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TRIESTE X-RAY TOMOGRAPHY COLLABORATIVE
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X-ray imaging fundamentals
Spectral imaging
Phase-contrast imaging

Spectral phase-contrast imaging



WHAT'S CONVENTIONAL X-RAY IMAGING?

The basics before getting advanced...

The key elements of conventional X-ray imaging are:

X-ray source
1.X-ray source (e.g., X-ray tube)

-
2. to be investigated

5 K-r0y>
3. sensitive only to X-ray intensity
Sample’s visibility depends on the (partial) attenuation of \ Nt
X-rays: Iy o—HT  — ] |

f

- Sample thickness (T) Beer-Lambert’s law

- Linear attenuation coefficient of the sample (1)
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/ water \
WHY X-RAYS? OV-rays Qe
S
The basics before getting advanced... (i)
L Y, ‘
Radiation Type Eadin Microwave Infrared Visible Ultraviolet | X-ray Gamma ray ‘
Wavelength (m) 1072 1078 0.5%10 ° i 1 10712 I O
Apprgximatz :p:l:a:a “1 f $ % % > / \ —
f Wavelength Hl l}w \ %) f% ‘ , o,

_
|

Buildings Humans  Butterflies Needle Point Protozoans Maoleculeg Atoms | Atomic Muclei

roerc o) [ T —— Gamma-rays — <

10* 108 1012 1019 1018 10'% 102°

9
|

https://en.wikipedia.org/wiki/Electromagnetic_spectrum

Because: "\ J —

1.They have a sufficiently weak interaction with matter -
they can partly go through

S

2.They have a sufficiently strong interaction with matter 2 | X-rays
contrast (i.e. attenuation difference) among transversed
features is formed on the detector
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130 YEARS OF PROGRESS...

First radiograph by

Wilhelm Conrad Roentgen

- Fall 1895,

- 15t Nobel Prize in Physics 1901

} 130 years later...

< First commercial device
spring 1896

Commercial devices =2
nowadays

FYil
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.CONSPIRACY THEORY DETOUR...

Wilhelm Conrad Roentgen
Fall 1895

1 year later...

Nikola Tesla
1896

Was Roentgen the first to discover X-rays?
Check this out
https://doiserbia.nb.rs/img/doi/0025-8105/2016/0025-81051610313V.pdf
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ADVANCED X-RAY IMAGING

CONVENTIONAL IMAGING

1.X-ray source — conventional X-ray tube

2.Detector sensitive only to beam
Intensity

3.Sample to be investigated

)

ADVANCED IMAGING

1.X-ray source with high coherence
(spatial/temporal) or capable of producing
different X-ray spectra at the same time

2.Detector sensitive to the energy spectrum
of x-rays

3.0ptical elements to condition the beam
upstream and/or downstream of the
sample
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ADVANCED X-RAY IMAGING

SPECTRAL
Imaging

PHASE-
CONTRAST
iImaging

ADVANCED IMAGING

1.X-ray source with high coherence
(spatial/temporal) or capable of producing
different X-ray spectra at the same time

2.Detector sensitive to the energy spectrum
of x-rays

3.0ptical elements to condition the beam
upstream and/or downstream of the
sample
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X-RAY IMAGING IN WAVE FORMALISM

Just a few slides

Detector
Y (F) Your(x,y; E)
X ‘l‘ y M
X-ray \
source
I_\\—_ Sample
T— _—Fr—b
n(x,vy, z; E) Z
| L
Sample plane Detector plane
| |
Y(E) =incoming X-ray wave with energy E 0 Zy

Y,out (X, y; E) = outgoing X-ray wave modulated by the sample

n(x, Yy Z; E) = complex refractive index JRRigon, Luigi. "X-ray imaging with coherent sources." (2014): 193-216.
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X-RAY IMAGING IN WAVE FORMALISM

Just a few slides

* In the wave model the interaction of X-rays with
matter is described through the complex refractive

index n
Detector .
W(E) Your(x, y; E) n(E) =1-6(E) +ip(E)
C y |
X \
o \ 1 - absorption
X-ray | il p(E) = 2k coefficient
source
I | | Sample | -
i . n(y,zE) Z
L
Sample plane M | Detector plane

0 Zy l
Y (E) =incoming plane wave at energy E l
INFN

Yout (x,y; E) = object-modulated wave at energy E
k = wave number
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WHY ?

