans shared the chemistry
prize for discoveries that may be critical in harnessing the
sun's energy. &
Americans Leon Lederman, Melvin Schwartz and Jack T
Steinberger shared the physics prize for capturing neutrinos ; On this site Fermilab scientists
in :_ I:;igh energy beam to probe the structure of atomic are hoping to get a peek at
particles. f

Chemists Johann Deisenhofer, Robert Huber and Hartmut & DAY ONE OF anATl

i

Michel of West Germany were honored for their work in
unraveling a mystery of photosynthesis. They were reward-
ed for work completed only three years ago, indicating the
importance attached to their breakthrough by the awarding
committee of the Royal Swedish Academy of Sciences.

Many recipients wait decades for recognition.
Associated Press Committee chairman Bo Malmstrom said their work was
Leon M. Lederman clowns with fellow workers an gsential step toward artificial photosynthesis, which sci-
Wednesday after receiving word that be bhad won entists hope will provide the key to converting the sun’s

£ i €nergy jo man’s needs.
the Nabe{' Prl_.e in physics. See NOBEL on page A
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A short “spirit-lifting" history introduction
Motivation for dedicated PET systems
Motivation for MRI-compatibility

Organ specific imagers .
Main emerging application focus
of implementatic






Why PET ?

Similarities and differences

Calorimeter
HEP

PET Camera

Biomedical

Imaging

Similarities
Geometry and granularity
Detector (Crystals & scintillator)
Photo Sensor (PM,APD) --> free running
Electronics:Fast and compact electronics
Event rate & Data volume
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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 ("Monte Carlo®)

-Special opening is in the dedicated organ specific imagers,
where the technology advancements (compact, mobile, of fer
new opportunities to implement what particle physics is
using or developed initially for the main mission.



Positron Emission Tomography (PET)

Ring of Photon
Detectors

* Radionuclide decays by
emitting a positron (p+ ).

* 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.

* Detects Pairs of Back-to-Back 511 keV Photons

( * No Collimator Needed [ High Efficiency
‘m (Bill Moses, LBL)




Historically: BGO "Block Detector”

511 keV (22Na)

Scintillator
BGO

I 1274 keV

511 keV

-

50

0
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Energy (keV)

5.3 cm x 5 cm and 3 cm thick
8x4 array, 12.5 mm x 5.25 mm crystal size

(ﬂ| (Bill Moses, LBL)




PET Hardware Development

The HIDAC Camera Project at CERN, 1977-1982




Reconstruction Software

Phye. Med. Hiol., 1983, Vol 28, Noo &, 1008=1019. Printed i Great Briinin
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Good Publicity
The HIDAC Camera Project at HCUG, 1983-1988

Une nouvelle technique pour soigner le cerveau et le coeur
Mieux voir pour mieux soigner

Tribune de Geneve, January 1988

Scientists Press Plans for New Brain and
Heart Research UNI News 1988
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Thyroid imaging

Financially supported by the Fonds National Suisse




Advances in PET




Dual-Modality PET/CT Imaging

PET/CT Dual Modality Imaging

PET/CT scanner

Townsend et al, _
J Nucl Med PET/CT monitor
45 (2004) 45-14S TR

CT workstation PET workstation



FO r'm + funC'hon to image different aspects of

Fused image accurately disease
localizes uptake into a to identify tracer uptake
lymph node and thus to simplify the image
demonstrates spread of . :

: interpretation
disease. :

Why combine form and function?



Combined MR/PET: Potential Realizations

Department of
Preclinical Imaging and
(ﬂl Radiopharmacy



Reference: Siemens mMR whole body PET/MR

Artistic view of the whole-body
mMMR MR-PET prototype (a)
showing the basic components of
the system where the PET detector
ring is placed

between the RF coil and the RF
body coil. (b). Configuration of the
detector block consisting of 88 LSO
crystals read-out by a matrix of 33
APDs. Courtesy of Siemens
Healthcare.

