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. WHAT IS A SYNCHROTRON?

“A very large microscope to see deep inside matter”

- A source of X-rays produced by relativistic electrons of
special characteristics:

- Extremely intense: the most intense on earth
- Highly collimated
- Brilliant

- Tunable in energy

Page 3 The European Synchrotron



. SYNCHROTRON RADIATION FOR MEDICAL APPLICATIONS

1 25m-long Undulator
SPring-8 Standard Undulator___ "

—_

=
=
w

Soft X-ray UﬁdLﬂEitDr 1'.

—

L=
.
=1

Wiggler.--~"~

-
-

—
=

==

(24
k!

A1

Bending Magnet

s

=
=&
L)

(photons/secimmé/mrad? in 0.1% bandwidth)

10" X-Ray Tube
ax
=
= 10°
(]
107
1 10 100 1000 10t 105 105
Photon energy (eV)
Infrared Ultraviolet Soft X-ray Hard X-ray
g: -y 5 5 5
Visible light Vacuum Ultraviclet X-ray
1000 100 10 1 a1 0. 0.00
Light wavelength (nm)
{1nm=104)

Why is SR interesting for imaging
and therapy?

- ~10%108 more intense than medical
X-ray generators or LINACS

- tunable monochromatic energy

- parallel beam

- (sub)micrometric spatial resolution
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. HOW IS A SYNCHROTRON MADE?

SR is a very intense source of SR is produced by electrons with
radiation from Infra Red relativistic energies circulating in
to hard X-rays arng
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. SYNCHROTRONS IN THE WORLD

3 larger facilities

5 with dedicated medical beamlines

The European Synchrotron ‘ ESRF



. LIMITS OF CONVENTIONAL X-RAY RADIOGRAPHY IN BREAST IMAGING

Breast cancer: First mortality cause for women in western countries

Diagnosis is simple in
2N a fatty breast
M (radiotransparent)

Fat - Glandular tissues
90%/10% » 10%/90%

Tumors in dense breasts are masked by tissues sctvoron | ESRE



. LIMITS OF CONVENTIONAL RADIOLOGY

Challenges in mammography

“~10% of palpable malignant tumours are not visible in mammography
(dense breast, infiltrating tumors etc)”

- High radiosensitive organ
--> Possible radio-induced tumors -- > Risk benefit evaluation

-  Small difference in contrast between tumor and normal tissues
-- > need more images, higher doses

- Need of resolutions better/= 40 microns (microcalcifications)
-- > doses increase with the 1/pixel?

- Need of better identification of the lesion (2.5D — 3D imaging)
--> higher doses

Page 8 The European Synchrotron ‘ ESRF



. SOLUTION STRATEGIES

Improve contrast formation: from absorption to phase contrast imaging
-- >use improved source or setup (Olivo, Longo, Bravin, Paterno...)

 Move from 2D to 2.5 and 3D: vision in depth
-- > tomosynthesis or CT (K. Bliznakova)

* Improve detectors -- > higher efficiency of used dose
-- > single photon counting (Kalender, Boone, Esposito..)

* Improve image reconstruction technique to use fewer X-rays and reduce
dose
-- > use improved reconstruction algorithms (This talk)

e i
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Contents lists available at ScienceDirect

Computers in Biology and Medicine

journal homepage: www.elsevier.com/locate/cbm

A software platform for phase contrast x-ray breast imaging research

K. Bliznakova®*, P. Russo ", G. Mettivier °, H. Requardt®, P. anuv”, A. Bravin"®, L Buliev®

* Deparmment of Electronics, Technical University of Varng, 1 Sdeniska Sm Varnag 9010, Bulparia

" Dipartimento di Asica, Universita of Napoli Federico 0, and INFN Sezione di Mapoli, Vio Cintig, [-80126 Naples, ftaly
* Eurppean Synchrotron Rodiztion Foolity (ESRFL Grenoble F-38043, France

4 Department of Physics, Technical Universty of Vaorna, 1 Studentsea Str Vama 9010, Bulraria

In-line phase-contrast breast
tomosynthesis: a phantom feasibility study
at a synchrotron radiation facility