WHY PHASE-CONTRAST?

- water .
R 3 iodine N S ~ —— 5 water
106 T 8 b 107  ~ ,0/7
- Y a — 3 bone 5 ~ OSE
: XN J ~ - = § water e
S n p/7 e S~ = = ¢§ water
ST, 05@ - = Jiodine T~ <.
20 40 60 80 100 20 40 60 80 100

Energy (keV) Energy (keV)

* For light materials and energies in the range 10— 100
keV phase effects are much larger than attenuation

* Energy dependence of the attenuation coefficient is sensitive
to chemical composition (i.e., difference in atomic number Z)

)
/*‘(E) — Hphotoelectric (E) T Uscattering (E) T .uKedge (E) E ~10°
X EZTALS X / # 0 at Kedge

to increase visibility of light materials!
e.g. soft tissues
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X-ray imaging fundamentals
Spectral imaging
Phase-contrast imaging

Spectral phase-contrast imaging



X-RAY SPECTRAL IMAGING

* Spectral imaging requires to probe the
attenuation properties of the sample (at least)

at 2 different energies

Low energy  High energy
1000 - image image

—judine

Low

Adipose

S
L

Skeletal muscle

100 ]

%
E .
O k= i 1 lodine k-edge
e I pJ
o a S 1 i
Water-iodine solution G (@ c 10 - b
o S B | |
- 'c = | 11
-~ - | |
~ O - Lo
I = g ] B
5 a- n .y
= | i
: | |
0.1 L
10

X-Ray Energy (keV) -

Water
lodine

* Images acquired at different energies are
processed through matrix inversion algorithms
to extract (quantitative) maps of elements of
Interest

Acquired @ Elettra — bent Laue crystal
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X-RAY SPECTRAL RADIOGRAPHY — BASICS (1)

Monochromatic X-ray beam

with energy E

Detector

>

UoI}SOd

Signal

Beer-Lambert law

| = IOe—fM(E)dZ

For a homogenous object of thickness T

T IO e_.u(E) T
(E) pT
[ = I,e
. (E) — mass attenuation coefficient

P
independent on the physical state

of the material/compound
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X-RAY SPECTRAL RADIOGRAPHY — BASICS (2)

If we have 2 objects made of different materials...
Monochromatic X-ray beam

D | S
with energy E etector 3 p p
g- [ =1I,e —E(E)‘1,01T1 - E(E)‘ZPZTZI

I T,

| [
| I — | _,u u _
’ P=—-In(—|=|=E)| pTh + =(B)| p2To
lo [ 1 P 2 _

From a single image |, one cannot uncouple/distinguish the 2
materials, i.e. we cannot solve the equation for p;T; and p, T,
Signal

Note: the object can be also a mixture of the two materials




BASIS MATERIAL DECOMPOSITION

Low energy image P! = a p1T4 + a p,T,

—
o
M2

— 1 Water| -
2 lodine| |

—
D.—'L

In @ matrix form:

—
o
=

Mass attenuation coefficient (cmzfg)

M‘l u‘l

2 (P1 T1)
P21,

20 40 60 80 100
Energy (keV)

=)
VR
9
N—
1
=)

Two monochromatic energy channels (e.g., with synchrotron)

References 1
* Alvarez, R E; Macovski, A (1976). Enerqgy-selective reconstructions in X-ray 1} l u l
computerised tomography. Physics in Medicine and Bioloqgy, 21(5), 733—744. _ —
. . (P1 T1) Pl; Pl, (Pl )
* Lehmann LA, Alvarez RE, Macovski A, Brody WR, Pelc NJ, Riederer SJ, Hall AL. —=
Generalized image combinations in dual KVP digital radiography. Med Phys. 1981 P2 Tz