(Habib Zaidi) m



Why PET/MRI

Why combine PET and MRI:

MRI PET

high resolution high sensitivity

high soft tissue contrast target specific tracer




The Search for the Killer
Application in PET/MF

chler




Brain Function as a Result of Receptor Activation

Glycogen
Q—CHZCHCOQ ﬂ
Glucose
NO
\ p ﬂ =

’ Pyrlﬁate \

Protein Fat
Nutrients

Pharmacon-Receptor Increase in Increase in Increase in
Interaction Neuronal Activity Energy consumption Blood flow

PET fMRI PET fMRI

Receptor-Occupation Lorentz-Effect Glucose Blood flow

Imaging Imaging consumption Blood oxygenation (BOLD)
(in development) Diffusion

Department of
Preclinical Imaging and
Radiopharmac




Whole-body PET/MR

Patient: 77 y - BC




First Clinical PET/MR: System Setup

Brain/Head only

32x6 detectors

LSO crystals:
2.5x2.5x20 mm3

\\\\\



Comparison PET/CT versus PET/MRI

PET/CT PET/CT

-‘A PET/MR PET/MR Meningioma
Y . ’ - 7 . _ _'_
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PET/MR PET/MR
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PET/MR Killer Applications

List of PET/MR Killer Applications:
Preclinical Imaging
Prostate Tumors

Pediatric g =
Brain Tur g g |

Potential of PET/MR goes far beyond of current applications...



m Nuklearmedizinische Klinik und Poliklinik TI.ITI

PET Detector Blocks

8 rings with 56 detector blocks each (@ 65.6 cm,
transaxial FOV: 59.4 cm, axial FOV: 25.8 cm)
Each detector block contains:
8 x 8 LSO crystals (4 x 4 x 20 mm3)
Crystal read-out by 3 x 3 APDs
Cooling channels
Pre-amplifiers, etc.
Total number of
detector blocks: 448 | e
crystals: 28,672 |
APDs: 4,032 . > 1] | | Cooling

Front-end

electronics




Silicon Photo-Multiplier: a revolutionary enabling technology

Immune to magnetic fields

Gain = (105-106) at low voltage (<100V)

(typical APD gain: ~100)

High photon detection efficiency (up to 50%)
Dark count (0.1 to 1 MHz)

Micro APDs in Geiger mode (>breakdown voltage)




SiPMs come in different sizes ...

A
1 mmdiam  1x1 mm? 2% mm? Ax3 mmd (3600 cells)

LTIy

Medical Physics, Vol. 38, No. 10, October 2011

dxd mm? (6400 cells)

EIEVER ORI RR PR RRRR R

Fii 7. (a) Photograph of vanous sizes of SiPM sam-
ples. (b). Photograph of the &« & matnx of 15
mm ¥ 1.5 mm pixel with lateral read-owt from two
sides only, as developed by FBK-irst (Trento, Italy).
Adapted with parmission from Llosa er al., Phys. Med.
Biol., 55, 23, 72907315, 20010 (Ref, 207).

(Habib Zaidi)




Detector & Roadmap Summary

Product
Name

5L

5M

FM

FB/SB

Process

"L"

Ilmﬂ

IIM“

“B"

Sumary

Stotus

General
Release

General
Release

Sampling

In Lab & Select
sampling

Avail Pixel

. Available Pkqg's

S1zes kg
x13
1mim TO
3mm Array4
Arraydp9

5 x13

mm

ArraySM-8

.25mm  TO (.25 & 1mm}j
1mm X13-ENG
amm SMT
I
Amm SMT
Bmm Array's

Lyso*
~“PDE  ~Eng. Res. ~Timing
1% 14% 750ps
9% 13% 700ps
9% 13% 300ps

>A0% <10% <250ps

BGO*
~“PDE  ~Eng. Res. ~Timing
14% 18% 5ns
20% <16% <5n5
20% <16% 2ns

>30% <10%

* Detector and Crystals sizes vary slightly between measuments. See detailed ppt for spedfic graphs
** FE measurements are simulation objectives on 3x3x20 crystals

sensl

SarEe bohl



New 4 Side Tileable SMT Package (-SMT)