K Bliznakova', P Russo?, Z Kamarianakis®, G Mettivier?,
H Requardt’, A Bravin® and | Buliev'

Phys. Med. Biol. 61 (2016) 6243-6263
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. PHC IN THE 90IES: FROM NYLON WIRES TO FIRST MAMMOGRAPHIES

Conventional Phase
radiography contrast

AR AT N

Elettra synchrotron
1997-1998

F. Arfelli, A. Bravin et al,
Physics in Medicine and Biology 43, 1998

“Yes, but it can work only in simple objects”

First demonstration of phase contast
iImaging in a full human organ

F. Arfelli, A. Bravin et al,
Radiology 215, 2000

R
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. TECHNIQUES AVAILABLE FOR PHASE CONTRAST IMAGING

PROPAGATION-BASED IMAGING ANALYZER-BASED IMAGING
——— detector
-ray
—— —— \
Aorays . )
———— | Sample
sample
= N5
e
- - (Monochromatar) _
maove detector position rotating analyzer crystal
GRATING-BASED IMAGING
Interference pattern  detector F
——
Horays . ) .\
—— Spatially & temporally
5 ample incoherent x-ray source
—— (typically 100 um focal
spot x-ray tube)
Phase grating Analyzer grating

Optimal radiation is monochromatic collimated, and coherent X-
rays, presently available only at synchrotron radiation sources



Analyzer-Based Imaging (ABI)
Low angle side High angle side

N/

1.0
Analyzer:

acts as a perfect and
extremely narrow slit

0.80

0.60 |

0.40 |

Rocking curve width Si (333)
~ 3.0 prad at 25 keV
~ 1.3 prad at 50 keV
~ 0.9 prad at 60 keV

Relative intensity

0.20 T

0.00
-10 5 puRd +5  +10

Bragg’s law: SI- ‘
2dsinB=nA
crystal ~ Incoming beam

Analyzer _ Sample
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Diffraction Enhanced Imaging:
an algorithm for ABI
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Carcinoma
Medullare

- 1 Siemens
Mammomat
3000 -23 kVp
5.6 MAS
MGD=0.4 mGy

- 2 ABI 25 keV
minus 0.7 prad
Si(333)
MGD= 0.6 mGy

- 3 Histology

Keyrildinen et al. European Journal of Radiology 53, 226-237 (2005)
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ABI-CT

Breast cancer

- 1 Hospital scanner

skin-musl collagen. strands - 2 SR technique

- 3 Histology (reality)

Bravin et al. Phys.Med. Biol. 2007 52 (8) 2197




FIRST LOW DOSE CT DEMONSTRATION ON FULL MASTECTOMY

Conventional Phase contrast (ABI)

MGD=6.9 mGy

MGD=1.9 mGy

Full breast : 8 cm

33 keV
Keyrilainen et al. Radiology, 2008



Breast-CT: PCI-CT vs conventional CT vs histology

PCI CT outperfoms conv. CT and it is in strong correlation with histology

Histology
A. Sztrokay et al Physics in Medicine and Biology, 57(10) 2931 - 2942, 2012



. LOW DOSE AND HIGH RESOLUTION HUMAN BREAST CT

High-resolution, low-dose phase contrast X-ray
tomography for 3D diagnosis of human breast cancers

Yunzhe Zhao®™', Emmanuel Brun®~", Paola Coan™®, Zhifeng Huang®, Aniko Sztrékay”, Paul Claude Diemoz",
Susanne Liebhardt®, Alberto Mittone®, Sergei Gasilov®, Jianwei Miao®?, and Alberto Bravin™?

