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Multi-modal phase-based x-ray imaging:
detecting the undetectable
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Phase Contrast Imaging vs. Conventional Radiology
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Two possible approaches: - detect interference patterns
- detect angular deviations
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Impressive results are achieved in breast imaging

absorption phase contrast
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Which led to the realization of a dedicated mammography station in TS
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FSP works wonders when implemented with a
spatially coherent source — why ask for more?

- It suffer immensely when transferred to conventional sources:
the spread associated with projected source size becomes too large and kills the signal.
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Moreover:
The system has little flexibility - only d., can be changed

But: IBM:.H

Amazing stuff @ synchrotrons, e.g. check out Cloetens’ work at the ESRF Sheeifioledtel
+ straightforward use e.g. coupled with Paganin’s single distance phase retrieval §
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Other methods to perform phase contrast imaging:
“Analyzer Based Imaging”
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(NB distorted wavefront-> local variation of photon direction)

Dauvis et al, Nature 373 (1995) 595-8; Ingal & Beliaevskaya, J. Phys. D 28 (1995) 2314-7, UCL ENGINEERING

Chapman et al, Phys. Med. Biol. 42 (1997) 2015-25 - but even before that Forster W Change the world



UCL ENGINEERING

iy

A different way to obtain a similar effect:
The Edge lllumination Technique

Incoming beam
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Provides results similar to ABI but opens the way to the use of divergent and polychromatic beams
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THE METHOD CAN BE ADAPTED TO A DIVERGENT#,
AND POLYCHROMATIC (=conventional) SOURCE
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THE METHOD CAN BE ADAPTED TO A DIVERGENT#,
AND POLYCHROMATIC (=conventional) SOURCE
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Little loss of signal intensity for source sizes up to 100 um
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Which can be achieved with state-of-the-art mammo sources

Why?

1) Because we are only relying on refraction, which survives under relaxed
coherence conditions;

2) Because we are use aperture pitches matching the pixel size, i.e. BIG: the
projected source size remains < pitch, and therefore blurring does “not” occur.
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experimental setup
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Preliminary results: the “usual” insects (but a bit faster)
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Preliminary results: the “usual” insects (but a bit faster)
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Can You See Me Now?

A new x-ray technique may h
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Preliminary results - mammo

:

(a): GE senographe Essential ADS 54.11; 25 kVp, 26 mAs
(b): coded-aperture XPCi, 40 kVp, 25 mA — ENTRANCE dose 7 mGy (< mammo!)

It has to be said the tissue was 2.5 cm thick -> we expect ~ same dose for thicker tissues

o UCL ENGINEERING

Olivo et al Med. Phys. (letters) 40 (2013) 090701 W Change the world
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ow-dose phase-contrast mammography. Small, treatable
tumors are difficult to spot in mammograms because
healthy and cancerous tissues differ little in how they absorb
SR~ —— x rays. But absorption isn't the only source of contrast. As x rays -
pass through an inhomogeneous medium, they can acquire
b differences in phase—even if the medium is a uniform ab-
: sorber. Early attempts at phase-contrast imaging required a
| synchrotron or other bright, coherent source of x rays. Now

Alessandro Olivo of University College
London and his collaborators have built
a prototype machine that performs
phase-contrast mammography with a
conventional x-ray tube at clinically ac-
ceptable doses. The setup works by
masking the x-ray source with an array of
hundreds of narrow, closely spaced
holes. Each beam that emerges points at
a single pixel of a flat-panel detector. The
detector is also masked—such that half
the x rays from each beam are prevented
from reaching their designated pixel. When an object is placed
between the source and the detector, the beams suffer either
absorption or, thanks to a change in phase, refraction. Because

(a) . G E se nOg rap h e Esse nti al AE of the setup’s geometry and the small angles of refraction in-
. . volved, some refracted photons will still reach their pixel, but
(b) . COded 'ape rtu re X PCI y 40 kVF others will miss and hit the mask. Enough photons are diverted < mammo I)
. . to the mask that they boost the contrast of what would other-
It has to be said the tissue was 2.5 cm th wise be a conventional absorption image. Olivo's team tested
its setup on donated samples of cancerous breast tissue. Micro-
calcifications that presage cancer showed up more clearly in

the phase-contrast image than in an absorption image.
(A. Olivo et al., Med. Phys. 40, 090701, 2013)) —(D

Phase cuntrae_.m'. 1
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Preliminary results - mammo

(a): GE senographe Essential ADS 54.11; 25 kVp, 26 mAs
(b): coded-aperture XPCi, 40 kVp, 25 mA — ENTRANCE dose 7 mGy (< mammo!)