= 4 Side tileable

= <500um from detector
edge to package edge

- Molded smooth top surface
= 3mm Available Now

- 6mm September
-~ 1mm October

Linear Array Example:
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FB Coincidence Resolving Time

(“F” Output)

3x3x15mm?3 LYSO

500

400 -

3007

counts

200+

1% 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
time (ns)

C H AT e O ¥

counts

500

400}

300¢

200

100 -

3x3x10mm? LYSO

<« FWHM=181ps

B 2 2.2 2.4 2.6 2.8 3 3.2
time (ns)
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SensL Released and Roadmap SPM Products

45

e £
n L=

L
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Photon Detection Efficiency - PDE (%)
[ Pt
[ ] o
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e

~__— FB (target)

_—— SM (actual)

480

530 580
Wavelength (nm)

e SensL SL/SM (Released)

SensL SB (Road map)

= = L{Y)SO Emission

+ = BGO Emission
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TOFPET - How does TOF help?

DIAX ~ reduction in variance
or gain in sensitivity

200 300 400 500 600 700

(m (Joel Karp, U. Penn)

Timing resolution (ps)



Impact of microcell size
on PET timing resolution
PDE = Q.E.xPr(avalanche) x fill factor

Fill factor «< Microcell size

Hammatsu SiPM Hamamatsu SiPM
Microcell size (um) Fill factor (%)

25 30.8
50 61.5
100 78.5

Expectation: PET detector using 100 um SSPM should optimize
timing resolution

(%) magination at work




Correlation with higher dark current

500 120
¢ 50um CRT (ps)
450 =

. \ m100um CRT (ps) 4 1 100
¢ 50um | (uA) —
<
350 \ ~ : 100um | (UA) | 80 =
e K =
300 o
g w 3
250 60 ©
-
? 4___,# 5
32200 ; o
Y Wide Vo il =
% 150 P 40 E‘,)
21100 / @

/ + 20
” 4/__4_—0-"/‘)
U I — I I I U

0 0.5 1 1.5 2 2.5 3
Vov (V)
« Wider operational voltage range provided by 50um
@ ...oion oo Microcells with similar performance




Design Choice:
Hamamatsu MPPC 4x6mm?

1 2 3
element size(mmxmm) 3x3 44 < 4x6 >
microcell pitch (um) 50 50 50
no of microcell/pixel 3600 6400 10375
gain 7.50E+05 | 7.50E+05 7.50E+05
fill factor 61.50% 61.50% 61.50%
PDE @ 440nm type 50% 50% 50%
capacitance/micro-cell (fF) 89 89 89
total capacitance (pF) 320 570 920
dark counts typ. (Mcps) 6 11 13

« 4x6mm? MPPC with 50um provides the wider stable operational range

« larger area reduced number of readout channels to be processed

@ mMagination at work 10




Detector Unit Design

4x3 LYSO array (4x5.3x25mm?)

2mm UV plastic

Timing Resolution - 350ps
Walk Correction - 340ps

Energy Resolution 9.7%

@ imagination at work

1 _may3iGaAZ_devz2_300mY_TFOI0mY_18C_2mm_glass_4=3_after.
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Tapered Light-guide Design

* Transition from crystal block 16x16mm? to SiPM 12x12mm?

» 3x1 array of SiPMs =» 3x1 light-guide to cover 48x16mm?

UV Plastic
T or Glass

Tio2 light

/\i\ / Reflector
N

12



Multiple Blocks Timing Resolution

200

—=—before Walk Corr. 394 ps
after Walk Corr. 374 ps

150+

# of blocks
=

301

'-‘r"a'ﬂf-; [ IF!r AZF AZRATE ATF 4ZEARE 40F 45k 40F 1£|

300 350 200 450 500
T-FWHMi(ps)

» > 500 blocks were measured: Great consistency in performance
among blocks

@ « Walk correction improves ~20ps in timing resolution
magination at work

17




TOF PET-MR Module Design

Scalable Detector Module

5 detectors per module for 25cm axial extent

SiPM/ASIC
Circuit Baard

Light . -
Guides ~__ e .

£S5 -
LYSO
Scintillator o
Crystals ) _ Digital board

s processes block
signals from ASICs.