PMAS | Nowembers, 2012 | wol 10% | no. 45 | 18293

Phase contrast CT
+ iterative reconstruction method

Dose = 2.0 £ 0.1 mGy
25 times dose saving vs clinical
breast CT at same resolution



. CT BASIC PRINCIPLES

Rotating sample

Detector

360°

Computing ,

(reconstruction
algorithms)

Sinogram

B
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d LOW DOSE CT

Combination of 3 Ingredients:

"Phase contrast 3 Advanced CT + High X-ray
iImaging” reconstruction algorithms energies
Highly sensitive Iterative algorithms for CT Tissues more

Imaging techniques reconstruction - less radio-transparent
projections than normally used -> |ess dose

P. Coan # 2 1


https://www.osapublishing.org/oe/issue.cfm?volume=22&issue=5

. REDUCING THE NUMBER OF PROJECTIONS

- Breast imaging needs high resolution

- High number of projections for CT (Shannon Nyquist criterion):

Pr0j= — D: s_ample_:thickness
p 2 P: pixel size

- Can we reduce the number of projections?
2 possible strategies :

« To reduce the number of projections for a CT data set:
- Shannon-Nyquist criterion not valid anymore

« To reduce the number of photons onto the detector per each
angular projection

o
ABagtis

22 The European Synchrotron ‘ ESRF



. REDUCING THE NUMBER OF PROJECTIONS OF A CT DATA SET

64 proj

i YSPCA
: VAT

Ol L e

N

& SRR
-
=

projections

Using FBP: prone to the appearance of artefacts

The European Synchrotron ‘ ESRF



. REDUCING THE NUMBER OF PROJECTIONS

Filtered Back Projection (FBP)

Simultaneous lIterative Reconstruction Technique (SIRT)
Simultaneous Algebraic Reconstruction Technique (SART)
Conjugate Gradient Least Squares (CGLS)

Total Variation (TV) minimization

Iterative FBP algorithm based on the image histogram updates
Equally Sloped Tomography (EST)

S. Pacile et al, Biomed Opt Express. 2015 Aug 1; 6(8): 3099-3112

24 The European Synchrotron ‘ ESRF



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4541534/

. REDUCING THE NUMBER OF PROJECTIONS

Table 4. Qualitative assessment of the considered images performed by expert supervisors.

Radiol. 1 Radiol. 2 Radiol. 3  Pathologist | Mean Score
FBP 1 1 1 1 1
FBP-ITER 1 1 1 0.5 0.87
SIRT 1.5 1 1.5 1.75 1.43
SART 1.5 1.25 1.5 1.75 1.5
CGLS 1 1.25 1.5 1.5 1.31
EST 1 1.25 1.5 1.5 1.31
phr FBP-ITER 3 3 2.5 2 2.62
phr FBP-ITER Epanl7 | 2.5 3.25 2.5 2.5 2.68
phr FBP-ITER Susan3 | 2.5 3.25 3 2.5 2.81
phr TV-MIN 1.5 2.75 2.75 2.75 243
phr FBP 2.5 2.5 2.75 3.5 2.81
phr SIRT 3.25 3.25 3.5 3 3.25
phr SART 3.25 3.25 3 3 3.12
phr CGLS 2.5 3.25 3 3 2.93
‘ phr EST 3.5 3.25 3.5 3.5 3.43

0: worst case; 4: best image

All algorithms available in X-TRACT software:
http://www.ts-imaging.net/Services/SignUp.aspx

S. Pacile et al, Biomed Opt Express. 2015 Aug 1; 6(8): 3099-3112 £

25 The European Synchrotron ‘ E



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4541534/

. REDUCING THE NUMBER OF PROJECTIONS: PRINCIPLES OF EST

Observation:

» Real space image is in Cartesian grid while
the Fourier space data is in Polar Grid

 There is no exact and direct FFT between
polar and Cartesian Grid [1]

il f e

11\

[1] Briggs, W.L., Henson V.E. The DFT: An owners’ Manual for the Discrete Fourier Transform. SIAM,
Philadelphia. 1995

* Slldes prOVIdEd by PrOf. P. COan The European Synchrotron ‘ ﬁ



. EQUALLY SLOPED TOMOGRAPHY ALGORITHM LIVIU) ,\ i

Frequency Domain Real Domain
(Pseudo-polar Grid) (Cartesian Grid)

|dea : “a polar like” grid that enables
direct and exact Fourier transform |
=> PSEUDO POLAR GRID : 1

—>——

°
*
|
|
|
|
I

« Grid points in the Fourier domain are lying on the
equally-sloped lines instead of equally-angled lines