Tissue thickness 2 cm-> extrapolation leads to ~standard mammo dose for thicker (4-5 cm) tissues
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Preliminary results - cartilage imaging

Rat cartilage, ~ 100 um thick, invisible to conventional x-rays
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Cartilage in water:

Tells us a lot about CAXPCi vs Talbot/Lau sensitivity:
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TALBOT/LAU
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from Stutman et al, Phys. Med.
Biol. 56 (2011) 5697-720

- SAME signal
(despite thicker
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More on the sensitivity of the lab system: -
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This gives a phase sensitivity of ~ 270 nRad, with only 2 images x 7s exposure each; same as

reported by Thuring (Stampanoni’'s group) for Gl. Revol reported a sensitivity of about 110 nRad
but with 12 x 7s frames — as one can expect the value to scale with sqrt(exp time), that also fits.

14
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Diemoz et al, Appl. Phys. Lett. 103 (2013) 244104 Y2 Change the world



ucLeneineerNne  Actually we’ve done much better on cartilage,
in collaboration with PIXIRAD (Bellazzini et al.)

Underpins sensitivity better than 270
nrad — indeed we’ve recently measured
150-200 and are putting measures in
place to improve it even further.
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Endrizzi et al, JINST 9 (2014) C11004 P2 Change the world
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Quantitative phase contrast imaging
“SLOPE -~

(1/k)0¢/0¢

Munro et al Opt. Exp. 21 (2013) 647-61

Highly precise retrieval,
for both high and low Z
materials, up to high
gradients where other
methods break down

- UCL ENGINEERING
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UCL ENGINEERING Phase retrieval with synchrotron

A
and conventional sources: o

Ti filament: retrieved @ synchrotron and with conventional source!

x 107" |

0.1 0 01 02 -041 0 0.1 02

@ conventional source: incoherence modelled as beam spreading — the movement of
the “spread” beam is then tracked and referred back to the phase shift that caused it.

But with lots of care as far as “effective energy” is concerned!
(See Munro & Olivo Phys. Rev. A 87 (2013) 053838)

, > UCL ENGINEERING

Munro et al, PNAS 109 (2012) 13922-7 W2W Change the world
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preliminary CT results

Hagen et al, Med. Phys. (letters) 41 (2014) 070701

Soft tissue
Inside wasp
thorax resolved

Dose tens of
mGy, instead
of tens of Gy!

UCL Institute of Biomedical Engineering

\\\
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at Harwell
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Hagen et al, Med. Phys. (lett

[ ] [ | n
NMedical Physics :

AVAILABLE ONLINE—See http://www.medphys.org July 2014 Volume 41, Number 7
The International Journal of Medical Physics Research and Practice

detector 2D area
mask detector

08 o 08
Spatial axis (mm) Spatial axis (mm)

Firstexperimentally acquired x-ray phase-contrast images acquired with ordinary x-ray source using edge-illumination
method (EI PCi). (1) 3D schematic view of the laboratory implementation of tomographic EI XPCi. (a) Views from
top showing two opposing edge illumination conditions, (b,c), achie ved by shifting the sample mask appropriately .
(2) Coronal tomographic images of a wasp showing the phase shift (a) and attenuation (b) images within the insect
with profiles extracted across the indicated thorax re gion. (3) 3D volume rendering of the wasp derived from phase
shift images.

[Figures 1, 2, and 3 from Hagen, Munro, Endrizzi, Diemoz, and Oli vo, “Low-dose phase contrast tomography with
conventional x-ray sources,” Med. Phys. 41, 070701 (5pp.) (2014)].

Published by the American Association of Physicists in Medicine (AAPM) with the association of the
Canadian Organization of Medical Physicists (COMP), the Canadian College of Physicists in Medicine
(CCPM), and the International Organization for Medical Physics (IOMP) through the AIP Publishing
LLC. Medical Physics is an official science journal of the AAPM and of the COMP/CCPM/IOMP.

Medical Physics is a hybrid gold open-access journal.

Soft tissue
Inside wasp
thorax resolved

Dose tens of
mGy, instead
of tens of Gy
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UCL ENGINEERING preliminary CT results
Rabbit oesophagous

a) DET (synchrotron)
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.‘% UCL ENGINEERING
Change the world
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Hagen et al, submitted to Sci. Rep.
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Three-shot DARK FIELD IMAGING retrieval

pre-sample mask

pre-sample mask
detector mask

beam distribution
without the sample
Zog

beam distribution
with the sample

X

detector mask

image
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Endrizzi et al, Appl. Phys. Lett. 104 (2014) 024106 WEW' Change the world
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DARK FIELD IMAGING of breast calcifications ,
3 images only, still within clinical dose limits!

