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Introduction

- imaging
- detection

- spatial resolution in preclinical research
7 Harderian gland

7 Brain

7 Brown fat

« Paraspinal

0.0 .
.
Bladder ==* *
.

Biodistribution of 18F-FDG for a mouse: not
fasted, not warmed, no anesthesia.

Fueger, Barbara J., et al. Journal of
Nuclear Medicine. 2006



Introduction

» Biodistribution at brain scale? f
» Limitation of the spatial resolution ._ |

» System with sub-millimeter _ XN "-*';
resolution scale and good sensitivity ‘

Fueger, Barbara J., et al. Journal of
Nuclear Medicine. 2006



Introduction

Context

» Autoradiography, a method to map the 2D distribution in a
radiolabeled ex-vivo tissue

Radiolabeled cell

baw/B x ;ww/1Sd

Distribution of 18F-FDG in a
mouse with phosphor plate.

Charged particle

Mizuma, Hiroshi, et al. Journal
of Nuclear Medicine. 2010



Introduction

. Activity injected per Spatial
Technique AR Ly injected p P . Author
acquisition time resolution
. . . Yamada, S. et al,
Emulsion film 0.77 MBg/min 4 pm Neuroscience letters,
Mi ,H.etal, J l
Phosphor 1 MBq/min 330 um | o e e ™
imaging plate 2010.
Barthe, N. et al, Nucl
Gaseous 150 M | s e
detector in Physics Research, 2004.
inti 1 Maskali, F. et al, Journal
SC]nt]uat]ng O 1 7 MBq/m]n 20 pm ofa?lu?:l]ear Sariliolc?gu;na
sheet 2005.
ili Russo, P. et al. Physics i
Slllcpr! >ensor 5.5 MBg/min 230 pm medicine and biology,
Medipix2 2008.

Characteristic of the method used for AR with



Introduction

» Range of positrons emitted from the tissue in the medium:
water, silicon etc..

Water Silicon

250 keV 620 um 333 ym

600 keV 2250 um 1200 pm
» Limitation of the spatial resolution caused by in
the medium and B pathlengths due to kinetic energy

» Blurring effect

International Commission on Radiation Units and Measurements.
Report 37. Stopping Powers for Electrons and Positrons



Introduction

Context

» Improve the visualisation using
» Need to create a

> known as Gibbs phenomenon
» Bad quantitative intensity conservation

a b

Deconvolution for tumor section image of HT29 human xenograft on nude rat containing hypoxia tracer
. (a) Original DAR image of the tumor section. (b) Restored

image using the

Zhang, Mutian, et al. Medical physics. 2008



Objective

» To perform autoradiography with CMOS sensor
designed for high energy physics (the STAR PXL detector)

- Spatial resolution and efficiency with MIP
120 GeV =- (Minimum lonisation Particle)

» Improve the image with MLEM algorithm (
)

after each iteration



Materials and methods

Fluorine 18 B+
. 180

» A source of positrons B- —

(97%) y

» Half-life (= 2h)

» E maxs+= 634 keV z ne

» E means += 250 keV Emo_ - Eo™

2000:_ /o \ Fluor 18
% 0 oz " Tes T Toa Tos e oz

10
Jan, Sébastien, et al. leee transactions on nuclear science. 2005
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Materials and methods
Radiotracer: 2-Deoxy-2-[18F ]fluoroglucose (FDG)

» Radiotracer: coupling between radioactive atom and a vector

» FDG: analogue of glucose

» Metabolism of glucose in the cell tissue

HO

HO

CH

OH

D-GLUCOSE

OH

OH

O
HO
HO OH

18F i

2-["®F]FLUORO-2-DEOXY-
D-GLUCOSE

D. Le Bars. Revue de ’ACOMEN. 1998



Materials and methods

Mimosa-28, Minimum lonizing particle MOS Active pixel sensor (IPHC)
Characteristics of the Mimosa-28

Surface of  Pixel . . Epitaxial 511keVyY
. Pixel pitch ) )

detection number layer interaction
928 x 960 20.7 ym 15 pm 0.0283 %

Mimosa-28 3.8 cm?

