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X-ray Phase Contrast Imaging

Mammography + medical
applications, phantoms

1. X-RAY IMAGING

Computed Tommography

Material Characterization

I

Data Acquisition & Imaging optimization

HEP LAB.

Mayo 21 2024

2. DAQ + DETECTOR

Gas detectors

HARDWARE

Semiconductor Detectors

Scintillating Detectors

l

Muon Tomography.

3. MUON IMAGING

AL

Muon scattering

Engineering and Geophysical
Applications

C. Avila, UNIANDES




[1]ios Andes X-RAY ATTENUATION IMAGING BASIC PRINCIPLE

Starting from Beer-Lambert law:

I(E,z) = 1,Exp|— u(E, z)z]

For an object embedded in a medium:

I, = LExp[—p, (I — )] - Expl—psl;]

Contrast can be defined as:

I et smcomo

I For polychromatic sources:

Source

I(z,y) = / Io(x,y)eW1=m2)To(@¥) D(X)dX

Seminario Fisica Nuclear UNIANDES,

C. Avila, UNIANDES 19/09/2022



Departamento . .
| ji J oo X ray phase contrast imaging

Many biological and human tissues are soft: they have low X- ray
absorption - they are difficult to visualize with conventional X ray techniques:

- Breast Tissue

2 specific cases: — —=< - Blood Vessels ( withouth a

contrast agent)

The EM wave propagating through tthe
sample is P = Poexp (i%z)

3000 - —— Aorta

— PMMA
Polietileno

—— Polipropileno

Silicona

PVC

2500 -

In the x ray energy range the index of refraction can
be writenas :n=1— 6+ if 2000 -

» = Phase effects are produced by § 2 1500 -

1000 -

= Attenuation effects are caused by

For many soft tissues é is ~ 3 orders of magnitude .

greater than B = phase effects could enhance B
Image constrast 0 20 40 60 80 100 120 140

Energia (keV)
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| }i |3§‘é?;ii’“e"t° X ray phase contrast imaging

* A microfocus X —ray source is required (focal spot of ~ um) to have a high spatial
coherent beam

* A high resolution detector is needed to observe small changes in intentsity due to
phase variations

* Photon energy measurements by the detector will allow to perform spectral image
analisis.

« A grating ( a mask or sand paper) diffracts the X-ray beam producing a known phase
shift, allowing tomeasure the phase shift induced by the sample.

» Specialized phase-retrieval algorithms need to be applied to the final image.
Sept. 16 2024 UNIANDES - CERN



X-ray Source Technical Specs

jos Andes UNIANDES X RAY TEST SETUP

Hamamatsu L10321

W Anode, pFocus (5um)
Voltage: 0kVp to 100kVp
Current: OpA to 200pA
Continuous Emission

Air Cooling

MICROFOCUS
X RAY TUBE
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X-ray Shielding Cabinet
Steel casing over Pb shielding
Pb glass

Heat Exhaust port
Dimensions: 2m x 1m x 0.8m

C. Avila, UNIANDES

UNIANDES X RAY TESTING SETUP

Safety Interlocks

- Temperature (24°C max)

- Door

- Software Comm (3s poll time)
- External Timer

Seminario Fisica Nuclear UNIANDES, 19/09/2022

Positioning System w/ 4 axis

X: 10um/step

Y: 1.25um/step, with position sensor
Z: 10 um/step

0: 0.03°/step
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MEDIPIX Detector

An incident photon
generates e-hole
pairs

The reverse biasing
of the sensor diode
structure drives the

A
opoRORONE
/o readout chip

The charge is shaped
and a threshold
applied

Digital processing
and readout occurs

The data is read out
off the chip

INTERNATIONAL SYMPOSIUM ON NUCLEAR APPLICATIONS,

C. Avila, UNIANDES 06/11/2019

Electronics
for 1 pixel:

55 um

* Analog side:

Preamplifier, High Level

Discriminator, Low Level
Discriminator, 8-bit Pixel
memory

* Digital side:

Window discrimination logic, 13-
bit Counter

>500 transistors/pixel
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SPECIAL FEATURES OF THE TIMEPIX3 DETECTOR

Timepix3 detector working principle.