Cooling Plate

gk DESTTArENy
!1-1111 mEnh T 1 blades BT, b piste
|‘=m11ni|:m-:dhe ]

-""-\ SOUFICE
magina_. .. ... _.



SiPM Detector Ring Assembly

PET Acquisition Performance
* < 400ps FWHM Timing Resolution

» < 11% Energy Resolution
@ imagination at work » Successful Crystal Maps, Energy & CTC calibrations



Dedicated Imaging Systems

Motivation for dedicated systems:
Higher efficiency due to close geometry
Possibility for low dose scans (repetitive - longitudinal studies,
children ?)

Higher resolution (and efficiency via instrumentational Partial Volume
Effect)

Lower cost using small dedicated system as opposed to standard (also
occupancy issue of the standard scanner)




PET/MRT

Methods to limit the PET-MRI interference: passive and active

Place active components and photodetectors outiside the MRI
imaging volume (scintillation light coupling via optical light guides)
Shielding of detectors and cabling
RF noise filtering
Placement of coils and integration of the PET insert with the RF coil
Optical electelectronic signals coupling
Selection of proper MRI sequences

‘Sequential imag




Magnet
Gradient Coils

Magnet
Gradient Coils

Voltage signal
transmission cable

Eh-—_ (6~ 10 m)

RF Or.\.ﬂul fiber

RF Coils
Crystal B j Voltage signal
| transmission cable
Cu shiclding [ (6~ 10 m)

Gradient Coils

—

Magnet
Gradient Coils

%—m.ﬁw

{2~ 4m)

'% Cushielding

Cha arge slg I
Crystal

Gradient Coils

Fig. 1. Several approaches for designing hybrid MR compatible PET. (a)
Approach 1: Scintillation light transmission from crystal to photosensor. (b)
Approach 2: Voltage signal transmission from amplifier to subseguent elec-
tronics. (c) Approach 3: Charge signal transmission from photosensor to

preamplifier.




iPET/MRI II: MR-compatible PET and MRI

e W Val s ol o T
High resolution optical fiber based
MR-compatible PET

0.3T MRI with hole in yoke

Combine

2 types



Electro-optical signal transmission of PET detector signals

Proposed Multiplexing

Whole Body
PET/MR

1
T

Laser

Laser
Receiver

Inside MR system Outside MR

Lasers'
>‘ *
o
<
- .
o
[72]
m

(ﬂl (Craig Levin, Stanford)



Electro-optically coupled PET detectors operated simultaneously with
MRI system

MR phantom image from clinical (<2% difference)
MRI systen

| BEFORE PET detectors were AFTER PET detectors were

inserted into MR inserted into MRI




The full ring PET brain insert is now under
construction...




Prior art:
Existing mobile brain PET/CT systems
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PET detectors integrated with a RF coil
for MRI

The design that extracts maximum work from DOI detectors;
closer detector arrangement will enable not only hlgher sen3|t|V|ty

Scintillator
block

(MPPC and RF coil PET and MRI did not influence each other.

circuits) element (F. Nishikido, et al., IEEE MIC2011, MIC13-7)

NIRS



Depth-of-interaction (DOI) detector

e R I 141 i ER S EN =Ry

3-4 mm
square
4 - 7" ;.‘.l"
= gi 7
Scintillator T \I’y
20~30 mm !_AJT”’
long "’ ![![ [!!T’i’
4"' Photomultiplier tube (PMT) .[. [.’

Sensitivity and resolution Both sensitivity and resolution
are incompatible can be improved




“Crystal cube”

A S|PM based |sotrop|c-3D detector

ngher resolution than photodetector
resolution

Uniform crystal identification performance
for the Anger-type calculation

Radlat|on
Segmented
I I scintillatior array

Scintillation I
SiPM I photons

Efficient light detection, thus expectlnP
better spa |aI energy and timing resolution.