+|__Analog read-out ~220 pmwidth | +

G Pixel Array
T A 928 rows x 960 columns
T i
Tk ) Pitch: 20.7 um s
2a] §
\ s : Active area: ~ 3.8 cm’
. ¥
D5 ; v
—— T[E Col level Discriminators ]
< > 5 ,Ql__mw I
=9 mm 8|+ [emeonc] (] [FTAG) B n T ey (] (] +
IR -

20240 pm

12
Valin, I. et al, Journal of Instrumentation, 2012



Materials and methods

Principle of detection

P-Well

3 . Collection of electrons by the
pixel. Binary mode (0 or 1).

1. lonization of sensitive
layer by an incident particle

electrons.
|

| ,  P++Substrate P++ Substrate

|

| | P- Sensitive Layer
! 2 . Thermal diffusion of

|

|

|

I .

| I

4 . Activation of pixels around the impact
position.

5. Impact position defined as the center of
the cluster with reconstruction program.

13 L. Yan, Research and Development of Monolithic Active Pixel

Sensors for the Detection of the Elementary Particles, 2007
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Materials and methods

Linearity and efficiency

» 18F solution in a paper with

a known activity measured
by ISOMED2000
» Probability of B+ emission

97%

» Counting the hits.sec-1in
function of the activity to
test the linearity

» Efficiency:

ratio between hit per sec /
number B- per sec

CéHophane

TN\_ CMOS sensor



Materials and methods

Spatial resolution, capacity of a system to distinct two closest points sources

18F droplet Microscope
» Experimental setup: slide
absorbing edge method Variable heigh
» Variable distance between 1 mme | Cellophane
source and sensor. Tungsten mask @ : CMOS sensor
» Source '“F between two microscope ,
slides. g P -From the side
From above
15 Lauria, Adele, et al. Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment. 2007
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intensity

Materials and methods

Spatial resolution, capacity of a system to distinct two closest points sources
18F droplet

Microscope

slide
» ERF (Edge Response Variable heigh
Function) with the
projection on x-axis. 1 mm¢, Cellophane

Tungsten mask MOS sensor

ERF(x) = 17<1 +erf( ;\//% ))
FWHM = 235480

Penumbra position



Materials and methods
Autoradiography with PET scan

» Injection of FDG by intravenous in » PET scan:
mouse: .
- (spatial
- age: 1 h biodistribution Ezsnotle"rt)‘on 1 mm at the
- weight: | , _
- fasted: i - Acquisition time 10 min
- activity: Go'@
N B
6} \
\\;ﬁy’
» Weight:
» Activity:
» Cut the brain into section with

» Optical image of the block face with a

17 » Putting the slice on the Mimosa-28 sensor

*according to the animal ethics committees
CREMEAS, Strasbourg, France



Materials and methods

Reconstruction algorithm

» Object F, distribution of the radiotracer in the tissue.

» Transformation R , modelled by the interaction of the
positrons with the sensor and the medium.

» Image

R matrix transformation

Object F Projected image p;j

18
Lange, Kenneth, and Richard Carson. J. Comput. Assist. Tomogr. 1984



Materials and methods

Reconstruction algorithm

» Iterative reconstruction MLEM (Maximum
Likelihood Expectation Maximisation) introduced

by and
» I estimated object ﬁ(”) ,
. A(n+1) i Pj
» R matrix of the system I = Z R ji
’ YRy G Ty R M
» P projected image i J 5 k" k
Initialisation
FO
Iteration n+1 . .
N . e Estimated objet
ProJeCt(':; | Regularisation Stopping criteria: | Reached | after n iterations
> R/-ka Structural SIMilarity index
k \. >
Estimation the correction Back-projection
Pj ' P
(n) SR zf: R s Ry
2R F; Kt 1 A\ Ttk
19 Gk J k

