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Phase	Contrast	Imaging	vs.	ConvenBonal	Radiology	

Two possible approaches: 	 	- detect interference patterns	
	 	 	 	 	 	 	 	- detect angular deviations	

Refractive index: n = 1 -  δ + i β; δ>>β ->	
phase contrast (ΔI/I0~ 4πδΔz/λ)  >> absorption contrast (ΔI/I0 ~ 4πβΔz/λ)	



b) phase contrast	a) absorption	

DiMichiel et al  Proceedings of MASR1997	



phase contrast	absorption	
Impressive	results	are	achieved	in	breast	imaging	

Arfelli et al. Phys. Med. Biol. 43 (1998) 2845-52	



Which led to the realization of a dedicated mammography station in TS 

Castelli et al. Radiology 259 (2011) 684-94	



SRM: findings 

SRM obl FFDM obl 
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- It suffer immensely when transferred to conventional sources: 
the spread associated with projected source size becomes too large and kills the signal. 

Moreover: 
The system has little flexibility - only dsd can be changed 
But: 
Amazing stuff @ synchrotrons, e.g. check out Cloetens’ work at the ESRF 
+ straightforward use e.g. coupled with Paganin’s single distance phase retrieval 

Olivo et al. Med. Phys. 28 (2001)1610-19	

FSP works wonders when implemented with a 
spatially coherent source – why ask for more? 



Other methods to perform phase contrast imaging: 
“Analyzer Based Imaging” (ABI) 

Davis et al, Nature 373 (1995) 595-8; Ingal & Beliaevskaya, J. Phys. D 28 (1995) 2314-7,  
Chapman et al, Phys. Med. Biol. 42 (1997) 2015-25 - but even before that Forster 1980!	



ABI produces TERRIFIC image quality: 
 
 
 
 
 
 
 
 
 BUT: 
-  x-rays must be parallel and monochromatic 
if they aren’t, that’s what left of the beam after it goes through the crystal 
-  you are again confined to synchrotrons, or to very long exposure times. 
 



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

Olivo et al. Med. Phys. 28 (2001)1610-19	

Provides results similar to ABI but opens the way to the use of divergent and polychromatic beams 



THE METHOD CAN BE ADAPTED TO A DIVERGENT 
AND POLYCHROMATIC (=conventional) SOURCE 

Olivo and Speller Appl. Phys. Lett. 91 (2007) 074106	
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THE METHOD CAN BE ADAPTED TO A DIVERGENT 
AND POLYCHROMATIC (=conventional) SOURCE 

NB for those of 
you who are 
familiar with 
grating (or 
Talbot, or 

Talbot-Lau) 
interferometers 
this isn’t one!     

Olivo and Speller Appl. Phys. Lett. 91 (2007) 074106	
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Little loss of signal intensity for source sizes up to 100 µm 

Which can be achieved with state-of-the-art mammo sources 

Why? 

Olivo and Speller Phys. Med. Biol. 52 (2007) 6555-73	

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. 



experimental setup 



experimental setup 



Preliminary results: the “usual” insects (but a bit faster) 
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Preliminary results: the “usual” insects (but a bit faster) 

Nature 472 (2011) p. 392	



Scientific American 305 (2011) p. 14	



Olivo et al Med. Phys. (letters) 40 (2013) 090701	

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  
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Preliminary results - cartilage imaging 

Rat cartilage, ~ 100 µm thick, invisible to conventional x-rays 

under submission	Marenzana et al, Phys. Med. Biol. 57 (2012) 8173-84	



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

Early CT results 

Soft tissue 
inside wasp 
thorax resolved 
 
 
Dose tens of 
mGy, instead 
of tens of Gy! 
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First experimentally 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), achieved 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 profi les extracted across the indicated thorax region. (3) 3D volume rendering of the wasp derived from phase 

shift images.

[Figures 1, 2, and 3 from Hagen, Munro, Endrizzi, Diemoz, and Olivo, “Low-dose phase contrast tomography with 

conventional x-ray sources,” Med. Phys. 41, 070701 (5pp.) (2014)].