 N*N Cartesian grid -> 2N*2N Pseudo polar grid (PPG) points
 There exist a PPFFT between PPG and Cartesian Grid

» algebraically exact
« geometrically faithful

* Invertible
Slides provided by Prof. P. Coan

Miao et al. Phys Rev B ,72 (2005)
PNAS, Zhao, Brun, Coan et al., 109 (45) 6 Nov 2012

The European Synchrotron ‘ ESRF



Frequency Domain Real Domain
(Pseudo-polar Grid) (Cartesian Grid)

dea : “a polar like” grid that enables
direct and exact Fourier transform
=> PSEUDO POLAR GRID

. & o o
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= Equally Sloped Tomography
1051 — Conventional CT
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Miao et al. Equally sloped tomography with oversampling reconstruction. Phys R&VB" 72 (20055"



EST iterative algorithm

Starts with the conversion of K
the projections to Fourier S
slices in the pseudo polar P i
grid fractional FFT

EQUALLY SLOPED TOMOGRAPHY ALGORITHM: ITERATIVE ALGORITHM

lterative process is initiated:

*Inverse PPFFT is applied to the
frequency data

* A new object is obtained through
constraints. Forward PPFFT onto
modified image \@ Physical

«Frequency data is updated with the & ki
measured Fourier slices

SV al
SHE ,\‘
‘éj Rty

Real domain constraints:
* Minimization of the coefficients
. *Real values as result
Iterations are monitored by an error function

R
The European Synchrotron ‘ ESRF




. WE TESTED EST ON DIFFERENT CASES

—> On both synthetic and experimental data

-> Different Phase Contrast Imaging technigues Propagation-based
Snigirev 1995, Wilkins 1995, Cloetens 1996

- Propagation based imaging ’———__ﬂ

: . N
- Analyzer based imaging
Analyzer-based —
Ingal & Beliaevskaya 1995,

Davis 1996, Chapman 199

&

)

- Breast imaging

- Musculoskeletal imaging

Slides provided by Prof. P. Coan



The raw data

[
ERA LT A
.8 L)
» o
. e
o r YLy
-
L

ity ..
. .
- -........ .

ESRF

& £y
.",\\ < 0 B\
ST 1 (A
= q Vi
= Y |
¢ GRS i
2 X,
Ak il
WA “ a by 7
n NG

The sinogram

Prof. P. Coan




\ ;ffji ¢
Visual Comparison T L [

Zoomed view in a 92 um thick slice an excised full human tumor bearing breast

FBP

* FBP - 512 exhibits high
noise degraded features
and blurred boundary of the
tumour

Prof. P. Coan PNAS, Zhao, Brun, Coan et al., 109 (45) 6 Nov 2012




Result of reconstruction by EST 512projections

S g - Collagen -
- stfands

Glandulagy

Tissues = %%

der Bundeswehr 7 wwwmuniCh'photor"CS.de
Universitdt SIEMENS
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Blind Test made by 5 radiologists (Radiology department of Ludwig
Maximilians University)

Radiologist were asked to mark form 1 (worst) to 5 (best) on the following criteria

FBP 512 FBP2000

Image quality 2.2+0.4 7 x0. 4.3+0.9

Sharpness 3.3£.0 2x0. 4.0z 0.7
Contrast 3.0+0.7 4+ 0. 4.0+ 0.5

Evaluation of
different 2.7 £0.5 : . 4.1 +0.6
structure

Noise 1.8+0.7

Prof. P. Coan



3D CT breast tumor detection at high resolution and

at a dose even lower then conventional 2D mammography (~3.5 mGy)!