Lange, Kenneth, and Richard Carson. J. Comput. Assist. Tomogr. 1984



Materials and methods

Creation matrix of the system

» R matrix of the system: probability to detect in the pixel j (sensor)
a positron emitted from a voxel 7 (tissue) with an isotropic and
uniform emission

A positron emitted from
the voxel 3 and detected

ND Number of positrons
J detected in the pixel
E

JI Number of positrons

Ni emitted from the voxel ; .
|

N;
N;

20




Materials and methods

Creation matrix of the system

» Simulation Monte-Carlo to generate the positrons and the interaction with
the sensor using Penelope model

> positrons emitted with kinetic energy following 8F energy spectrum

» Modelling the response of the sensor (electron’s diffusion in the sensitive layer,
Janesick’s model)

_ 2 2
G(x) Oior =\ O I + 0;

Number of
electrons o ‘" >
collected O_# _ 4 \/1 ) ( qa ) 0, = O,OO62EI 5
[‘; o J ~ «-ﬁ
I = G (x)dx

21 Baro, J., et al. Nuclear Instruments and Methods in Physics Research, 1995

Cabello, Jorge, and Kevin Wells, Physics in Medicine & Biology, 2010
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Results and discussion

Linearity, efficiency and spatial resolution

» 44.7 + 0,4 % (0.44 counts/sec/Bq) with an activity between 3 kBq and 400 kBq
» Solid angle lower than 2z sr

» Loss signal caused by dead layers: paper, electronic parts

D @
o O

Event rate(counts/sec)
—A -t -t —t b
»

o
l

E | | | I (| 1 | O | Ll | Lialaed I I | I 1 I | x1 03
0O 50 100 150 200 250 300 350 400
Activity (Bq)



Results and discussion

Linearity, efficiency and spatial resolution

?500?“; IH ]1'15 .
2000
‘:g: 1000 F
g 0 '.500:
§ 1000 ,
[+ % 1000~
2000 L
-3000 500_
0 M50~ 5000 3000~ 4000 5000 6000 7000
Position (pm) um
=320 : : :
5300— + With reconstruction
g YU f : : ﬁ’ _
» Better Spatial resolution at 20 mm and %280——} ___________ ] _______________________________________________ . —4— without reconstruction
30 mm §260_— ................ ........................................ .................... ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
» Interaction of positrons with high kinetic 22407 {
energy and a normal angle to the surface B 000" f
» Tungsten mask: role of collimator 200" } *
X . 1919 pmPec ooy d--- mawints
» Secondary emission from the mask: 180- ' |
electrons and photons 160 —- s o e —— 4o
145 + 4 }ijzm_-_--------------i ________________________________________________
120= | ,
23 3

T | ill‘:l 11;11i 1l 1
1000 5 10 15 20 25 30

Distance source/sensor (mm)



Results and discussion
Autoradiography with PET scan

Transverse Coronal Sagittal

Biodistribution of 18F-FDG after 1 h biodistribution with 10 min acquisition time. A : Eye, B : Brain

» Important uptake in the eyes. Consumption of glucose by the
in the eye stimulated by the light

» Homogenous uptake in the brain with the PET scan caused by the
limitation of the spatial resolution

24



Results and discussion
Autoradiography with PET scan

» Specific uptake in different region of the brain section (striata, cortex)

um

(a) Autoradiography of the brain section 50 ym with acquisition time. Colour
bar represents the number of hits in the pixel. (b) Optical image of the cross-

75 section. A : corpus callosum, B : striata, C : cortex.
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Results and discussion
Autoradiography with PET scan

» Specific uptake in different region of the brain section (striata, cortex)

6000 8000

um
(a) Autoradiography of the brain section 50 ym with acquisition time. Colour
bar represents the number of hits in the pixel. (b) Optical image of the cross-
section. A : corpus callosum, B : striata, C : cortex.