Absorption Efficiency for Si, Se and CdTe Sensors
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INTERNATIONAL SYMPOSIUM ON NUCLEAR APPLICATIONS,
06/11/2019
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Image Stack Pixel Stack k
- Dataset:
* Frame stack with at least 6x Fulll
& Mij) H| dose
* 5sframes
:> % Dose Reconstruction:
¢ ° X * Sum frames equal to desired dose
o

E : z

= ° Flat Field Mask:

= o MOEN) e * As much dose as possible,
considering detector stability in time
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l0s Andes NOISY PIXEL CORRECTIONS
Malfunctioning Pixel ‘ Correction Masks
Analysis 8-Neighbor Interpolation
Noisy Pixels —1 frame Noisy Pixels — Various frames

Pixel Status Mask - Frame 100 Pixel Status Mask - Frame 100
. — : T - h 1 B - T T j o I
i { 128+ . ' ' T

e = = { 102t - L s—«“ :
eo® & O ' '
ﬁ@@ ' ' ' ‘ : 256 = s .
1 64 128 192 256 1 B4 128 192 256
-12
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los Andes ENERGY CALIBRATION

* Linearity of the calibration with X-ray fluorescence and Radioactive Fe-55

Hi rams of the X-ray fluor nce and Radi iv . . . . .
stograms of the X-ray fluorescence and Radioactive Energy calibration linearity of theTimepix3 detector
(Fe-55) spectrums
30
— Fit
@ Experimental data
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osandes CHARGE SHARING + CLUSTERING

* Charge-sharing in Photon-counting detectors

»

Real
Photo
n
charge

/

Imm CdTe Pixel position
sensor

X-ray photon

Charge
shower

Detected‘ I
Photon
charge

VRN

Detector pixel array

L1 111
Pixel position

Requires individual photon energy information.

C. Avila, UNIANDES Seminario Fisica Nuclear UNIANDES, 19/09/2022

Charge-sharing increases with:

Sensor thickness.
Smaller pixel pitch.
Lower bias voltaje.

Three methods:

Unclustered Image.

One-pixel clusters: Only events that
took place in a single pixel.

‘Full clusters’: All pixel size clusters.
Energy volume is allocated to the pixel
closer to the cluster centroid.

14
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MAMMOGRAPHY APPLICATIONS

* Microcalcifications
present in malignant
breast tumors are

composed mainly of . .
Calcium Early diagnosis of

Hydroxiapatyte. breast cancer is vital for
increased survival, with
the lowest possible

_ radiation exposure!
* Benefit of

mammography
screening could be
reduced due to the risk
of radiation-induced
tumors.?

1 M. C. Jansen-van der Weide, M. J. Greuter, L. Jansen, J. C. Oosterwijk, R. M. Pijnappel,
and G. H. de Bock, Eur Radiol, vol. 20, no. 11, pp. 2547-2556, Nov. 2010 .

Sept. 16 2024 UNIANDES - CERN 15



Universidad de

losAndes  |MAGING SETUP - COMMERCIAL DEVICE

Hologic Selenia Dimensions w/ AWS5000

5 Selenia Dimensions with AWS 5000 — A flexible platform for the next dimension in breast imaging, Hologic Inc., Marlborough, MA, 2011

C. Avila, UNIANDES Seminario Fisica Nuclear UNIANDES,
19/09/2022

X-ray Source Technical Aspects
* Wanode

* 50um Rh filter

* Operated at 28kVp

* High power: 7kW

* Focal Spot size > 100um

X-ray Detector Technical Aspects
* a-Se Direct Conversion FPD

e 200um thickness

* 70um pixel pitch

* Charge-Integration

X-ray Imaging Geometry
* Source-Detector Distance: 70cm
* Source-Object Distance: 63cm

16
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oshndes— APPLICATIONS IN MAMMOGRAPHY

C. Avila, UNIANDES

WAX INSERT

SPECKS MASSES

(ALO, speck) (Thickness)

7. 1054 mm 12. | 2.00 mm mass
8. |0.40 mm 13. | 1.00 mm mass
9. |10.32mm 14. | 0.75 mm mass
10. | 0.24 mm 156. | 0.50 mm mass
11. | 0.16 mm 16. | 0.25 mm mass