Fourier based iterative Equally Slopped Tomography (EST) algorithm

Conventional CT Phase contrast CT + EST
Dose 49 + 1 mGy Dose = 2.0 £ 0.1 mGy

t"
» '.l L)

AR | actiferous
: duct

25 times dose saving vs clinical breast CT at same resolution

P Coan PNAS, Zhao, et al., 109 (45) 6 Nov 2012



Summary

* 3D information of soft tissues at
higher resolution and better
contrast, but also deliver less
radiation doses to the sample

e A step towards the clinical
application of PCT for 3D screening
and diagnosis of human breast
cancer

 Very low dose (<1mGy) 3D
imaging is possible if one is ready
to loose a bit of spatial resolution
and noise

PNAS, Zhao, Brun, Coan et al., 109 (45) 6 Nov 2012

fb\ ‘ der Bundeswehr www.munich-photonics.de
MU m" &/ Universitdt (s Miinch SIEMENS



. RECONSTRUCTION USING A PRIORI INFORMATION

Sparsity

image is intrinsically sparse when it can be approximated as a linear combination
of a small number n of basis functions, with n=N, where N is the image dimensionality

Good case: when image has large constant parts: the basis can be small
pieces varying only on the borders

The European Synchrotron ‘




. RECONSTRUCTION USING A PRIORI INFORMATION

How many patches?

mxm<< NXN (pixel size)
Fast calculation
Image not well reproduced
Very low noise (noise has little sparsity)

mxm>> NxN (pixel size)
Heavy computation
Image well reproduced
Very smooth transition at the patches borders if the patches are overlapping
Also noise is reproduced, to be treated with a denoisy method

Submethods:
- Dictionary learning
- Total Variation penalization (TV): introduces a regularization parameter

All mathematics can be found in
A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) 114325

The European Synchrotron ‘ ES



Dictionary Learning %
. —_rrt | ;ﬁ'ﬁ \ ‘_‘J;‘(% il
reconstruction ESRF /[ LMV 8g
wl AP MR
1 e ]l P
Fm LA e (W]
* Idea of the method : NAmFeEriEAR
e A NERE NS
— To create a database of patchworks EFPmOannaE=l
starting from images close to the images %Egg%%g%%
Y
to be reconstructed VA MEEEEE
— To decompose the slice to be O, - 1Al _
reconstructed in a patchwork of sub- Dictionary “learnt” from Lena image
images and used for reconstructing

To express a given sub-image at position th;,e}.,',mage,:Of lntrestu

“r’ as a linear combination of the basis
patches

To find the solution which gives the
maximum Likelihood by minimizing the
number of entries in the dictionary

Minimization is done toggling between
slice and sinogram

Noisy - Denoised
Image image

A regularization included to assure fidelity

Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



Reconstructing Lena
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 Experiment:
— 512*512 pixel Lena image
— 80 projections

* Remark :

— To avoid aliasing 800
projections should be used
(Nyquist-Shanon sampling
criterion)

Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325

Lena image to reconstruct




Results

EST

380 projections




Zoom views In two different image
regions
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Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



Results

Noisy data

Additive White Gaussian
Noise = 0.3% max of
sinogram

80 projections




Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



Direct comparison

EST

DL

No Noise Noise No Noise Noise
A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



THE IMPORTANCE OF THE FAST CONVERGING

1014 -
— Proposed Method
— Xu et al
1010 | \ \ )
10° 10* 10° 10° 10* 10

Iterations

1014
110"3
)
S
aa]
[
{1012
;011
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Prof. P. Coan

APPLICATION ON EXPERIMENTAL DATA
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Reconstructing phase gradient
Images

Shannon criterion: 2335 projections
(pixel: 47 microns)
Diameter: 7 cm

Prof. P. Coan



Vectorial Set of Patches

=il I T e N

ﬂ.-’.aglflqj
- HILNC,. Fg*y

bl f= I ] .

Set of 2* 7*7 pixels patches learnt from another breast sample

Prof. P. Coan



Phase Contrast Reconstruction using
DL

3 i P MARN
- .'-.h-.-, - = A s [ 2\
n.-‘_?-_ VWV v R e
/lf ?-p" “, S N
A0 LV eyt
P. Coa Y N ¥l N

800 pixels

Collagen”” "
/(strands

Al

FBP 1000 Projections FBP 250 Projections DL 250 Projections

Analyzer Based Imaging of a full (7cm) human tumor
bearing breast tumor

Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



Closer Look

Small Structures are preserved in the Dictionary Learning reconstructions
Global Image quality is higher in DL

