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1895-96

X-ray radiography yesterday…and today!

X-ray micro-radiography of a fruit fly



Muscles and tracheal network during flight 
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Walker et al., PloS Biology (2014) & Mokso et al., SciRep (2015)
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Röntgen’s Lab, late 19th century

Swiss Light Source, today

Brilliance!

X-ray sources of the 21st century
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Brilliance over the last century: the enabler!

Bonse et al., 
Prog. Biophys. Molec. Biol., 

Vol. 65, No.1, pp. 133-169, 1996

1000-500 µm
Hospital

50-10 µm
Table Top micro CT

1-0.1 µm
SR - Tomographic Microscopy

Spatial resolution

Contrast
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Machine:
• 100 MeV Linac
• 2.4 GeV Booster 
• 2.4 GeV Storage ring
• 400 mA e-current

The Swiss Light Source

http://sls.web.psi.ch/view.php/beamlines/index.html https://youtu.be/nXmLGV9zVkA

https://physics.stackexchange.com/
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http://www.synchrotron-soleil.fr/Recherche/IPANEMA/methodessynchrotron

A beamline shapes the synchrotron radiation to users’s needs

SOURCE OPTICS ENDSTATION



Seeing (through…) is believing!
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Markus Raetz, Art Basel 2010

Representation of the beliefs in Ain Ghazal
(Neolithic village), Jordan (6500 BCE)

Louvre Abu Dhabi



Behind the curtains of tomographic DAQ
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https://youtu.be/TbLaQo3rgEE

https://youtu.be/5Vyc1TzmNI8

Radon Transform, i.e. integral of 
a function over a (straight) line…

theta

r



Tomographic reconstruction “at work”
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https://youtu.be/ddZeLNh9aac
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Full-field microscopy (zone plates)
(50-500 nm resolution)

Images courtesy of D. Attwood (UC Berkeley) and C. David (PSI)
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Cryo full-field tomographic (absorption) microscopy

C.A. Larabell & M. A. Le Gros 
Molecular Biology of the Cell 15(3), 956-962 (2004)

Saccharomyces cerevisiae 
(yeast cells)

Projection images 

Sagittal orthoslicing
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Full-field parallel projection imaging 
(1-50 microns)

centering devicerotation stage

X-ray beam
scintillator mirror

To CCD/CMOS

objective
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The first predator on earth: 500 Myears ago

P. Donoghue, M. Stampanoni et al., Nature 442 (2006)



In-situ :: Operando :: In-vivo :: In-fieri
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«Chasing the phase…»
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General form of a wave in vacuum: 𝜓!"#$$% 𝑟, 𝑡 = 𝐴𝑒&(()+⃗,-.)

For a wave traveling in the z-direction: 𝑘 = (0,0, 𝑘 = 01
2 )

Plane wave propagating in z-direction: 𝜓!"#$$% 𝑟, 𝑡 = 𝐴𝑒&(()+⃗,-.) = 𝐴𝑒&((3,-.)

For a wave traveling in a medium: 𝑛 = 1 − 𝜹 + 𝑖𝜷

Wave propagating in a medium: 𝜓%45&$% 𝑧, 𝑡 = 𝐴𝑒&(6(3,-.) = 𝐴𝑒,&-.𝑒 7,8 &(3𝑒,9(3=

= 𝜓!"#$$% 5 𝑒,&8(3 5 𝑒,9(3

Phase-shift Attenuation

Phase-shift

Amplitude medium

Amplitude vacuum

𝒅

After medium of length 𝑑:

𝑻 𝒅 =
𝐼%(𝑑)
𝐼!(0)

=
𝜓%(𝑑, 𝑡) 0

𝜓!(0, 𝑡) 0
= 𝑒,0(95

𝚫𝝓 𝒅 = 𝛿𝑘𝑑
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Why is phase contrast so interesting?

Example:
• 20 keV x-rays
• Organic sample (polymer, biological, medical…)
• 50 μm thickness

è only 0.2 % absorption
è but 𝝅 phase shift!!