First CT results 
another example, fully decellularized tissue 

Hagen et al, Sci. Rep. 5 (2015) 18156	



Rat	heart	

axial reslice 

Zamir et al, Sci. Rep.  6 (2016) 31197	



3D-printed	scaffolds	

No cells Cells (7 days after seeding) 

Unpublished	



Even higher (monochromatic) energy - ESRF, 85 keV 
very simple set-up…     -> highly increased contrast! 

Olivo et al, Opt. Lett. 37 (2012) 915-7 	



Even higher (monochromatic) energy - ESRF, 85 keV 

A. Olivo et al, Opt. Exp. 37 (2012) 915-7 	

very simple set-up…     -> highly increased contrast! 

-> which means high sensitivity 

Diemoz et al, Phys. Rev. Lett. 110 (2013) 138105	



Diemoz et al, Phys. Rev. Lett. 110 (2013) 138105	

Exploitation of additional sensitivity to push the detection threshold further: 

Practically corresponds to a single cell in water 

A 10 micron 
thick 

polyethilene 
foil immersed 
in water (-> 
matching 
refractive 
index!) 

generates an 
unprecedented 

16% image 
contrast! 



Diemoz et al J. Synchrotron Rad. 22 (2015) 1072-77 	

Which of course can be generalized 
to other biological applications, etc 

pollen 

Individual 
lines of 
cells along 
petal veins 



Unpublished	

Applications of ultra-high sensitivity/1: 
detection of tumour invasion at single cell level 



Diemoz et al, Phys. Med. Biol., under review	

Use of ultra-high sensitivity to obtain 
 significant dose reductions in mammography 

Total	entrance	dose	=	0.115	mGy



Conclusions:	
X-Ray Phase Contrast Imaging (XPCI) has the potential to transform all applications of x-
ray imaging – in medicine and beyond (materials science, security, industrial, cultural heritage etc) 
 
Most XPCI methods work best with coherent sources: high x-ray fluxes generated by 
small focal spots, ideally placed at a large distance from the imaged object. 
 
Monochromaticity is also beneficial to many XPCI approaches – this is again linked to 
flux, as a sufficiently high flux allows for monochromatisation by e.g. perfect crystals 
 
At the moment this effectively means SYNCHROTRONS: >100M, size of a football 
stadium, ~50 in the world. 
 
Methods start to emerge that allow XPCI to be performed with conventional sources – 
e.g. “Edge Illumination” (EI) pioneered at UCL 
 
HOWEVER also in that case the availability of coherent sources with fluxes leads to 
transformative possibilities and opens the way to scientific applications which are 
currently inaccessible. 



Absorption edge of Iodine at 33keV - Both 
images taken AFTER the contrast agent was 
injected - but above & below K-edge! 



http://faxil.leeds.ac.uk/gallery/interventional/fd20/ 
http://faxil.leeds.ac.uk/gallery/neuro/ 



Digital	SubtracBon	Angiography	(DSA)	

•  Take	image	before	and	
aPer	contrast	agent	
delivered	

•  Subtract	images	

•  Image	of	contrast	
agent	alone	

Sometimes done in FLUOROSCOPY mode: you see the contrast agent as it diffuses! 



Source requirements 





Endrizzi et al, Appl. Phys. Lett. 104 (2014) 024106 

Three-shot DARK FIELD IMAGING retrieval 



Endrizzi et al, Appl. Phys. Lett. 104 (2014) 024106 

Three-shot DARK FIELD IMAGING retrieval 



Endrizzi et al, Appl. Phys. Lett. 104 (2014) 024106 

DARK FIELD IMAGING of breast calcifications 
3 images only, still within clinical dose limits! 