R\ AN

I S . E— X' tal cube




Insertable Brain PE

New design concept
- Use Geiger-mode avalanche photodiode (GAPD) arrays as a PET photo-sensor

- Use charge signal transmission method that transmit the charge signal of the photo-
sensor to the preamplifier through charge transmission cables 3 m in length

RF coil
holder

ang University, Korea)



JT animal MRI

PET Amplifier circuits

|

Fig. 3. Experimental setup to examine the effect of the cable length on both
PET and MRI. (a) PET detector performance measurement outside MRI. A
pair of PET detector modules was exposed by Na-22 point source and PET
charge signals were transmitted to the preamplifier using FFC of 300 cm. (b)

I SRR | S

LYSO + GAPD
arrays

PET performance measurement inside the MRI. The PET detector modules
were inserted into the MR bore between the RF coil and gradient coil (not
displayed), while the preamplifier is located outside the MR bore (<5 G
line, ~1.5 m away from the magnet isocenter).

A SOGANG|

<& UNIVERSITY

1) Molecular Imaging Research & Education (MiRe) Laboratory, Department of
Electronic Engineering, Sogang University, Korea
2) Sungkyunkwan University School of Medicine, Korea

(m 3) Department of Electrical Engineering, Korea Advanced Institute of Science an
Technoloav (KAIST) Korea



Insertable Brain PET-MRI (Sogang University, Korea)

Simultaneous imaging of 3D Hoffman brain phantom (inside MR bore)

~—— Inside MRI
40004 —— Outside MRI |

30004 ]
[y
20004 ]
o 10004 ]
ol_a_ R ﬁ A

50 100150 200 250 300 350
Position (mm)

— With PET insert
|||||

50 100 150 200 250 300 350
Position (mm)




New cancer scanner halves radiation

Particle physicists have developed a new medical technology that
combines PET and MRI in one. Benefit: Improved image quality and
less radiation.

;!._::

FIFTY PER CENT LESS RADIATION: The pariicle physicisiz Erlend Bolle, David Volgyes,
Michael Rissi and Kim-Eigard Hines have developed a completely new technology that makes it
possible to halve radiation from a PET scanner. The PET scanner is also built at such a small scale
that it can be placed inside an MR scanner. This makes it possible to take the MR and PET images
at the same time. Photo: Yngve Vogt

, - pﬁ




From calorimetry to medical imaging: a shining example
of successful transfer!

A team at CERN has drawn inspiration from calorimetry methods
developed for high-energy physics to create a new positron-
emission tomography system for use in medical imaging, which
they've dubbed AX-PET. With support from European and
American laboratories*, the project is reaching fruition, as initial
tests confirm its promise.

A traditional PET scanner showing  The axial orientation of elongated
the crystal layout. crystals in AX-PET.

Some members of the project team: Christian
Joram (CERN)}, Chiara Casella (ETH Zirich)} and
Matthieu Heller (CERN} pose behind AX-PET.

Snapshot of a "phantom”, a test object,
surrounded by the AX-PET photon detectors.




The AX-PET concept

3D measurement of the photon interaction point

» Transaxial coordinate and energy measurement with thin
elongated scintillator LYSO crystals

- The hit crystals gives the transaxial coordinate (x, y)
« Axial coordinates measured with Wave Length Shifter (WLS) strips

LYSO — -
scintillation light wavelength
WLS shifted light
_ 11, LYSO
e TR S MPPC
TR NN TN
reflector | N )
£
X y - ~
\ airgap
Fa
Y reflector MPPC

" WLS
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« LYSO (Lu, Y, ,SI0.:Ce), Prelude 420 from Saint Gobain
* 3x3x100 mm?
 LightYield LY=32 photons/keV
» High density: 7.1 g.cm™
* Decaylimet=41ns
- Attenuation length A_,.=12 mm @ 511keV

* Wave length shifting strips, ELJEN EJ-280-10x
= 10 times higher dye concentration for better absorption

Expected LYSO light output@511 keV event:~ 1000 photons
* 3x 3 mm?area, 3600 cells 50 x 50 um?