X-rays

• Higher contrast !!
• Lower dose



Phase vs absorption CT
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X-ray phase contrast techniques

Crystal interferometry
Bonse et al. APL 6, 155 (1965)

Analyser-based (DEI) 
Chapman et al., PMB, 42, 2015 (1997)
Davis et al., JOSA A 13, 1193 (1996)

Free Space Propagation (TIE) 
Snigirev et al., RSI 66, 5486 (1995)
Cloetens et al., APL 75, 2912 (1999)
Groso et al., OptExp 14, 8103 (2006 )

Zernike Phase Contrast 
Weiss et al., UM 84, 185 (2000)
Stampanoni et al., PRB 81, 140105R (2010)

Grating interferometry (DPC) 
Weitkamp et al., OptExp 13, 6296 (2005)
Pfeiffer et al., Nature Phys 2, 258 (2006)

Coded apertures
Olivo, APL 91 (7) 2007

Coherent Diffraction Imaging (CDI) 
Miao et al., Nature 400 (1999)
Thibault et al., Science, 321, 379 (2008)
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One contribution of 16 to a Discussion Meeting
Issue ‘Taking X-ray phase contrast imaging
into mainstream applications’ and its satellite
workshop ‘Real and reciprocal space X-ray
imaging’.
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†Prof. Stephen (‘Steve’) Wilkins passed away
very suddenly on 25March 2013. His many
friends and colleagues from around the world
were greatly shocked at this sad news. Steve
was the driving force in the preparation of this,
his *nal manuscript.
‡Present address: 8 Victor Rd, Glen Iris, VIC
3146, Australia.

On the evolution and relative
merits of hard X-ray
phase-contrast imaging
methods
S. W. Wilkins†, Ya. I. Nesterets, T. E. Gureyev,

S. C. Mayo, A. Pogany‡ and A. W. Stevenson

CSIRO Materials Science and Engineering, PB33, Clayton South,
Victoria 3169, Australia

This review provides a brief overview, albeit from
a somewhat personal perspective, of the evolution
and key features of various hard X-ray phase-
contrast imaging (PCI) methods of current interest
in connection with translation to a wide range
of imaging applications. Although such methods
have already found wide-ranging applications using
synchrotron sources, application to dynamic studies
in a laboratory/clinical context, for example for in vivo
imaging, has been slow due to the current limitations
in the brilliance of compact laboratory sources and
the availability of suitable high-performance X-ray
detectors. On the theoretical side, promising new
PCI methods are evolving which can record both
components of the phase gradient in a single exposure
and which can accept a relatively large spectral
bandpass. In order to help to identify the most
promising paths forward, we make some suggestions
as to how the various PCI methods might be
compared for performance with a particular view
to identifying those which are the most efficient,
given the fact that source performance is currently
a key limiting factor on the improved performance
and applicability of PCI systems, especially in the
context of dynamic sample studies. The rapid ongoing
development of both suitable improved sources and
detectors gives strong encouragement to the view that
hard X-ray PCI methods are poised for improved
performance and an even wider range of applications
in the near future.

2014 The Author(s) Published by the Royal Society. All rights reserved.

 on October 13, 2014rsta.royalsocietypublishing.orgDownloaded from 



Zernike (full-field) phase contrast microscopy
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Zernike Phase Contrast 
Weiss et al., UM 84, 185 (2000)
Stampanoni et al., PRB 81, 140105R (2010)

(a) (b) (c)Radiography Coronal cut Sagittal cut

5 microns5 microns5 microns

Nanotomography of 
MC3 preosteoblast cells 

@TOMCAT 

• 10 keV (!) 
• Pixel size: 70 nm
• True 3D res: ~ 200 nm
• High penetration power !
• High depth of focus !



Holotomography and Cryo-ptychography
(phase contrast bioimaging at the nanoscale)
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Scale bars 20 microns

10 microns

A 3D rendering of (sub)cellular structures within a Purkinje cell: cell soma (green),
nuclear envelope (blue), nuclear content (pink), and nucleolus (violet), granule cell
nuclei (red). Average diameter of Purkinje cell soma: 54 μm; average diameter of
Purkinje cell nucleolus 3.5 μm. Kimchenko et al, Advanced Science, 2018

Variations of myelin sheath thicknesses of myelinated axons (dark blue arrowheads).
Multiple cell nuclei (yellow asterisks) are detected based on size, and contrast differences
to the surrounding cellular cytosol. Tomo: Yellow = nuclei, Pink = lysosomal LF, Aqua =
Myelinated axons. Shahmoradian et al, Scientific Reports 2017
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Sample
Detector

D

0.1 mm

Contact:
Absorption only

10 mm
1 mm

Near field:
• edge enhancement
• phase objects detectable

1000 mm
100 mm

Far field:
• Coherent Diffraction Img.