Seminario Fisica Nuclear UNIANDES, 19/09/2022

Mammography
Accreditation
Phantom CIRS,
model 015

17
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Both setups generate the same spectrum, with Timepix Si Detector as Dose Calibrator:
different intensities * Highly stable detector
Filter Detector * Fast Acquisition Times: 1us—10us

vighourer * ESD [mGy] =@ total photon counts
:|—S\’\°"‘T‘me ~ » Cts/s and source pulse characterization

W anode + 50um Rh Filter

. 6 Dose
// \| Measurements:
+ \ * 40mAs = 1.79 mGy
Filter Detector |~ —-—"—1 * 50mAs = 2.09 mGy
b * 60mAs = 2.52 mGy
} * 70mAs =>» 2.95 mGy
Time
Low Currgn; * 80mAs = 3.36 mGy
* 90mAs = 3.79 mGy
C. Avila, UNIANDES Seminario Fisica Nuclear UNIANDES, 18
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los Andes PHANTOM X-RAY ||V|AGES

CdTe 1mm

€
-1
]
~
A
<

540um Specks 400um Specks 320um Specks | 2u Secks

Seminario Fisica Nuclear UNIANDES,

C. Avila, UNIANDES 19/09/2022
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CNR - SPECK SEGMENTATION

MPX3RX CdTe 1mm - CIRS015 R8 - FFC

Signal Calculation

S = ZSR

k
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CNR - BACKGROUND SAMPLING

Checked Areas - No BG Extracted

Background Calculation
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1

1.1X to 38X

RESULTS — CNR PER REGION

» Average CNR for photon counting
CdTe detector is greater at all doses
and all speck sizes.

e Standard image quality could be
achieved with lower radiation
doses.

* MDPX + CdTe has better resolution
for smaller crystal sizes which could
be critical for early diagnosis.

Study of Contrast-to-Noise Ratio performance of a Medipix3RX CdTe
detector for low dose mammography imaging

Gerardo Roque *°, Carlos Avila?, Maria L. Pérez-Lara ?, Luis Mendoza ®, Simon Procz ©
* Departamento de Fisica - Universidad de los Andes, Cra. 1 No. 18A4-12, 111711, Bogowi D.C.. Golombia

* Deparmmentm de Fisica - Universided Militar Nueva Granade, 110221, Cra. 11 No. 101-80, Bogord D.C., Colombia

< Freiburger i - Albert-Ludwigs-Universitir Freiburg, Sefan-Meier-Strafe 21, 79104 Freiburg i Br, Germany

Nuclear Inst. and Methods in Physics Research, A 992 (2021) 165000

]inst Funiisn

TECHNICAL REPORT

CNR performance of semiconductor materials for X-ray
imaging of breast calcifications

L. Mendoza,”* C. Avila,” R. Rodriguez,” L. Loalza“ and G. Roque”

Seminario Fisica Nuclear UNIANDES, 19/09/2022 22




josandes TESTS WITH A HUMAN

BREAST TISSUE PHANTOM

Phantom constructed
with breast

Human tissue and
with hidroxiapatite
crystasl embeded
atifically by us. Tissue
donated by a patient
with breast reduction.

All ethical protocols and permissions
were followed.

Sept. 16 2024

0d) ", -

1 mm CdTe-Medipix3RX

X-RAY image taken
with a Selenia
mammographic system
of the Brest human
phantom.

0.5 mm Si-Medipix3RX

Investigation of CdTe, GaAs, Se and Si as
Sensor Materials for Mammography

Simon Procz™, Gerardo Roque, Carlos Avila, Jorge Racedo™, Student Member, IEEE,
Roberto Rueda, Ilvan Santos, and Michael Fiederle

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 39, NO. 12, DECEMBER 2020
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los Andes IMPROVING PHANTOM REQUIREMENTS
FOR MAMMOGRAPHY STUDIES

Mammography

=
—— < ———
B o Smcearsy
i
A
20 40 60

0 60 B0 100 120 140 1
Distance along the edge (px)

A Edge Spread Function
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® 0 00 0
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g

.0
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©oeo0ao
AL,05300 pm

“o e
A

co0eae
21705200 um,

Microcalcifications

Diagnostic + calibration phantom for

simultaneous Xray imageswith patients,

allow:

1) MTF, CNR in-vivo calibration
equipment measurements.