Sep-0Oct:8(5):659-67
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http://iopscience.iop.org/0031-9155/21/5/002
http://iopscience.iop.org/0031-9155/21/5/002
https://doi.org/10.1118/1.595025
https://doi.org/10.1118/1.595025
https://doi.org/10.1118/1.595025

MULTIPLE BASIS MATERIAL DECOMPOSITION

* The algorithm can be extended to multiple energy channels and multiple

% v decomposition materials
= — Calcium
_? 102_' lodine
S _ . |——Barium
(s | |—— Gadolinium K% o .
5 O [ U 1 U m ) Decomposition matrix
3 10} cluyp==| pt+ - +-| p™
c — (O lLl'l - p p
= 211110 Pl4 Pl4 =
= 107 . 55 : : Y
T 9 v 1 ” m JIV
© -
& 101 | P4 i L . 1 - m
R 20 40 60 = [ Fn 0 pr . o, P

Energy (keV) n n - P

| | p=A4"u
m(< n) materials :
(=n) Inversion performed
NOTE: through least-squares

The choice of basis materials is crucial for the decomposition quality!
E.qg., if materials are too similar the noise will be amplified
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SPECTRAL IMAGING SYSTEMS

X-ray spectrum-based Detector-based Crystal-based
pixel-by-pixel energy discrimination | energy dispersive systems based on
bent crystals (@ synchrotrons)

-2 X-ray tubes with differe

A -

0 50 100 150 3 -\\_\‘“‘“xee_@:uamﬂ’;/,

Voltage switching

1 . . . 1 03
\ X-ray spectrum

lodine
- = \Water

1] 30 100 130

o
o

*Dual layer detectors

o
o™

_,_,——'—_'_'_'_'_'_ > - = —— o . i HK"" —

Detector

b
TN
~
~

<
~

“f~ _Th1<E<Th2 E>Th2 1100

o
o
/

l-.h
h‘
_—
SR —

Intensity (normalized to max)
5_1
Mass attenuation coefficient szfg

10 20 30 40 20 B D
Energy (keV) €am
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SPECTRAL DETECTORS

k-edge
i spectral <« Funded by INFN
' tomography

F Brun, et al. Phys. Med. & Biol. 65.5 (2020): 055016.

* Spectral detectors can acquire multiple images
over different energy channels in a single shot O Py — s el
| L e : Low (?nergyﬂzs., .33 Y

High energy > 33 keV

4 .

. . -,
.
A

T e AN

* High-Z sensors (CdTe, CZT, GaAs, ...) are used for
spectral imaging due to their high efficiency at high

energies (>30 keV)

CHIP/PRODUCER PIXEL SIZE NUMBER OF
(wm) THRESHOLDS

lodine map

Water map
P 3‘1-' "t_:":‘:..; o -

MEDIPIX3 55 2 (8 in 2x2 Binning)
PIXIRAD - PIXIEIII 62 2 "T’i é
DIRECT CONVERSION 100 2 fﬁ
DECTRIS - EIGER 2 75 2 %‘5’
TIMEPIX4 55 Full Spectrum, ~1.5 g ?,;
s

KeV resolution
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SPECTRAL DETECTORS: HOW DO WE MEASURE X-RAY ENERGY?

Energy measurement principle

Example: Timepix Example: Medipix, Pixirad Example: CITIUS by REIKEN

- UNIVERSITA
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ENERGY MEASUREMENT VIA TIME-OVER-THRESHOLD (TOT)

. . L . cathode
The signal amplitude and duration is proportional to

the energy released in the sensor from the X-ray

!

When the signhal amplitude exceeds a threshold, a
clock starts. It stops when the signal is below the

threshold

The number of clock cycles is proportional to the
Discriminator
1000

amplitude i.e. the energy
comee__((NNMMNNNANAN ORADOL

For each event you have the full energy information — R T A
& | = > Energy [keV
(hyperspectral performance)

AV ~100-1000V

pixellated anodes

electronics

Timepix4 Calibration Curves Density Plot

0.00016
3000

=
(=]
(=
=
]
i
]

2500 1

ty [u.a.