+

(a) transmission (relative intensity) (b) refraction (urad) (c) scatter (urad)

ENTRANCE dose 12 mGy (still compatible with mammo)  J3 AL

—o—o
UCL Institute of Biomedical Engineering
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Non-medical
applications:

testing of
composite
refraction scattering materials
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Endrizzi et al, Compos. Struct. 134 (2015) 895-9



UCL ENGINEERING

Microbubbles: s
a new concept of “phase-based” x-ray contrast agent

2560 -200 -150 -100 -50 0 50 100 150 200 250
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Millard et al. Appl. Phys. Lett. 103 (2013) 114105 el e
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Microbubbles: s
a new concept of “phase-based” x-ray contrast agent

2560 -200 -150 -100 -50 0 50 100 150 200 250
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Quantitative extraction of microbubble concentration
Absorption Ultra-small angle x-ray scatter
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Quantitative extraction of microbubble concentration ™

Absorption Ultra-small angle x-ray scatter
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DYNAMIC Y
guantitative extraction of microbubble concentration

. 0.0 3
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Millard et al., Sci. Rep. 5 (2015) 12509 W2¥ Change the world
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DYNAMIC A
guantitative extraction of microbubble concentration

-

—— No pinch valve
—— Pinch valve: 2.8

—— Pinch valve: 2.9

124 %
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Signal in ROI at 5% crystal reflectivity
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Millard et al., Sci. Rep. 5 (2015) 12509 W2W Change the world
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DYNAMIC

- e

—— No pinch valve
—— Pinch valve: 2.8
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Millard et al., Sci. Rep. 5 (2015) 12509
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guantitative extraction of microbubble concentration
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Very high (monochromatic) energy - ESRF, 85 keV
very simple set-up...  -> highly increased contrast!

43 m > 60m o
| 1 |

1
1
; I
= II 20 ym I absorbing  detector
sample scan edge
unshaped

beam

4I shaped
3 beam
Huber slits edge movimentation

(vertical translation and
rotation around beam axis)

=
1

e edge illumination

free-space propagation

1.2 4

Normalized intensity

0.8 —

d) ° 0.5 | 5 2 25 3
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Olivo et al, Opt. Lett. 37 (2012) 915-7 W Change the world
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Even higher (monochromatic) energy - ESRF, 85 keV

very simple set-up...  -> highly increased contrast!
43m 60m ' [ ———— e

| & »
| Y »

; 1
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(vertical translation and
rotation around beam axis)

-> which means high sensittvity
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iy

Exploitation of additional sensitivity to push the detection threshold further:

F  A10 micron

thick
100, 1. Gk o polyethilene
-l A R foil immersed
= \ in water (->
0.92 .' — , : . matching
- refractive
. : index!)
0.8 generates an
50 100 150 unprecedented
16% Image
Practically corresponds to a single cell in water contrast!
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to other biological applications, etc

Individual
lines of
cells along
petal veins
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Can we hope to translate this into the lab?
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Can we hope to translate this into the lab?
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Can we hope to translate this into the lab?
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Can we hope to translate this into the lab?
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Can we hope to translate this into the lab? d
- T ep———— still quantitative...
5F simulated

1 1 1
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Can we hope to translate this into the lab? d

— — —experimental

5 simulated
-
-~ 0
<
-5
-100 -50 0 50 100
position [um]

(a)

microstructure of bamboo wood
(nature-inspired engineering project)
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Conclusions: &

Edge-illumination XPCi is a NON-INTERFEROMETRIC, TOTALLY INCOHERENT,
QUANTITATIVE x-ray phase contrast method working with conventional sources which:

allows the use of fully divergent, fully polychromatic x-ray sources with focal spots of up
to at least 100 um - with no additional collimation/aperturing; the use of large apertures in
thin gold layers (-> no angular filtration), low-absorbing graphite substrates, moderate
misalignments between masks allowed achieving a reduction in the exposure times -
although demanding medical applications require further developments. Most of all they keep
the dose at acceptable levels.

requires aperture pitches of the order of ~50-100 um - therefore making fabrication,
alignment and scale-up (masks are available up to 30 cm) easier.

has been described both by wave & geometrical optics (but for source sizes like the ones
we use they give the same results) and robust phase retrieval was achieved.

Translated “back” to a coherent source, it enables unprecedented phase sensitivity which
opens the way to NEW, PREVIOUSLY INACCESSIBLE SCIENTIFIC APPLICATIONS
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