MPPCs from Hamamastu * PDE ~ 40%

LYSO WLS

* Gain:5.710°
O Bias voltage ~ 70 V

Expected WLS light output: ~ 50 photons

* 3.22 % 1.19 mm?area, 782 cells of 70 x 70 um?
* PDE ~ 40%

e Gain:410°

= Biasvoltage ~70V




------

@ﬂ Results from tomographic
reconstruction

NEMA NU4

Image Quality
Mouse Phantom

* Conktraskt region
* Homogenous region

» Spatial resolution region

Resolve 1 mm rod with 1.6 mm FWHM




Prior Art - Upright
PET Brain Imager

R




PET-Hat: concept

1) Measurement at sitting position 1s possible

2) PET can move with subject by wearing the counter-balanced PET

3) Small size and controlled by a Note PC




PET-Hat with subject and phantom 1mages




Short History of IP for the Wearable PET
Brain Imagers: From RatCap to HelmetPET

s

Figure 2

Left: RatCap PET (non-compliant animal); Center: PET Hat and compliant
sitting patient; Right: Helmet for a compliant standing, moving etc pa’rien’r).



Awake Animal Project

DOE funded research on
imaging of the awake rat




Small Animal (Rat) PET / MRI Camera

ndard Non-Magnetic Component. ,
>0 crystals
luminum housing

berglass kapton, plastic silicon

W



U.S. Department of Energy

Office of Science

‘MicroPET

Mobile PET




JLab Imaging Detector Technology




Removable Smart
Shield™ modified to
accommodate biopsy
hardware.

Removable sliding
slant-hole collimator
system for stereo
viewing.




Microcalcifications with Previous Benign Biopsy

Mammogram: right breast
shows area of
microcalicifications (see
arrow). Previous needle
biopsy of this area was
negative.

Static Image Report

CC - Right Breast MLO - Right Breast




Predicting the survival of patients with breast carcinoma using tumor size,
JS Michaelson, M Silverstein, J Wyatt, et. al. Cancer 2002; 95: 713-723

slide provided by Dr Simon Cherry, UC Davis)



Interesting Activity

Meeting Important People




Simultaneous PET-MRI Breast Imaging




Clinical Prototype

Need larger ID and flexibility in axial coverage




Clinical Protocol - Taipei Medical University Hospital

Routine Breast MRI to
find any lesions

18F-FDG Whole Body
Scan*
supine position

Chest PET scan®
(prone position)

Simultaneous
PET/MRI | o 2

Delay phase prone
PET™

\
i

Biopsy







Future Directions

Next generation is considerably
larger both in radius and in length
iIncreasing our field of view

This new deign has only three
cables coming out 1 power and 2
optical fibers




Things to Remember

The power of PET and MRI lies in the
ability to analyze the images, not in
making nice pictures

Thlnk about Kinetics as a way to etter i
illv4 I and MRI data ' y

; Think aboutWays to retrofit the 30, OOO
MR scanners in the world to make

PET/MR available for the clinic

@



xamples of some possible situations with patients wearing the imager helmet: sitting in a chair
eft), exercising (center), and laying down on a bed (righr). Another option with a (helium) balloon
upporting the weight of the helmet, allowing for even more movement freedom during imaging
rssion, is not shown here. Except for the case of a patient on a bed, the helmet is suspended by a
exible harness /suspension attached to a hook on the helmet.

A

HI{H MODULES

ﬂ INMER LINER

Each detector module is based on
two 1"x1" Silicon Photomultiplier
modules and a 1.0-1.5mm LYSO
scintillation array (not shown).
Status (5/2010): under
construction, WVU,




Anticipated Applications Of The

Helmet PET Scanner

1.Stroke Patients - Diagnosis and recovery
2. Epilepsy Patients - Treatment

3. Dementia Patients

Control
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New design: 100 MPPgC Modules

MPPC Amplifiers

e s / array R I e

< :
\_\ Resistor

board

i 1 “\\\\“\ LW \\\\\\\\\\ ,
/////II"///”II”I//”I[”“I””"”,’””””|||||l| l l \ \ \ ‘ \\\