0.00012

Preamplificator ¢

2000

0.00010

L K K N ]
ToT [ns]
Curve Dens

0.00008

1500

man

0.00006

Calibrat

0.00004

0.00002

Delogu, P., et al. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 1068 (2024): 169716.
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ENERGY MEASUREMENT VIA DISCRIMINATION (PHOTON-COUNTING)

cathode

The signal amplitude and duration is proportional to the
energy released in the sensor from the X-ray

!

When the signal amplitude exceeds a programmable energy- electronics
calibrated threshold a counter is incremented (+1)

AV ~100-1000V

pixellated anodes

—~ 200 o
& e
~+ 3 O
1 . s8§7
S o =
e ELE
: . . . . W ao
By having multiple thresholds per pixel multiple energy bins o N
: - ST =
are acquired O S 395
Q 6T .
¥ - S g
Q wS 82
B3
2 Sk
o NER)
1 1 i | (@) S -g
0 o0 100 150 200 250 %m g
time (ns) 3 2

- UNIVERSITA

| DEGLI STUDI
DITRIESTE

Istituto Nazionale di Fisica Nucleare



MODELLING DETECTOR’S ENERGY RESPONSE

Rlow(E) Rhigh(E)
4 .
%) 0.15 ¢ Experiment * 12
- Simulation
=
o 1k
~ Te escape
pug . 10 keV @
e 0.1 ) 5 S
g Cd escape = o 0.8
3 14 keV Cd fluorescence %‘ =
o =2 -
- = = |
g 0.05 _E? = 0.6
- = &
o 2 S
5 5 3
= 4 = Q04
-
0 : : : A ) ; A4 :
10 15 20 25 30 35 40 45 02k Low en bin B
(a) Threshold energy (keV) ¢gt2|en bin
Ln

40 ol

Energy (keV)

60 90

Low energy threshold High energy threshold

1. Measure the energy response of the detector to
monochromatic radiation

3. For given threshold setting, compute the probability
that a photon of energy E is counted in a given bin

2. Model its energy response at arbitrary energy levels
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Counts/Input photons

COMPUTING THE BASIS-DECOMPOSITION MATRIX

Detector response
Rlomi(E)

Rhigh(E)

30

40

50 60 70 80
Energy (keV)

90

X

Intensity (normalized to max)

o

o

o

o

X-ray spectrum

Energy (keV)

Decomposition matrix calculated as a weighted sum of the mass

attenuation coefficients.

The weights are given by the system’s spectral response

1 . 10°
\ X-ray spectrum
lodine
8 - = \Water ;
110
6T
10
4
~
- S~
~ o 10°
27
O I . L ,10—1
10 20 30 40 50

Mass attenuation coefficient Cm2/g

System’s spectral
response

Riow(E)S(E)
é: 0.002 ] lgh(E)‘S:m(Eh')
D‘] 0 20 30 40 Energiﬂikevj E-ID' {0 ﬂjﬂ' 90
/!_lj - J SR (E)u/pj(E)dE
P; J S(E)R;(E)dE
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APPLICATIONS: CADIOVASCULAR IMAGING

Binl [27, 33] keV Bin2 >33 keV

5

&

Ex-vivo murine model perfused with pAngiofil®

uolJ9d ejoed 01 syuey

* 35 um voxel size
e 790 x 790 x 2500 voxel x 2 energies
12 Gb dataset

In collaboration with




APPLICATION TO CA4+ LABELED OSTEOARTICULAR SAMPLES

Low energy High energy
a) 300 -
5 (a) CA4+
c = = solution
— S = _
s C < 200- cartilage
o O O L
N + -
— c =2
2 g > 100
i >
£ g : bone
= O
c O
& 0 -
=
1 . . . . . . .
< Bovine stifle joint sample labeled with a cationic
v iodinated contrast medium (CA4+)
= i
@ ©
M : 1
S O cartilage}
> S subchondral bonej i R
3 '3 ~10 mm
= trabecular bone
q w
In collaboration with: Hyd roxyapatite/bone - .
EMILA-ROMAGNA Fantoni, Simone, et al. The European Physical Journal Plus 139.8 (2024): 1-10.