Prof. P. Coan A. Mirone, E. Brun, P. Coan. PlosOne, 9(12) e114325



Tomographic reconstruction of the
refractive index with hard X-rays: an
efficient method based on the gradient
vector-field approach

Sergei Gasilov,!:” Alberto thmue,l‘2 Emmanuel Brun,l'3 Alberto
Brm‘in,3, Susanne Gl‘:mdl,2 Alessandro Mirone,3, and Paola Coan!2

Optics Express Vol. 22, Issue 5, pp. 5216-5227 (2014)

Phase retrieval converting the problem to
Poisson equation, robust to noisy data

On the possibility of quantitative
refractive-index tomography of large
biomedical samples with hard X-rays

L* Alberto I\-].itt{)me,l'3 Emmanuel Brlm,l'2

13

Sergei Gasilov,
Alberto Brm‘in,2 Susanne Gl‘il]l(ll,3 and Paola Coan

v 1 September 2013 | Vol 4, No. ¢ | DOI'10.1364/BOE 4.001512 | BIOMEDICAL OPTICS EXPRESS 1512

PhC vs conventional CT: accuracy in refraction
Index calculation in noisy data

Boundary value problem for phase
retrieval from unidirectional X-ray
differential phase images

Sergei Gasilov,l" Alberto Mittone,>>* Annie Horng.4 Alberto Bravin,?

Tilo leumbsu:]l,1 Tobias Geith,4 Maximilian Reisel‘,4 and Paola Coan®*

18 May 2015 | Vol. 23, No. 10 | DOI:10.1364/0E.23.013294 | OPTICS EXPRESS 13294

Application of a finite element technique to solve
The boundary value problem in phase retrieval

A single-image method for x-ray refractive
index CT

A Mittone!2*, S Gasilov!, E Brun'*, A Bravin* and P Coan'?

Phys. Med. Biol. 60 (2015) 3433-3440

Fast and low dose phase retrieval using a single
Image dataset

The European Synchrotron ‘ ESRF
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. THE PROBLEM OF THE RADIATION DELIVERED

The problem of the
radiation delivered



. FAST DOSE SIMULATIONS

How to perform fast dose simulations?

Conventional Monte Carlo >|° The track-length estimator (TLE)
Long computational time « Electrons production cut

&t

Page 54 The European Synchrotron ‘ S



. FAST DOSE SIMULATIONS

How to perform fast dose simulations?

Long computational time

:  The track-length estimator (TLE)

Conventional Monte Carlo . :
= « Electron energy is deposited

locally and are not tracked

kv

Local deposition

VS
_.\fontinuous deposition
hy

In charged

D = ®E Hen particle

P equilibrium

YV VV

It requires fewer particles to converge

Works when electron range is < spatial resolution (<100 keV)

No significative energy escape (radiative, atomic
deexcitation): Z<20; E<1 MeV

Page 55

The TLE code (C++) has been
Integrated in GATE (Geant4)

The European Synchrotron ‘

P



. COMPARISON WITH STANDARD MONTE CARLO METHOD

107 events on segmented CT data of experimental breast sample
TLE Method®? Standard Monte Carlo

1.00

R 0.82

0.63

0.45 e
Statistical error TLE: ~1.5%
Statistical error MC: ~50%

To obtain the same 5
statistics with MC ~ 2 orders
of magnitude more time!

8A. Mittone et al, J. Synchrotron Radiat. 2013.
9F. Baldacci, A. Mittone et al, Z. Med. Phys., 2015.

Page 56 The European Synchrotron



. DOSE DATABASE FOR BREAST IMAGING?

-15
=10 B cm %10 9 Cn

Dose (Gysph)
Diose (Gy/ph)

20 40 B Il 100 20 40

B0 g0 100
Energy (kel)

Energy (ke

Estimation of the average dose in a breast (monochromatic radiation):

-Range of energy: 15-100 keV
-Different geometries (thickness)

-Different compositions (fraction of glandular tissue)

A. Mittone et al, Phys. Med. Biol. 59 (2014) 2199-2217.

Page 57
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