2) Diagnostic guide of microcalcificatiol

e L5F (G
Soerted 1EF

T s 7 10 135 150 19
Distance along the cdge (px)
B. Line Spread Function

imaging vs breast composition.

500

Interpolation of
known lessions to
diagnose real

lessions:
Phantom Breast

Patent: C. Avila. G. Roque, J. S. Calderon, Patente, “Fantoma de Calibracion y diagndstico”, Octubre 2022, SIC 054-2019

] Bermudez, G Roque, ] Calderén, P Pardo, M Sanchez, V Ramos, C Avila, “3D phantom for image quality assessment of 24
mammography systems”, Phys Med Biol. 2023 Oct 13; 68(20). https:/ /doi.org/10.1088/1361-6560/acfc10
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ATHEROSCLEROSIS

COMPLICATED LESION\RUPTURE
INTERMEDIATE LESION

FATTY STREAK

ATHEROMA

FIBROUS PLAQUE SUPERIMPOSED

/ THROMBUS

FOAM CELLS

o—— CRTICAL STENOSIS

10 YEARS
\ ANEURISM AND
RUPTURE

20 YEARS

30 YEARS
40 YEARS

>50

https://www.medicoverhospitals.in/diseases/atherosclerosis/

Raw ..
Images -

Phase ::
Images -

Phase retrieval contributes to enhance Image contrast >

Impact of phase retrieval in Angiography
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A X20 magnification
factor can be achieved
to increase pixel
resolution to about 3
um.

our setup can take up
to 3600 different
projections for high
resolution 3D images.

We are working on
configuring PCI and
spectral CT’s

MICRO COMPUTED
TOMOGRAPHY
Leg of a carpenter bee.




[NissAndes Atmospheric Muons

Monserrate Hill

N 04°36.174 W 074°03.672, peak altitude: 3200 m

Muon Flux open sky

90

= I = 1
Analog Signal | "L [
: | » - f(0) = I cos?(0)
TU ! E 084 %2 = 17.80; ndf = 17
| -
| = - I, =0.735 £ 0.009
| -E I
_________________ S 0_67
o L
= -
[T -
r c 04—
4,»4 PC LABVIEW = -
"""""""" = B
0.2—
i gl TSR A = —
: ™ Analog S. 90 ns Delay } oMM | o—
=™ Digital S. 64 ns Delay | STARY X - | | | | | | | |
i = Trigger Signals | Digital Signal | L1 [ L L L1 L L L N
S | oo | o 80
| Analog Processing y B(dEQTEES)
P T +-15V | .
|

instruments [MbP |
~—

| |

(5 l_)cztg fc_qgliltlo_n_ _J High Voltage FAN InfOut Charge to Digital Converter Time to Digital Converter Article

Atmospheric Muon Flux Measurement near Earth’s
Equatorial Line

Muon ﬂux at Bogoté — 153 i 003 Cm—ZS—l Cristian Borja **, Carlos Avila *, Gerardo Roque  and Manuel Sinchez *
Instruments 2022, 6(4), 78; https://doi.org/10.3390/instruments6040078
Sept. 16 2024 UNIANDES - CERN
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l0s Andes
X-ray test with a full readout GEM detector

ROOT Object Browser

1_charge _piin_eoi

| 1_charge_piane0f
Entries 124234
Meanx 1444

ean y 107.3
StdDevx  68.11
StdDevy 7021

Sept. 16 2024 UNIANDES - CERN 29



Universidad de
losAndes  Atmospheric muon tracking with a full readout GEM detector

)
\
)
.
)
.
)
.
3
8
3
»
-
»
N
N
~

= Still need to improve efficency: ~80% for each
GEM detector

= 24/7 operation requires further improvements
in daq stability, specially temperature.