«« Istitute Ortopedico Rizzoli di Bologna
Istituto di Ricovero e Cura a Carattere Scientifico
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APPLICATION TO CA4+ LABELED OSTEOARTICULAR SAMPLES

CONVENTIONAL SPECTRAL
(c) 40 I
- =
E E SD ‘-"
o [=)
o E20
e @
v £
- 810
= o
C
§ 0
i (f) 120
E —
3— S 100 - 100
o =
5 3 80 = 80
& S -
Vs
- >, 60 5 60
% L <!
20 PR, 20
0.0 - 051.020 0.0 051020
distance from tidemark (mm) distance from tidemark (mm)
In collaboration with:
o {rairi v G «*&@ﬂmﬁ Fantoni et al. “Quantitative spectral micro-CT of a CA4+ loaded osteochondral
““““ e o G opamr e MRS, z__ai.,;i sample with a tabletop system”. Accepted in EPJ plus (2024)
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QUANTITATIVE MULTI-CONTRAST uCT

bin1 - [21, 26] keV bin2 - [26, 33] keV bin3 - [33, 37] keV

=0 (el 9 (P
» @& Wl

Spectrum |
[21,26] keV
[26,33] keV
[33,37] keV
[37,42] keV
[42,47] keV
[47,50] keV
[50,57] keV
~ >57keV__ |

o)

=
W
-
0
-
S
O
= 4
Q.
«
-
-
-
O

B

——Water
o binb - [42, 47] keV binG - [47, 50] keV bin7 - [50, 57] keV
| ——Barium

[ ‘ o Jk\-
3 ) u
. i . %
] - L:l . =
. % o 2

Energy (keV)

Di Trapani, V., L. Brombal, and F. Brun. "Multi-material spectral photon-counting micro-CT with minimum residual
decomposition and self-supervised deep denoising." Optics Express 30.24 (2022): 42995-43011.

bind - [37, 42] keV

# ) \)

bin& - [57, oo keV



QUANTITATIVE MULTI-CONTRAST uCT

lodine Barium Gadolinium Soft tissue Bone

Composite image

lodine 37.6 + 0.8

jodine
bari Barium 30.2+ 0.5
arium
gadolinum Gadolinium 41.2 + 0.4
bone
soft tissue g

£ <

V. Di Trapani, L. Brombal, and F. Brun. "Multi-material spectral photon-
counting micro-CT with minimum residual decomposition and self-
supervised deep denoising." Optics Express 30.24 (2022): 42995-43011.

- iodine



Counts/Input photons/keV

lodine
dilution

Spectrum
[26,33] keV
[33,42] keV
[42,70] keV
[70,92] keV
>92keV

c)

Gold distribution map

rendered
volume
5 mm 5 mm
c) lodine distribution map

i —

rendered
volume

slice

slice

rendered
volume

rendered

volume

APPLICATIONS: HIGH-ENERGY SPECTRAL IMAGING

Calcium distribution map

slice

slice

e)

Gold + Calcium + lodine

rendered
volume

Perion et al. “Spectral micro-CT for simultaneous gold and iodine detection, and multi-material identification®, accepted on JINST (2024)
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Spectral imaging
Phase-contrast imaging

Spectral phase-contrast imaging



PHASE EFFECTS

A naive interpretation

Refraction
(= differential phase contrast)

VL
Sample

X V4

a = —nyfc?(x,y,z; E)dz

* Within the ray-optical approximation phase effects =
refraction

* Refraction is proportional to the gradient of & = strong at
the edges

* Refraction angles range 1-100 purad

Ultra-small angle scattering
(= dark field)

Microstructured sample

l/

N

-
o

* In microstructured samples multiple-refraction
occurs, causing a diffusion of the beam in the
range 1-100 prad

* The “amount of diffusion”, i.e. scattering signal,
depends on sample’s properties at a scale smaller
than the system’s spatial resolution