ENTRANCE dose 12 mGy (still compatible with mammo) 



Non-medical 
applications: 
testing of 
composite 
materials 

Endrizzi et al, Compos. Struct. 134 (2015) 895-9	



Millard et al. Appl. Phys. Lett. 103 (2013) 114105 	

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



Millard et al. Appl. Phys. Lett. 103 (2013) 114105 	

bubbles no bubbles bubbles no bubbles 

absorption dark field 

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



Millard et al. Appl. Phys. Lett. 103 (2013) 114105 	

Quantitative extraction of microbubble concentration 



Millard et al. Appl. Phys. Lett. 103 (2013) 114105 	

Quantitative extraction of microbubble concentration 



DYNAMIC 
quantitative extraction of microbubble concentration 

Millard et al., Sci. Rep. 5 (2015) 12509	



DYNAMIC 
quantitative extraction of microbubble concentration 

Millard et al., Sci. Rep. 5 (2015) 12509	



DYNAMIC 
quantitative extraction of microbubble concentration 

Millard et al., Sci. Rep. 5 (2015) 12509	



	
														

                    Interlude: the TALBOT/LAU 
 interferometer (a.k.a. different methods/3): 
much smaller pitches, and based on a coherent effect 

The used gratings, obtained through	
microfabrication techniques	

Synchrotron: David et al APL 81 (2002) 3287-9, Momose et al Jpn J Appl Phys 42 
(2003) L866-8; Lab source Pfeiffer et al, Nature Physics 2 (2006) 258-61 



	
														

                    Interlude: the TALBOT/LAU 
 interferometer (a.k.a. different methods/3): 
much smaller pitches, and based on a coherent effect 

The used gratings, obtained through	
microfabrication techniques	

Synchrotron: David et al APL 81 (2002) 3287-9, Momose et al Jpn J Appl Phys 42 
(2003) L866-8; Lab source Pfeiffer et al, Nature Physics 2 (2006) 258-61 

The classic, “Bonse-Hart” interferometer	

The shearing interferometer	



	
														

                    Interlude: the TALBOT/LAU 
 interferometer (a.k.a. different methods/3): 
much smaller pitches, and based on a coherent effect 

The used gratings, obtained through	
microfabrication techniques	

Synchrotron: David et al APL 81 (2002) 3287-9, Momose et al Jpn J Appl Phys 42 
(2003) L866-8; Lab source Pfeiffer et al, Nature Physics 2 (2006) 258-61 

-  increased exposure times (source grating covering most of the 
source, silicon substrates,  limited angular acceptance) 

-  chromaticity (reduced fringe visibility away from design energy) 
 
-  the sensitivity to environmental vibrations (pitches of a few µm 
  -> required tolerance pitch/10 (Weitkamp et al, 2005), plus phase 
   stepping -> tens of nm (!) (Zambelli et al, 2010) 
 
-  inefficient dose delivery: detector grating ->50% fill-factor, +  
  absorption in Si (40% through 1x300 µm wafer, 60% through 
  2 wafers, and normally wafers are THICKER) 
 
-  the field of view is currently limited to ~6x6 cm2 



THE METHOD CAN BE ADAPTED TO A DIVERGENT 
AND POLYCHROMATIC (=conventional) SOURCE 

Olivo and Speller Phys. Med. Biol. 52 (2007) 6555-73 and 53 (2008) 6461-74	

Masks can be: 

OR: 

For 2D sensitivity (see Olivo 
 et al APL 94 (2009) 044108) 
 
AND are fully achromatic 
 
 
 
 
 
 
 
 
 
(Endrizzi et al, Opt Exp 23, 2015) 

detail 

no source 
grating 

LARGE mask pitch (e.g. 50-200 µm) 
 -easy to fabricate 

-large size available 
-easy to keep aligned (tolerance 1-2 µm) 

-on low-absorbing graphite substrate 
-pre-sample, protects sample! 
-only source of extra dose, can be kept to a small fraction! 
(even zero – see Olivo et al Med Phys 40 (2013) 090701) 

Focal spot ~100 µm, plus full poly spectrum; 
coherence length at 1st mask <1 µm, while 
pitch at least 100x larger -> incoherence 
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Diemoz et al, Appl. Phys. Lett. 103 (2013) 244104	

More on the sensitivity of the lab system: 

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 GI. 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. 



Quantitative phase contrast imaging 

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

“SLOPE +” 

“SLOPE -” 

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



 P. Munro et al, PNAS 109 (2012) 13922-7	

Quantitative phase contrast imaging 



Phase retrieval with synchrotron 
and conventional sources: 

 Munro et al, PNAS 109 (2012) 13922-7	

Ti filament: retrieved @ synchrotron   and with conventional source! 

@ 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) 