‘{\ AR
CM 1 e e : ®\\—s

Left: Assembly of one ~5cm square compact module of the first Helmet PET prototype. Four
Hamamatsu 25 MPPC arrays assembled on one resistive readout base from AiT Instruments. Four
1 Smm step IOmrn Thrck LVSO urr'ays from Proteus coupled to form one compact module. There are
aolifi2ra 9p o | - on board the detector module, but rnfhedistanf(aﬁhaothar
4 mznd of the 2m cuble.) elucfromcs bonr-d There are 4 output channels per module. m
v



WVU 12- Module Brcun PET
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Brain Phantom Images




Brain Phantom Images

Selected images of a 1mm slice of a brain phantom, left: with
uniform activity, right: with increased activity in a section of

he brain.
tm









Upright
Implementation

Setting of the
upright
system in
preparation
B for o
clinical




Top: Left: An example of a schematic of a single imager PET ring, shown here with 12 individual
MRI-compatible PET modules, divided into two parts, for easy placement and adjustment on the
patient’s head/brain/neck. Each of the modules is made from a matrix of pixellated LYSO crystals
coupled to an array of solid-state Silicon Photo-Multipliers (SiPM). Center: example of an elongated
ring — here built with 14 modules, better adapted to the shape of the human head. In the simplest
variant only a single ring of modules is built. However, ultimately a three-ring system that will cover
the whole brain in one position will be built as shown at right. Bottom: The two-ring variant with two
rings spaced apart with an adjustable spacing, is the intermediate - so called “Open PET” type
arrangement [Yamaya et al — Ref 5], that provides larger field of view at a reduced complexity and
cost. In a special case one of the rings can be placed at the neck level, for example during first path
dynamic blood flow imaging with the neck ring measuring the so called input function in the carotid

(ﬁlry. The MRI RF coils - not shown here - are placed inside all the rings.



Dual-sided SiPM readout for “high resolution” PET

Dual-sided readout reduces the
parallax error related to the depth of
interaction effect

p’

‘\ 4

@



PET DOI Module Structure

ASIC circuitry

Front-End . . :
Scintillator array

e oPNarray B

Front-End r_. = -z =
ASIC circuitry — ==




DOI prototype

Single ring of 14
modules, 23.2 cm
diameter, each
module consists
of 35 x 35 LYSO
1.5 mm*1.5 mm*10
mm pixels.




g
Lot

1 foot diameter balloon
Volume = 0.5 cublc feet
Lifting capacity = 14 grams

3 foot diameter balloon
Yolume = 14.1 cubic feet
Lifting capacity = 0.9 pounds

?/". Y

Y

6 foot diameter balloon
Volume = 113 cuble feat
Ufting capacity = 7.1 pounds

12 foot diameter halloon
Yolume = 904 cubic feet
Lifting capacity = 57 pounds

4 foot Cloudbuster
Weather Balloons

5.5 foot Cloudbuster
Weather Balloons

Next Upgrade of Upright Implementation
I

8 foot Cloudbuster
Weather Balloons



Partial ring TOF PET for breast imaging

3

Phantom Full Ring Scanner 2/3 Ring Scanner  1/2 Ring Scanner

Lesion 1,

2, and 3 have 8:1 uptake relative to background, Lesion 4 is cold
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In-situ dose verification for proton
beam therapy

.......................................................

_—— == — =

Full ring Two-third ring
(3 = = = =
Non-TOF Non-TOF 1000ps TOF  600ps TOF 300ps TOF

30-cm diameter cylinder irradiated by 4x4-cm?2 125-MeV proton beam
Isotope profile from GEANT4 simulation in skeleton muscle
PET simulation performed in EGS4 and data written out in list-mode




Timing Resolution
Measurement

SiPM

SiPM 22Na source SiPM
[ ] o [ ]
T1 T2

Setup: 3x3x15 mm3 LYSO crystals read out by Hamamatsu S10362 SiPMs
coinsidence timing resolution A T1-T2 = 188 ps FWHM
coordinate resolution A x=c*A T1-T2/2 better than 3cm FWHM

Pavel Murat/ Fermilab




Recovery of the Com hton

Meodule[0] Event Occupancy

g
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channel # 15 = =

g
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channels 24 and 28

Read out 2 4x4 LYSO arrays with 4x4.5x15 mm LYSO crystals
Select events with two hit pixels on one side, sum up the two charges