PROPAGATION-BASED ANALYZER-BASED EDGE ILLUMINATION
) ‘1 __ detector Iy
y | I
object analyzer X Z
. sample detector
< < g { gz % A mask mask
R(U-04) ) ! IC(Ady)  detector
y
object detector
INTERFEROMETRY GRATING INTERFEROMETRY SPECKLE IMAGING
W phase
stepping
detector Y 4 B
Y objec % E
“ — — > ZF
analyzer = = ||°
X7 - z” = —
\ O mirror G, G, d
splitter object detector etector
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DEGLI STUDI

" DITRIESTE



PROPAGATION-BASED ANALYZER-BASED EDGE ILLUMINATION

‘1 detector Iy‘ I—
vl ,
é . y l {%object I
& 2 ) i i S L object analyzer sample " detector g |-
X / Z Lo - mask mask
S 6 &0 S Z |
R(5-5,) ! tect
B Ay IC(Ay) detector
object detector
INTERFEROMETRY GRATING INTERFEROMETRY SPECKLE IMAGING
phase
stepping . s
detector v dlffgser y
Y object g % % E
Q{j O = — . XHi Z>
analyzer "‘2( = = il
XT mirror 2 = —
%1 2 bject detector
splitter object detector OPJEC
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EDGE ILLUMINATION: HOW IT WORKS

Sample Mask Refraction (due to phase-shift)
M1 l
I I T ;'— ——No Sample
) ) - - —-Sample
Conventional I Phase” sample 0.8
X-ray tube / I I
I Refracted beamlets £0.6
©
) :
< 04
| H -
2027
| ! N B B
I -20 -10 0 10 20
Detector Mask I Masks relative displacement (zm)
M2 lllumination curve (IC)
« L’? > « >

Source-to-M1 M1-to-detector

Olivo, Alessandro. "Edge-illumination x-ray phase-contrast imaging." Journal of Physics: Condensed Matter 33.36 (2021): 363002.
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EDGE ILLUMINATION: HOW IT WORKS

Scattering (a.k.a. USAXS, dark-field)

Detector Mask Masks relative displacement (zm)

Sample Mask A
M1
I I Tr ——No Sample
. - - = =Sample
Conventional I Microstructured sample 208!
X-ray tube I s
Diffused beamlet £06¢
@ g
N |
= o4r Yy
S
202}
| ] ="
I -20 -10 0 10 20

lllumination curve (IC)

Source-to-M1 M1-to-detector
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EDGE ILUMINATION: SIGNAL RETRIEVAL

M1 I With sample

2/3 parametric images

-+ Attenuation u < f = conventional X-ray imaging

» Refraction angle a < Vé - refraction/phase maps
~ (via integration)

M?2

I(x) = (S +IL)(x — Ax)t — ¢ Scattering o = Dark-field or USAXS imaging

2/3 (or more) input
images at different Phase Retrieval
e—

Positions on the IC

Both planar (2D) and tomography (3D)

Transm ission/attenuation Refraction (prad) Scattering (prad?)

M. Endrizzi et al., Appl. Phys. Lett. 104, 024106 (2014)
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PHASE-CONTRAST CAPABILITIES

Brombal, Luca, et al. Sci. Rep. 13.1 (2023): 4206

2.6
1.1
1.0 |
0.9 Attenuation
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Phase contrast radiography
Phase contrast tomography
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EDGE ILLUMINATION PROS AND CONS

Compatible with low- “Photon hungry” technique
coherence X-ray source

Works with polychromatic Alignment of masks is

spectra critical
Flexible acquisition Masks are ‘relatively”
protocols (sensitivity vs expensive

speed, spatial resolution vs
speed)
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PROPAGATION-BASED ANALYZER-BASED EDGE ILLUMINATION
‘1 detector Iy t I—