D

Free-space propagation phase contrast imaging
Chapter 3. Wave Optics

Thus, a linear shift-invariant system is characterized by its impulse function h(x, y) or
its transfer function H(⌫x, ⌫y). The latter one is defined by the following: The function
H(⌫x, ⌫y) is the factor by which an input spatial harmonic function of frequencies ⌫x, ⌫y
is multiplied to yield the output harmonic function.

In our case we have the input harmonic function

f(x, y) = A · e�i2⇡(⌫xx+⌫yy),

which corresponds to a plane wave

U(x, y, z) = A · e�i(kxx+kyy+kzz)

evaluated at z = 0. The output function reads as

U(x, y, d) = g(x, y) = A · e�i(kxx+kyy+kzd)

and it follows that

H(⌫x, ⌫y) =
g(x, y)

f(x, y)
= e�ikzd =) H(⌫x, ⌫y) = exp

"
�i2⇡

r
1

�2
� ⌫2x � ⌫2y · d

#
(3.4)

The latter expression in Eq. (3.4) is called the transfer function of free space. Relating to
that we can now summarize the following:

• A harmonic function meeting the following conditions

⌫2x + ⌫2y 6 1

�2

|H(⌫x, ⌫y)| = 1

' = arg{H(⌫x, ⌫y)}

undergoes a spatial phase shift as it propagates, but its magnitude is not altered.
This is the basis for free-space propagation-based phase contrast!

• For

⌫2x + ⌫2y >
1

�2

the exponent of H(⌫x, ⌫y) becomes real and the transfer function in Eq. (3.4) rep-
resents an attenuation! (evanescent wave)

30

Transfer function of the free space  à Phase factor builds up!



Free-space propagation phase contrast…”at work”
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3D surface rendering and virtual histology of the zebrafish embryo from
SRμCT. 3D surface rendering in A) lateral direction and B) dorsal-ventral
direction of a 48 hpf zebrafish embryo. C) Virtual tissue sections showing
the brain and the eyes of the embryo (transverse plane through the head).
The optic nerves are labeled with black arrows. D) Magnification of the eye
showing the retina and optical nerve fenestrations (transverse plane, black
arrow). E) Notochord with surrounding muscle fibers (midsagittal plane
through the tail). F) Pronephron with glomerulus (sagittal plane, dorsal
location next to the yolk sac, white arrow) and tubules (black arrows). G)
Gut (transverse plane through the tail cranial to the cloaca, right arrow),
kidney tubule (middle arrow), and the caudal vein (left arrow). Scale bars
correspond to 200 µm (A,B); 70 µm (C,E); 20 µm (D,F,G).

Cörek et al,  Small, Volume: 16, Issue: 31, First published: 22 June 2020, DOI: (10.1002/smll.202000746)



Hunting the complete mouse brain 
microvascular architecture

A. Miettinen, A. Bonnin, M. Stampanoni et al., BioInformatics 2019
T. Wälchi, M. Stampanoni et al., Nature Protocols 2021

17 | The HBP Report | April 2012

Report

2 
Vision and rationale

Why the brain?

!e human brain participates in every human emotion, 
every human feeling, every human thought and every hu-
man decision. No other natural or engineered system can 
match its ability to adapt to novel challenges, to acquire 
new information and skills, to take complex decisions 
and to work reliably for decades on end. And despite its 
many diseases, no other system can match its robustness 
in the face of severe damage or match its amazing energy 
e"ciency. Our brain consumes about 30W, the same as an 
electric light bulb, thousands of times less than a small su-
percomputer.