(ﬂl Pavel Murat/ Fermilab



Compton

Recovery of the

Ve = 7o 5 Vv

v

vb ias

Q, He

500

200 300 400 500 500 00 |00 aon 1000
channel number

Highest energy deposition

vbias --730V f,_ vbias

=-725V

Events, regq
from the (a

900 1000
channel number

=-73.0V

Photopeak selection: number of events increases by ~40%
Observe SiPM saturation at a level of 15%
<N photons> about 1000, N cells = 3600

Pavel Murat/ Fermilab



Multiplexed Readout to Reduce the
Number of Channels

}MM/“ ’\.\ >

Entries

uuuuuuuu

Tk
s o | S0 | fem

"

3188
111111

R P o

Use the delay line with 8 SiPMs read out by 2 channels
Reconstruct hit channel from the time difference AT = T1-T2
Reduce the total number of readout channels by a factor of 4
oT1-T2 ~ 30 ps FWHM, or ~2.2 mm FWHM along the delay line
For readout pitch of 4-5mm, individual crystals are well resolved

(q Pavel Murat/ Fermilab



PET-TOF Strip Line Status

Next SL prototype has 4 strings of 8xSiPMs
Design is for STM 10-contact 5.1x5.1 mm2 package
Diode pitch is 5.2 mm

Boards should arrive any time now, full component kit exists
First | plan to assemble 2 boards with a single line of diodes (solder)

Second step is to assemble a complete board, using anisotropic conductive film
(will need 4x8 scintillator blocks for that — to push diodes against the board)

If conductive film does not work — will solder everything, and we have to learn how
to ensure a good optical contact between scintillator and diodes

Sergey Los / Fermilab




Strip Line Details

Next SL prototype will have 4 strings of 8xSiPMs

Design is for STM 10-contact 5.1x5.1 mm2 package
(that is a rather challenging package
for board layout)

Diode pitch is 5.2 mm

| have a layout of an elementary cell, note two strip
lines per row, the second one returns far end signal to
the “digital end” of the board

GALI-S66+ amplifier iniCircuits
: eal package, but layout is
relatively |

Hz | x6.6@3GHz)

o Bl

=0 e
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Signal Shape Simulations

| have run a series of Spice simulations to get an idea of the pulse shape, and amplitude for
various scenarios of diode interfacing, and pulse shaping
Light pulse shape:

—ﬂ.}ns rise time P — [E—————
40ns fall time (LYSO time constant) -

Assumed 20ns of SiPM recovery timeLYSO light yield is 500 pe, and SiPM gain of x106 (easy to scale if
different)

For shaping a simple C-R differentiating (“clipping”) circuit is used with time constant of the order of 1ns

Q| mfer|ee| B ol zm ok RN

A1 = 723.426p, -757.044m
gl A2 = 28.435n, -762.114m
dif= -27.711n, 5.8705m

@September 05, Sergey Los / Fermilab
2012



‘Output Signals (after x10 amplifier and shaping)

Signals shown at the two ends of the same transmission line (aligned in time):
Output 1 — near end
Output 2 — far end (lower peak amplitude)
Pulse shapes are shown for different output capacitances of the SiPM buffer transistors:

N 0 =

k3 U(OUTPUT1) 2 o + U{ODUTPUT2) o o« U{OUTPUTA) & o + U{DUTPUTZ)
Time Time
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Summary

Particle physicists have played and still play substantial role in medical imaging:
basic concepts, detectors, electronics, simulations, reconstructions. ...

PET was invented many years ago but only in the last decade got full recognition
for its unique clinical role when combined with CT

PET imaging is providing critical assistance with patient diagnosis and treatment,
as well as with work on understanding disease origin and cures (in small animal
models)

PET improvements are under way to reach the physical limits of the tfechnique
(again role for physicists I): TOF PET, partial angular coverage

Many new technologies: scintillators, photodetectors, sol id state materials -
spin-offs fr'om par'ncle physucs | |
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