A

y A

y I g?object I_

&2 2 i i li object analyzer sample XU detector -

O, ZF gz, F

’2{ < < g ‘{ g P + > mask mask
R(0-0;) I A

detect
Ay IC(Ay) etector
object detector
INTERFEROMETRY GRATING INTERFEROMETRY SPECKLE IMAGING
phase
detector y stepping diffuser  y1
' — = P
Y object g % = = |
e = = Xy z
analyzer "‘2{ = = il
X7 mirror 2. - —
G, G, | d
splitter object detector object etector
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PROPAGATION-BASED IMAGING - PBI

No propagation With propagation
0 Zy
e n
>
> - / i |
incoming detail » refracted | |
x-ray beam i x-ray beam \
2 —— ot
. |
) * " N
X intensity
object plane - image plane
- »
r]

y

Wour (X, ¥; E) = P (E)e™*) PyzE)dz e@(x’y’z@

O(x,y; E) = —kfr?(x,y,z; E)(dZ <¢uus PHASE SHIFT

2R Wilkins SW, et al. (1996) Nature 384: 335-338.
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X-RAY INTENSITY PROPAGATION
(after some calculations...)

No propagation With propagation

conventional
attenuation image

I(x,y;2 = zo) <Lg(x,y; 2 =

[ ] | — -refraction
L8| ‘ ----absorption l
—combined
1.4
:%\1.2*
£ | phase contrast term!
08| | X Zo( = propagation distance)
06 -300 -200 -100 o) 100 210 300 m V ¢(x’ y)
fum

Edge enhancement
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PAGANIN’S PHASE-RETRIEVAL = “UNDOING PROPAGATION”

Zg

Forward propagation (optical)

plane e

ol g H 1 ZO 5 Vz ” =

-~ — o — Z

7. 2k N

= E —F -
- Zy0 )

H = 1 PY) 2 2 »

( 1 2KG (us+v )) 1
"H ~ |tmage
’ ) plane e
Backpropagation (numerical) e —— e

—Propagation + Phase retrieval

Large Noise SNR Blur
area (o) (resolution?)
Contrast 1
Propagation -'?
7p
C
L
Phase k=
retrieval 0.5
Propagation +
phase
retrieval
*Gureyev etal., J. Opt. Soc. Am. A 34, 2251-2260 (2017) 00 50 100 150

s*Brombal, Luca. X-ray phase-contrast tomography: Underlying Physics and Developments for
Breast Imaging. Springer Nature, 2020.
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PROPAGATION-BASED PROS AND CONS

A high-coherence X-ray source
IS required (low power or

aslest phase-contras synchrotron)

technique to implement

It does not give access to
different contrast channels
separately (phase and
attenuation are linked)

Widely used in research, robust
data processing
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PROPAGATION-BASED BREAST CT @ SYNCHROTRON

SYRMEP Beamline @ Elettra synchrotron

SPC

monochromator
(8.5 - 38 keV)
VA |
<©>
@>— %

detector

Slit systems patient room

~32m

Elettra Sincrotrone Trieste

MAMMOGRAFIA CON
LUCE DI SINCROTRONE

=
|

- UNIVERSITA

| DEGLI STUDI
DITRIESTE




49

CLINICAL VS PBI BCT

PBI APPLICATIONS
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* Brombal, Luca, et al. "Image quality comparison between a phase-contrast synchrotron
radiation breast CT and a clinical breast CT:
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PBI APPLICATIONS: VIRTUAL HISTOLOGY IN THE LAB

X-ray source
pinhole
collimator

copper rotating
anode

-"-"-—____-:-—-"'.-

double bent

detector
monochromator

sample stage

filament

*— 88 cm 4— 11 crm =—

Axons
SUOXY/

i) Adventitia

ii) Muscularis propria
iii) Sub-mucosa

iV) mucosa

Brombal, L., et al. Physical Review Applied 11.3 (2019): 034004.
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OUTLINE

X-ray imaging fundamentals
Spectral imaging
Phase-contrast imaging

Spectral phase-contrast imaging
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-~ - - = ) water

20 40 60 80 100 20 40 60 80 100
Energy (keV) Energy (keV)

* For light materials and energies in the range 10— 100
keV phase effects are much larger than attenuation