!e human brain is a massively complex information 
processing system with a hierarchy of di#erent yet tightly 
integrated levels of organisation: from genes, proteins, syn-
apses and cells to microcircuits, brain regions, and the whole 
brain (see Figure 4). Today, we know a lot about the indi-
vidual levels. What we do not have is a casual understanding 
of the way events at the lowest level in the hierarchy cascade 
through the di#erent levels to produce human cognition and 
behaviour. For example, more than a hundred years of re-
search has yet to give us a proper understanding of the link 
from synaptic plasticity to learning and memory, or of the 
way a gene defect works through the di#erent levels to pro-
duce disease. Achieving this kind of understanding is a ma-
jor challenge for neuroscience with implications that go far 
beyond research: if we could understand the brain we could 
prevent or cure brain diseases such as autism, depression and 
Alzheimer’s; we could also produce new computing technol-
ogies that share the brain’s ability to operate reliably on very 
little power, and its ability to learn.

Medical research has identi$ed over $ve hundred brain 
diseases, ranging from migraine and addiction to depres-
sion and Alzheimer’s. An authoritative study has estimated 
that in 2010, more than a third of European citizens were 
directly a#ected by at least one of these diseases. !e same 
study estimated the cost to the European economy at nearly 
Eur 800 billion [1]. As European populations age, the num-
ber of citizens a#ected and the cost of their care will inevi-
tably grow, potentially to unsustainable levels.

Today, these diseases are usually diagnosed in terms of 
symptoms and syndromes, an approach that makes it very 
di"cult to produce correct diagnoses, or even to select pa-
tients for clinical trials. To prevent and cure brain disease, 

Figure 4: From molecules to the body: spatial scales for the brain’s  
different levels of organization span nine orders of magnitude
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This is a stitched tomogram of more than 1000 single volumes, assembled non-rigidly.  
Size of data shown: 11 Tb 
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Observe formation and coalescence of 
bubbles inside a metal foam during heating

Metal foams @ 1000 tps (tomograms per second)

40x slower

Real time

F. García-Moreno, C. Schlepütz et al., Advanced Materials, in press
Data available at: https://doi.org/10.16907/d7582cb6-7850-42bc-ad76-e845b998e9ca

World record!
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Thixocast AlSi6Cu4 + 0.8 wt% TiH2 alloy 

https://doi.org/10.16907/d7582cb6-7850-42bc-ad76-e845b998e9ca
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Gratings (Talbot) interferometry:  
a very sensitive technique 

Decoupling phase sensitivity from pixel size

REFRACTION ANGLE of a few microradians

Detecting a human hair at
100m distance!

X-rays
Modulating 

gratings

Analyzer 
gratings

Interference
pattern
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X-ray interferometry at incoherent sources

à Talbot-Lau interferometer

F. Pfeiffer et al., NATURE PHYSICS 2, (2006)
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Vision: new radiological capabilities

Absorption image
Conventional radiography

(since 1895…)

“Scatter image”“Differential Phase image”

Index of refraction: 𝑛 = 1 − 𝜹 + 𝑖𝜷

Phase Absorption



Pathology 2.0: Table-top X-ray phase-contrast microtomography
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J. Vila-Comamala et al., “High sensitivity X-ray phase contrast imaging by laboratory grating-based 
interferometry at high Talbot order geometry”, Optics Express (2021)

2 mm



GIM : Grating interferometry mammography
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Pre-clinical (2013-2020) Clinical (2021)



Soft tissue detection: enhanced mammography
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N. Hauser et al., Investigative Radiology 49 (3) 2014

Conventional mammography

A Study on Mastectomy Samples to Evaluate Breast
Imaging Quality and Potential Clinical Relevance of

Differential Phase Contrast Mammography
Nik Hauser, PhD,* Zhentian Wang, PhD,Þ Rahel A. Kubik-Huch, MD, MPH,þ

Mafalda Trippel, MD,§ Gad Singer, MD,§ Michael K. Hohl, MD,*
Ewald Roessl, PhD,|| Thomas Köhler, PhD,|| Udo van Stevendaal, PhD,||