8000" S e e YT 1 T e P :
—8000 -6000 —4000 -2000 0O 2000 4000
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Results and discussion

MLEM algorithm

» Stopping criteria: SSIM

(Structural Similarity Index) 0,7750

» Stabilisation of the SSIM
after 100 iterations

—— Iteration n+1
Projection | Regularisation

S RyFy "

Estimation the correction
P q

(n)
> RJAFAI

0,7900
0,7850
0,7800

0,7700
0,7650
0,7600
0,7550

SSIM

0,7500

Stopping criteria:
Structural SIMilarity index

Back-projection
Pj

- Rii )

] : n

100

200

300

Number of iterations

Reached

Estimated objet
after n iterations

400



Results and discussion
Autoradiography with PET scan

» Specific uptake in different region of the brain section

» Improve the sharpness with MLEM algorithm (limit of the tissue, morphologie)
» Reduction of the scattering (blurring effect)

» Regularisation to decrease noise

|

00 —2000 0 2000 4000

800 s '
%8000 —6000 —40

—8008
um um

(a) Original autoradiography of the brain section with 8F-FDG. (b) Estimated object
using the with iterations, regularisation FWHM = 20 pm.

F i 0 .
6000 8000 000 -6000 -4000

29
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Conclusions and perspective

» Autoradiography: a method to visualise at brain scale
» Good efficiency and a spatial resolution similar with the others systems

» Multimodality: PET scan and autoradiography with the same
radiotracer, and optical imaging

» MLEM algorithm: increasing the sharpness in the image by decreasing the blurring
effect cause by the scattering of the particles

» Measure the performance of the MLEM algorithm (uniformity, efficiency, spatial
resolution)
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Multiple scattering

- 13.6 MeV

% Bep

2 V2 /Xo [1 +0.038 111(:1:/)(0)}

Source : PDG
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Results and discussion

Linearity, efficiency and spatial resolution

> . attenuation in the medium: paper, film, dead
layer.
> . diffusion of B + in the medium, secondary

emission (photons and low electrons).

- Tungsten “ Tungsten
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Spatial resolution vs dimension sensor

Thickness of epitaxial layer (1km)

Cabello, J., & Wells, K., A Monte Carlo investigation into the
fundamental limitations of digital B -autoradiography:
Considerations for detector design , 2007.

40
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Emulsion film

» Deposition of energy
in the film.

» Metallization of silver
halide crystals.

» Revelation step

Silver halide
crystals
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Emulsion film

» Deposition of energy

Silver halide
crystals

in the film. I

» Metallization of silver
halide crystals.

» Revelation step

oo

Film
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Phosphor plate

» Electron excited by an
incidence particle.

» Trapped in a trap state.

» Liberation by a laser beam.
» Deexcitation of electron.

» Emission a visible photon.

Laser beam

B 2 ~ onduction band

Trap state N
Excitation Emission =

Valence band &
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Gaseous detector

» lonisation of the gas by an
incidence particle.

» Acceleration and
multiplication of the
electrons by an electric
field.

Gas
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Scintillating sheet




GATE Simulation
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State of art autoradiography

Technique AR Activity injected per Spatial Author
acquisition time resolution
. . . Yamada, S. et al,
Emulsion film 0.77 MBg/min 4 pm Neuroscience letters,

Silicon sensor
Medipix2 vl

. Russo, P. et al. Physics in
5' 5 MBq/m]n 230 “m medicine and biology,

Characteristic of the method used for AR with s F.

44



State of art autoradiography

Technique AR Act1v1t¥ l.ngectgd per Spatl.al Author
acquisition time resolution
. . . Yamada, S. et al,
Emulsion film 0.77 MBq/m]n 4 HMm I;l;;(;oscience letters,

Silicon sensor . Russo, P. et al. Physics in
Medipix2 5.5 MBg/min 230 pm medicine and bilogy

45

Characteristic of the method used for AR with s F.
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Introduction

Difficulties of the autoradiography
A

Multiple scattering modifies the trajectory of a charged particle.



Introduction

Difficulties of the autoradiography
A

Thickness reduction
of the tissue and
the sensor
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