* Energy dependence of the attenuation coefficient is sensitive
to chemical composition (i.e., difference in atomic number Z)
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SPECTRAL IMAGING PHASE-CONTRAST IMAGING

4

v' BOTH SOFT TISSUE VISIBILITY AND MATERIAL QUANTIFICATION

v' ROBUST METERIAL DECOMPOSITION THANKS TO THE LOW-NOISE PHASE-CHANNEL

v' DECOMPOSITION OF 1 ADDITIONAL MATERIAL BY ADDING PHASE CHANNEL INTO DECOMPOSITION MATRIX
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SPECTRAL PHASE-CONTRAST MATERIAL DECOMPOSITION
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What if we want a third material?

Hiow =

Hhigh =

u water u lodine
| water lodine
Hiow = — P + — P
p low p low
water lodine
_ _ E water 4= U lodine
Hhigh = P P
p high p high

Add the phase (6) channel!

water calcium lodine
ﬁ water -I-E calcium il = /l lodine
p p p
P low P low p low
water calcium lodine
E water _|_E calcium 4+ = 'u lodine
p p p
p high p high p high
5 water calcium lodine
water calcium lodine
- p + = p + - p
P P P high
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EDGE-ILLUMINATION SPECTRAL PHASE-CONTRAST CT @ ELETTRA

=\

Pixellated
a Sampilfelllvlask detector ~, [ spectral
| I_ detector
S I
X-ray tube I ampre I_.
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>
- 1 2
L ——No sample !
(@ 08 ——sample Elettra Sincrotrone Trieste il 38
_|q_); 10° — — — 107 0.08 . . . .
_ | th2=33keV [ T S
R 2067 i [__ISingle energy bin
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& Brombal, Luca, et al. "Edge-illumination spectral phase-contrast

tomography." Physics in Medicine & Biology 69.7 (2024): 075027 .
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SPECTRAL Attenuation Attenuation

[26 — 33] keV > 33 keV

lodine
2~ "nsolution

-
/’ -N\

/ \
{\0.01 g/ml} I/ \‘
U4
“see__.”"  10.05g/ml|
Water B \ J

\\ ’

INPUT

~——’

‘—.\
Ve

. \
10.18 g/ml;
\ :

e . .
10.37 g/ml J1L ' it

] a/mly calcium material , decomposition

‘\__‘/

solution

v" YES lodine contrast medium quantification
x NO calcium quantification

x High noise in water image

x Contamination of calcium in water image

OUTPUT

Brombal, Luca, et al. "Edge-illumination spectral phase-contrast
tomography." Physics in Medicine & Biology 69.7 (2024): 075027 .
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SPECTRAL + PHASE-CONTRAST Attenuation Attenuation

[26 — 33] keV > 33 keV Phase (8)

lodine
gl 5O lution

I Calciupd T moterial decomposition

solution

v" YES lodine contrast medium quantification
v" YES Calcium quantification

v Low noise in decomposed images

v' NO contamination

OUTPUT

Brombal, Luca, et al. "Edge-illumination spectral phase-contrast .
tomography." Physics in Medicine & Biology 69.7 (2024): 075027 lodine
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SPECTRAL PHASE-CONTRAST: EX-VIVO MURINE MODEL

Attenuation [26 - 33] keV Attenuation > 33 keV Phase (0) formalin solution

2

 Murine model (ex-vivo) in
formalin

b

* Perfused (ex-vivo) with
iodine-based contrast
agent pAngiofil®

Trabecular
bone structure

* In-plane pixel size 20 um

Blood vessels
in lungs

1

In collaboration with:

HELMHOLTZ
MUNICI?

Brombal, Luca, et al. Phys. Med.
Bio. 69.7 (2024). 075027.
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...TAKE HOME...

* Detector-based spectral imaging already in clinics and in micro-CT laboratories

* Phase-contrast is widely used in pre-clinical and non-clinical studies. It is moving its first step into
clinics

 The combination of the two techniques will become an option in the future and research is
starting now

Finanziato

dall'Unione europea THANK YO U !

NextGenerationEU
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