Nataly Wieberneit, PhD,¶ and Marco Stampanoni, PhDÞ#

Objectives: Differential phase contrast and scattering-based x-ray mammogra-
phy has the potential to provide additional and complementary clinically rele-
vant information compared with absorption-based mammography. The purpose
of our study was to provide a first statistical evaluation of the imaging capa-
bilities of the new technique compared with digital absorption mammography.
Materials and Methods: We investigated non-fixed mastectomy samples of
33 patients with invasive breast cancer, using grating-based differential phase
contrast mammography (mammoDPC) with a conventional, low-brilliance x-ray
tube.We simultaneously recorded absorption, differential phase contrast, and small-
angle scattering signals that were combined into novel high-frequency-enhanced
images with a dedicated image fusion algorithm. Six international, expert breast
radiologists evaluated clinical digital and experimental mammograms in a 2-part
blinded, prospective independent reader study. The results were statistically ana-
lyzed in terms of image quality and clinical relevance.
Results: The results of the comparison of mammoDPC with clinical digital
mammography revealed the general quality of the images to be significantly
superior (P G 0.001); sharpness, lesion delineation, as well as the general visi-
bility of calcifications to be significantly more assessable (P G 0.001); and de-
lineation of anatomic components of the specimens (surface structures) to be
significantly sharper (P G 0.001). Spiculations were significantly better identi-
fied, and the overall clinically relevant information provided by mammoDPC
was judged to be superior (P G 0.001).
Conclusions: Our results demonstrate that complementary information pro-
vided by phase and scattering enhanced mammograms obtained with the

mammoDPC approach deliver images of generally superior quality. This
technique has the potential to improve radiological breast diagnostics.

Key Words: differential phase contrast imaging, mammography, breast
imaging, grating interferometry, reader study

(Invest Radiol 2014;49: 131Y137)

Phase contrast and scattering-based (dark-field) x-ray imaging
has been shown to be potentially revolutionizing radiological

approaches to breast imaging because they are intrinsically capable
of detecting subtle differences in the electron density of the tissue
(phase signal) and of measuring the amount of small-angle scattering
induced by microscopic density fluctuations in the specimen (scat-
tering signal).1Y5 Fully digital absorption-based mammography, the
current clinical standard for screening and diagnosis,6,7 is an imper-
fect modality and has some limitations in sensitivity and false-
positive rates, particularly in women with generally dense breast
tissue and fibroglandular tissue as well as heterogeneously dense and
extremely dense breasts.7Y10 Therefore, mammography could expe-
rience significant gains (ie, soft-tissue contrast enhancement) from
x-ray phase contrast imaging as a highly sensitive, possibly cheap, and
fast method, compared with existing approaches, for example, MRI11

or tomosynthesis.12,13 In a preliminary work, we used grating inter-
ferometry to simultaneously record the differential phase and small-
angle scattering signals of native, whole-breast samples, in addition
to the conventional absorption signal.14 We showed that the comple-
mentary information that was obtained may indeed allow improved
diagnostic capabilities. In this work, we tested the hypothesis that phase
contrast and dark-field signals increase the sharpness and delinea-
tion of lesions within breast tissue and may lead to a generally increased
quality of radiological images. For this purpose, we designed an inter-
national, blinded reader study involving experienced breast radiolo-
gists evaluating several diagnostic aspects on mastectomy images
obtained with both absorption-based clinical digital mammography
and our novel phase contrast-enhanced technique.

Published results so far reported the use of synchrotron ra-
diation15Y18 or fixed, denatured tissue samples.19Y21 Our work pre-
sents phase contrast images of freshly dissected mastectomy samples
obtained with a conventional, low-brilliance x-ray tube evaluated on
the basis of 2 blinded, prospective independent reader studies. We
present a first comprehensive statistical evaluation of the imaging ca-
pabilities of this emerging x-ray technique compared with digital ab-
sorption mammography.