30

Sept. 16 2024 UNIANDES - CERN
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Scintillation matrx readout by SiPMs
Hodoscope

Barras
Cerro entelladoras Centelladoras
de

Monserrate

MPPC ARRAY

Paquete de 16
| Fibras Opticas ll’:"ms de | "
Transparentes |

Paquete de 16
Fibras Opticas >
Transparentes

MPPC Array #1
4x4 Canales

DAQ
\ PhotoniQ
7 IQSP480

MPPC Array #2
4x4 Canales

PC
DAQ
Software

Mayo 212024 C. Avila, UNIANDES
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UNIANDES HEP lab: some recent publications

Carlos A. Avila, Luis M Mendoza, Gerardo Alfonso RoquelLeonardo Loaiza, Jorge M. Racedo] Roberto J. Rueda, “Feasibility
study of a TIMEPIX detector for mammography applications”, Proc. of SPIE Vol. 10572 105720Z-2,
https://doi.org/10.1117/12.2285910

I Juan Sebastian Calderén Garcia, Glarardo Roque and Carlos Avila, “Construction of mammography Phantoms with a 3D printer

and tested with a TIMEPIX system”, Proc. of SPIE Vol. 10572 ,105720Y (2017), https://doi.org/10.1117/12.2285897

3. | J.S. Useche Parra jmd C. Avila, “Estimation of cosmic-muon flux attenuation by Monserrate Hill in Bogota”, Journal of
(0] T P02015, 2019, https://doi.org/10.1088/1748-0221/14/02/P02015

;

10.

11.

12.

S. Procz, C. Avila, J. Fey, G. Roque, M. Schuetz, E. Hamann, “X-ray and gamma imaging with Medipix and Timepix detectors in
medical research”, Radiation Measurement, Vol. 127, 2019, https://doi.org/10.1016/j.radmeas.2019.04.007

C. Navarrete, S. Frocz, M. Schiitz, G. Roque, J. Fey, C. Avila, A. Olivo, M. Fiederle, “Spectral X-ray phase contrast imaging with

a CdTe photon-counting detector”, Nuclear Instruments and Methods in Physics Research Section A, Volume 971, 2020,
https://doi.org/10.1016/j.nima.2020.164098

S. Procz, G. Roque, C. AviI. Rueda, I. Santos, M. Fiederle, “Investigation of CdTe, GaAs, Se and Si as Sensor
Materials for Mammography”, IEEE Transactions on Medical Imaging,June 2020, doi: 10.1109/TMI.2020.3004648, ,
https://doi.org/10.1109/TMI.2020.3004648

S. Procz, G. Roqu Mendoza, C. Avila, “Study of Contrast-to-Noise Ratio performance of a Medipix3RX CdTe
Detector for Low Dose Mammography Imaging”, Nuclear Instruments and Methods in Physics Research Section A, Volume 992,
2021, https://doi.org/10.1016/j.nima.2020.165000

C. Avila. G. Roque, . S. Calderon,|Patente, “Fantoma de Calibracion y diagndstico”, Octubre 2022, SIC 054-2019

C. Borja' C. Avila, G. Roque, M. Sanchez, “Atmospheric Muon Flux Measurement near Earth’s Equatorial Line “, Instruments
, 6(4), 78; hitps://doi.org/10.3390/instruments6040078

. S. Useche Parrg, M.K. Schiitz G. Roque, J. Fey, C. Avila, M. Fiederlea and S. Procz, “Dose estimation in X-ray backscatter
imaging with Timepix3 and TLD detectors”, JINST 18 P05042 https://dx.doi.org/10.1088/1748-0221/18/05/P05042

J Bermldez, G Roque, J Calderén, P Pardo, M Sanchez, V Ramos, C Avila, “3D phantom for image quality assessment of
mammography systems”, Phys Med Biol. 2023 Oct 13; 68(20). https://doi.org/10.1088/1361-6560/acfc10 PMID:37733054

breast calcifications”, JINST 18 T1100T, ). ps://doi.org/10.1088/1748-0221/18/11/T11001

L. Mendoza, C. Avila, R. Rodrl'guez‘ L. Loaiza Iand G. Roque. “CNR performance of semiconductor materials for X-ray imaging of

|:] = Nombre de estudiante participando del estudio
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