MATERIALS AND METHODS

Study Design
Two prospective reader studies were designed, involving mas-

tectomy specimens of 33 patients and 6 international breast radiologists
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Grating Interferometry and mammoDPC
Measurement

A Talbot-Lau23 grating interferometer with a standard x-ray
tube and a commercial flat panel detector (pixel size, 50 ! 50 Km)
was set up at the Paul Scherrer Institute in Villigen, Switzerland. We
used Seifert ID 3000 x-ray generator, an unfiltered tungsten line
focus tube (operated at 40 kilovolt [peak] with a mean energy of
28 keVand a current of 25 mA), and a 3 grating interferometer (with
periods of p0 = 14 Km, p1 = 3.5 Km, and p2 = 2.0 Km, respectively).
The source-to-detector distance was 1.6 m. Additional details on the
experimental system are given in the study of Stampanoni et al.14

Absorption, phase, and scattering signals were recorded simulta-
neously using a phase-stepping approach, where the absorption grat-
ing is translated perpendicular to the grating direction by a fractional
distance of the grating period, and a Fourier analysis of the resulting
intensity curve returned the previously mentioned signals.24 After
the operation, Mx-clin was performed in the clinic, whereas Mx-exp
and mammoDPC were performed within 30 to 90 minutes after
transport (15-km distance) at the Paul Scherrer Institute in Villigen,
Switzerland. The field of view of the Mx-exp and mammoDPC im-
ages is limited to 5 ! 5 cm2, thus requiring multiple snapshots to be
tiled together to cover the size of the resected breast.

Imaging Protocol and Image Processing
The raw Mx-exp images were processed with the Philips

UNIQUE algorithm,25 which is used in commercial mammography
systems. This ensures that the quality of the processed images cor-
responds to the clinical standard. During the mammoDPC data ac-
quisition, one of the interferometer gratings is moved perpendicular
to the grating lines within at least 1 gratings period (phase-stepping
approach). For each pixel on the detector, a quasi-sine intensity curve
is recorded. The absorption, differential phase, and scattering signals
are obtained by a retrieving algorithm24,26 operating on phase-stepping
curves with and without the object.

The retrieved signals have been effectively fused into a single
and more informative image. The fusion procedure involves merging
the high frequencies of the differential phase signal into the absorp-
tion image by a dedicated algorithm.28 The inclusion of the scattering
image is achieved by fusing it into the merged image by adaptive,
multilevel thresholding.28 It is based on a ‘‘decompose-process and fuse-
reconstruct’’ approach. The absorption, differential phase, and scattering
signals are first decomposed into multiple levels and bands, which rep-
resent image information at different scales and frequencies, with the help
of wavelets decomposition. Furthermore, an intraband processing first
enhances the local signal-to-noise ratio; then, the interband processing
weights each band by considering its characteristics and relative contri-
butions. Finally, the resulting fusion image shows a similar appearance
to that of a conventional mammogram but contains significantly en-
hanced features’details.

Statistical Analysis
The statistical analysis was done by the statistical consulting

service of the Institute of Social and Preventive Medicine, University
of Zurich, Zurich, Switzerland. The Wilcoxon signed rank test was
used for the qualitative analysis of subjective preference score in
both reader studies. IBM Statistical Package for the Social Sciences
Statistics 20 (SPSS Inc, Chicago, IL) was used for the descriptive and
pairwise comparisons (Wilcoxon signed rank test) of image types.
Stata 11.2 (StataCorp, Lakeway Drive, TX) was used for the compu-
tation of J values to evaluate interreader variability. For all statistical
analyses, a 2-tailed P G 0.05 was considered to indicate a statistically
significant difference. For reader study 1, a Bonferroni correction was
made to consider the 9 comparisons per view; therefore, P e 0.05/9
approximately equal to 0.005 was considered significant. For reader

study 2, a total of 2 comparisons per questionwere considered, resulting
in P e 0.05/2 equal to 0.025 for significance. Interobserver agree-
ment between the readers was calculated by weighted J statistics. The
J values in the ranges 0.00 to 0.20, 0.21 to 0.40, 0.41 to 0.60, 0.61 to
0.80, and 0.81 to 1.00 were considered to represent slight agreement,
fair agreement, moderate agreement, substantial agreement, and almost
perfect agreement, respectively.

RESULTS

Reader Study 1
The results of the statistical analysis revealed the general qua-

lity of the mammoDPC images to be significantly superior than that of
the Mx-exp based images (P G 0.001; median of 2 with an interquartile
range [IQR] of 2-3, with 2 being ‘‘superior’’ and 3 being ‘‘equivalent’’).
Furthermore, the sharpness and lesion delineation as well as the gene-
ral visibility of calcifications were rated as significantly more assess-
able on mammoDPC than on Mx-exp (P G 0.001; median of 2 with
an IQR of 2-3, with 2 being ‘‘superior’’ and 3 being ‘‘equivalent’’).
MammoDPC images resulted in a sharper delineation of anatomic
components of the specimens (surface structures) when evaluating the
periphery of the images (P G 0.001; median of 2 with an IQR of 2-2,
with 2 being ‘‘superior’’), with 75% of the readings indicating that
mammoDPC was better than Mx-exp. Table 2 summarizes the results.

Reader Study 2
Spiculations could be significantly better identified in mammoDPC

images compared with Mx-clin (P G 0.015), whereas Mx-exp images
were shown to be directly comparable with the Mx-clin mammograms
(P G 0.076) (Figs. 1 and 2C, D). Blood vessel visibility was lower in the
mammoDPC and Mx-exp images, when compared with the Mx-clin
mammograms (Table 3).

Microcalcifications
The presence of clusters of suspicious microcalcifications was

similarly observed in mammoDPC with respect to Mx-exp. No sta-
tistically significant difference (P = 0.2) was observed (Table 3). On
the other hand, significantly superior findings of calcification sharp-
ness (Table 2) were seen in mammoDPC compared with Mx-exp
(P G 0.001; median of 2 with an IQR of 2-3, with 2 being ‘‘superior’’
and 3 being ‘‘equivalent’’) (Figs. 1A, B and 2A, B).

TABLE 2. Statistical Outcome Showing the Criteria Under Which
mammoDPC Is Superior to Absorption-Based Mammography

Evaluated Criteria (mammoDPC Is Superior) P* IQR

General quality of image G0.001 2Y3†
Sharpness and lesion delineation G0.001 2Y3
Delineation of surface structures G0.001 2Y3
Sharpness of microcalcifications G0.001 2Y2
General visibility of microcalcifications G0.001 2Y3
Potentially clinically relevant information G0.001 4Y5‡
Identification of spiculations G0.015§

*P G 0.005 is considered to be significant with Bonferroni correction.
†2 being ‘‘superior’’ and 3 being ‘‘equivalent’’ quality.
‡4 being ‘‘11% to 20% superior’’ and 5 being ‘‘1% to 10% superior.’’
§This criterion was evaluated in study 2. P G 0.025 is significant with the

Bonferroni correction.
IQR indicates interquartile range; mammoDPC, phase contrast-enhanced

mammography.
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Conventional mammography

Phase contrast mammography

Same dose on specimen



Clinical translation: technical implications
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Regulatory aspects
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Good gratings means mastering complex nanofabrication tools  
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First in-man phase contrast mammography device
Arboleda et al.,European Radiology (2019)

Compact 
interferometer

Photon-counting 
detector

Small-scale 
slot scanning

Low-energy tube

Device recently installed at University Hospital Zürich

First pilot study ready to go!
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Regulatory aspects



Issues with conventional 2D breast imaging
(mammography and tomosynthesis)
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Limited contrast 

Reduced sensitivity in dense breast

Low precision (PPV1 < 20%)

Uncomfortable and painful

Need for improved breast cancer imaging technology 

N. Chotai et al., Breast Imaging Essentials, (2020)



Precise and painless 3D breast imaging
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From bench to bedside
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2D GI imaging
First prove of concept

3D GI imaging
First microCT application

2D GI investigational device
First patient study

2006 2010 2021

2024

3D GI medical device



Looking into the future: TOMCAT 2.0 on SLS-2

Page 38Saturday, September 18th 2021 Stampanoni -- Wilhelm Conrad Röntgen Symposium - ETH Zürich - Switzerland

• Dynamic microscopy at few tens of nanometers in real-time

• Accommodate larger and denser samples

• Multimodal & multiscale tomographic imaging

à Deploy future activities on TWO beamlines: I-TOMCAT and S-TOMCAT

https://www.psi.ch/en/sls2-0



TOMCAT team
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https://1drv.ms/w/s!Aky3RmfqEgm-gxRqk1kXGaxEAhuJ?e=9PUJzg
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Thank you!
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